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Abstract

Point bars are prominent features in meandering riverspyetunderstanding of the
complex interactions amonghannel morphology threedimensional flow structure and
depositionalprocessesassociated withmodern and activpoint barsremains incompleteThus,
the goalof this research is to characteribe morphology threedimensional flow structure, and
depositionabpackagesssociated witlpoint bars along seies of bends with differerdurvature
and channel planforrthrough detailed field measurements and relate to preliteuastureand
current conceptual models.

Chapter 3nvestigates the morphology of point bdmg comparingestimates of bannel
curvatueto channelnd point bacharacteristics including widtimigration ratelongitudinaland
transverse slope, and a shape fadR@sults showthe PearlRiver reach has abundaand a
systematic distribution ofbilinear transverse bar profileselative to the Wabash River.
Additiondly, field dataarecompared tsynthetic data generated frontenterlinebed evolution
mode| where the two datasetsean general agreement, yet the model is incapable of capturing
local variations in bar morphology thatsa as a result of changescimnnel width andurvature.

Chapter 4nalyzes patterns of threémensional flow structure within each series of bends
along the Pearl and Wabasbtersusing ADCP crossections.Analysisof crosssections indicate
differences in flow structure assated withlinear versus bilinear profilefurthermoreareas of
flow recirculation associated with bilinear profiles occur on the Wabash River only.

Chapter 5 investigates the internal structure of modern point bars relyimjeopreted
sedimentary faesmappedalongselectGPR lines on three point bars along the Wabash River
two along the Pearl RiveAn elevation profile of the 2011 point bar extent was extracted and

overlain onto the GPR to determine how sediments baen reworked since 20Expansion 6

Xii



the channel is associated with lateral accretion packages, whereas translation is associated with
more laterally continuous, nehorizontal packages$:urthermore, the 2011 profildid not align
with reflectors inaccretion packages assatedwith exparsion but did align more often with

accretion packages associated with translation.

Xiii



Chapter 1. Introduction
1.1. Motivation

Meandering rivers are found across Earth, serving as political boundaries, economic
throughways,and environmental sanctuaries humans and fauna alike. Spatial patterns of
erosion and deposition create the distinct meandering planform found acrésthBiaimclude a
shear outer bank adjacent to the thalweg and an inner bank depositionalifebtumoint bar.
The planformof a meandering river evolvess the channel migrates a result of dynamic
interactions between channel morphology, flow dtre; and sediment transport. Tim®dein
which lateral migration occurs is through translatiempansion rotation or a comination
(Daniel, 1971; Brice, 1974; Jackson, 1976Bjanslation is the downstream shifting of a bend
without a change in shapdxpansioninvolves lateral migrationwithout a downvalley
component, often throughe apex of the bend, and rotatiovolves a change in the bend aass
the bend changs orientation. Irregularities along the channel boundary result in lobes and
compound growth of the bend that may have more than one niadigration (Daniel, 1971)
Thus, dannel curvature and mode of migration will influeice hydrodynamics in the channel
and patterns of erosion and deposition.

As hydrologic and sediment processespondo the planformevolutionof ameanderthe
morphology of thgoint bar will also adjusflackson (1976a)ocumented the relationship between
channel curvaturdlow structure mean grain sizeanddepositional facies withingnt bars This
seminal work gggess that channel curvatarand mode of migration are important factors
contributing to the spatial patteyof point barmorphology and internal architectuféor example,
an upstream skewed meander bend is associated @atvnstream wrapped pointrparhereas a

downstream skeveebend has a point bar along the majority of the inner bab&d and Garcia,



2009a; 2009b)The position of the point bar is the result of interactioa/den the flow structure

and dannel curvature. However, the presence of the point bar influences flow through topographic
steering, or deflecting the flow laterally toward to outside {Bmetrich and Smith, 1983; Konsoer

et al., 2016a)Thus, both channeind point bar morphology directly influence the flow structure
and vice versa, and perturlmeits within this morphodynamic system result in channel planform
evolution.

Although analysis of fielde.g., Jackson, 1976a; Hooke and Harvey, 1983; Nanson and
Hickin, 1983; Engel andRhoads, 2016; Konsoer et a2Q16a) laboratory(e.g., Whitingand
Dietrich, 1993b, a; Blanckaert, 2009; Blanckaert, 2011; Blanckaert et al., 2013; van de Lageweg
et al., 2014)and numerically modele@.g., Engelund, 1974; Beck, 1988; Mattaal., 2012; Li
and Garcia, 2018; Lopez Dubon and Lanzoni, 20d8ja have addressed the complexity
morphology and flow structures withimeandering rivers, a fieldased comprehense
understanding of channelarphodynamics is lacking, particularly for point bars in complex
planform geometriec6e . g. , Sgowi k, 2011; Kasvi et al .,
Salmela et al.,@19). Uncertainty exists abowhether planform evolution is driven by outer bank
erosion (bank pull) or point bar deposition (bar pyshh de Lageweqg et al., 201%Yhen erosion
occurs, the channel déns, velocities decrease, atwposition occurs on the bar. When the bar
accretes first, the channel narrows, velocitiesrease, and outer bank erosion occurs.
Additionally, documentation of the characteristics of point bars, including transverse and
longitudinal bar shape, within @anders of different geometries are missing. Furthermioge, t
depositional nature of the paibar presensechanges in channel planforipecause g@servation
of point bar architecture is dependent on channel planform congydfie hydrodynamics within

the channel at the time of depositi@dackson,1976a; Willis, 1989; Willis and Tang, 2010;



Hagstrom et al., 2019)Yet, a relationship between point bar morphology grédserved
deposiional packagesis not well esablished.

As the channel evolves, point bars grow through a mixture of lateral and vertical accretion,
and bar amalgamation as unit bar lobes stall out along the poi(iVilas, 1989; Bridge et al.,

1995; Peakdlnd Best, 2007 )Lateral accretiopackageslip 3-30° toward the outer bank and are
composed of facies that have been shown to fine upward, coarsen upward, or have minimal vertical
variation(Bridge and Jarvis, 47 6 ; Peakal | and BEadytattem@ddréveal SgJ o wi
the stratigraphic architecture of modern point bars involved digging trenches, using outcrops, and
taking sediment cores, where results were compared to other mmdantient point barto
determineif similarities existed(Jackson, 186a; Smith, 1987; 1988Advances in subsurface
imaging with ground pestrating radar (GPR), parametric echo sounders (PES), and compressed
high intensity radar gse systems (CHIRP) have contributed to capturing the internal structure at
higher spatial resolutiong.e. Bridge et al., 1995; Mumpy et al., 2007; Sambrook Smith et al.,
2013)and confirm tlat accretion packagesmd associated facies are not continuous across the bar
as changes in local curvature or hydrologic regime affect local sediment dep@sitiin, 1974;

Nanson and Page, 1983; Dilslolina etal., 1993) Despiteincreases in the spatial resolution of
datasetstemporalresolution is still lackingand theunderstanding of thgreservation potential of

point bars isncomplete(Parker et al., 2013; Hagstrom et al., 2019)

The mostcomprehensiv@latasets rginate from large seismic and borehole datasets of
ancient point ars thafocus on thelepositional environment and paleohydrology required to form
the observed stratigraphtypically at alarge scal¢Hubbard et al., 2011; Labrecque et al., 2011,
Nardin et al., 2013; Bhattachyga et al., 2015; Wet al., 2016)Although interpretations of these

data havded to conceptuablepositional models of point bars, the interpretations are temporally



static. Studies of bars alolynamic andnodernrivers often focus oa point bar alog asingle
meander bed and may extend into the vegetated floodpl&ridge et al., 1995; Fielding et al.,
1999; S J owwbaks withia Brdided rivefBest et al.2003; Sambrook Smitét al., 2005;
Sambrook Smith et al., 2006; Sambrook Sratthl., 2009; Reesink et al., 201Bgwstudies have
used multiple barsn a meandering river systesmd made @mparisons between different types of
channel planformEurthernore, few studies inggate multiple higkresolution datasets to gain a
complete understanding of the modern point(Basvi et al., 2013; Lotsari et al., 2014; Kasvi et
al., 2017; Salmela et al., 2019/ork focugs on interactions beeen flow and form along the
point bar surface, but a limited amount of woharacterizethe morphéogy of the bar with high
resolution fieldbased data dntegrategoint bar surface morpholody the subsurfac@-ielding

et al., 1999; Sambrook Smith et al., 2010)

Thus to further understand interact®nn complex meandering rivers, higesolution
field-based datasets should be used to characterize point bar morphology, paftemwsvithin
the chanel and around the point bars, and the internal architecture of point bardtieuadely
relate the findings to the channel curvature and planform evolution. Quantifying the relationship
between the different processes widentify relationships betweesediment transport, flow
regime, and planform evolutiom complexmeander bends. By undéanding and observing
present depositional features and the hydrodynamics sediment transporelating to the
features, channel planform dution can be betteunderstood and interpest within therock
record Understanding and interpreting the raekord will aid in oil exploration as the ability to
characterize potential oil reservoirs improvégiditionally, understanding the dynamics of
meanderingivers ca help develop beshanagement practices to mitigate erosionland loss

that affect manwgricultural fieldsAs agricultural fields are lost, farmers can lose crop yield, thus



it is essential to maintain land and better manageédfiatljacent to meandieg rivers. In addition

to agricultural fields, land loss is a major issue facing coastalsas sea levels rise and the land
surface subsides. In Louisiana, the issue of coastal land loss is dramatic, and thus sediment
diversions lave been proposed threct sediment from the Mississippi River into two separate
bays.To maximize efficiency ad magnitude of diverted sediment, the location of the divession
arelocated on point barg he research presented herein will provide furtimelerstanding to help
identify the best location. Finallyand loss and changes to the river channel affedtdialof
terrestrial animals like birds and turtles, as well as aquatic spédaefish and mussels. The
collection and analysis of higtesoltion datasets can hiategrated with knowledge of species
populations and can help identify and better undadsthe needs for a suitable habitat for creatures
of interest.

Therefore, the focus of this study is to determine how point bar morphélmg\structure,
andintemal architectureelate tochannel curvature anthannel planform evolution in complex
meandering rivers with a range of planforms amhdes of migration Detailed field-based
measurementsilong point barsand an analysis of flow chaacteristics through csecutive
meander bends provides insight into the relationships between the point bar and flow regime,
surficial morphologic characteristics including size, transverse and longitudinal slope, and patterns
of eroson and deposition agss the point bargnd the internal architecturef the point bar
Results from this study provide a systematic understanding at a spatial scale that has yet to be
investigatedvithin a field setting
1.2.Research Questions and Objives

The main objetives of this researchre to determine the relationship between the spatial

patterns of surface point bar morpholodgw structure channelcurvature,and point bar



architecture within a complex meandering river. More specifictily research will fags on the
dynamic inteactions between thredimensional flowstructures spatial patterns gboint bar
morphology mode of migration, and point bar evolution through time. The following questions
will address the hypotheses and objexd of this research
Q1.) What are the ifferences in point bar morphology between bends along the Pearl and
Wabash Rivers and bends of different planform? How does curvature relate to the overall
morphology of the bar?
Q2.) How does flowstructure vary with curvature bveten the Pearl and Wash Rivers?
How does flow structure and position of the HVC change at two different river stages
where the point bar is exposed vs. submerged? Do differences exist between flow structure
associate withinear vs. bilinear bends?
Q3.) Are there distinguista@e patterns between point bar internal architecture and mode
of migration? Are differences in transverse bar profiles presemethe internal
architecture?
Examining these questions will improveetinderstanding of the interact®between the point
bar and channel morphodynamics inaamtinuousreach of a meandering river. Results will also
providetwo detailed fieldbased datasete be compared to other studiesnabdern and ancient
point bars and to studies of flow structuvathin a continuous &ch of a meandering river
1.3.Research Organization
This dissertation is organized into separate chapters bé€lbapter 2is a conprehensive
review d existing literature on the foundation of fluvial morphologic researcludingmeander
planform evalition, flow within meander bendde formation of the point balhe morphology of

meandersand point barsand the internal architecture of point b&apter3 presents research



that examines the morphologic characteristics ofrsecutive point bawithin two separate
reachesalong theWabash andPearlrivers. Characteristics includa description offte mode of
migration each meander experienced in-g28r perioddiscrete measuremertflocal curvature,
migration rateschannel widthtransvese andlongitudinal slopesand a shape factor to describe
thetransverse profilesf the point bar in eacteach.Field measurementre comparethetween
reaches as well as syntheticchannel bed elevatiorderived from acenterlire bed evolution
model Chapte# focuses offlow in a depthaverage@nd crosssectional vievwithin two separate
reache®n the Wabash and Pearl riveasid relatethe position of the igh velocitycore to local
curvatureand longitudinal bed elevatiorf-urthermore, the posiin of thecore is compared to
curvature at two different stages on tearl Riverwhere the point bar is exposed (lower stage)
and submerged (higher stag®etailed field measurements providpatially highresolution
threedimensonal flow structursthrougheach reachRelationships between channel curvature,
point bar shape, and the high velocity core are investigated to gain a more complete understanding
inherited flow structure antbpographic steering. Chaptgexamines thenternal architecturefo

the point bar®n theWabash Riveby mapping facies within each bar. Additionalbhanges in
surficial erosion and depositidnom 20111 2017/2018are calculated by differencing digital
elevation models for the subsequent yeans, changes are reldtto what is presrved in the bar.
The 2011point bar surface elevation profile is also extracted and overlain onto the two
dimensional GPR lines to understand the preservation potential of tha-imelyy, chapter6
summarizes théndings from chapteB, 4, and5 and ntegrates them into an overview of point
bar morphodynamics. Findings associated with the research questions above are addressed, as well
as additional findings that were not originally included in this resedfutdly, remaining

guestims and complexities are addressed and discussed as future opportunities fdr.researc



Chapter 2. Literature Review
2.1.Meander Planforms

Meandering riversre pervasive across the global landsaagegnized by the signature
sinuous formwheresediment is dynamicalleroded from one location and deposited in another.
The dynamic nature of a meandering ricauses thel@annelto migrate and evolve asresult of
instability events that occwyithin the channel and along the riverannel bandary when shear
and fricional forces are not balanc@dietrich and Whiting, 1989)Dynamic interactions between
threedimensional flow, channel planform and gesiry, and bank materials promote continuous
meardering and migrating of thever system(Bak, 1996; Hooke, 2003J he individual shapes of
meander bends vary greatly ranging from sinusoidal curves, small meanders nested within a larger
meander, and meanderstthge cut off from the rive

Shapesarequantifiedby fitting a circle to the meander bend asidracteriing the bend
based onthe i r cadies@eopold et al., 1964 Although this methoduantifiesthe shape of a
meandeibend,a circle ofbest fitassumes constant curvature over the bend, which is often not
applicablein natural riversTo further this methoda value of curvatur€C) can becalculatedat
intervalsalong the rivers pathy calculding therate of change in downstream chandieéction
(") to the streamvise distanced], and is the inverse of radius of curvatuRre)((Langbein and

Leopold, 1966)

\<c| ‘é(

Y (Eq. 2.1)

More recent worltits piecewise cubic splines to the channel centemitiees directionto estimate
curvature & specified intervaldy using first and secondrder derivatives of th&artesian

coordinategX,Y) (Guneralp and Rhoads, 2008)



. (Eq. 2.2)

Using the definitions of curvaturejeandersreclassified as either simple or compound,
andthensub-divided further dependg on specific planform characteristics of the meander bend
(Brice, 1974, Frothingham and Rhoads, 2008k straighiine distanceor chord lengthhetween
inflection pointg(i.e., the pointvhere curvature eqisazerq is used to define a bend simple or
complex(Figure 2.1. If chord length exceeds the radius of curvature, the meander is aBengle
(Figure 2.14). If the angles from the chord to the river channel sum to less thanti8®end is
also classified as simple. Some meanders elongate to the point where the chord distance is less
than the perpendicular distance to the apex, but are similarly classified at @tgple 2.B)

(Brice, 1974; Frothingham and Rhoads, 20@3)mplex meanders include compound bends with
more than one apex, elongate loops, andhasstrical bendgFigure2.1C and D) Perturbations

within meandes create areas of increased erosion and/or deposition ngsimtthe formation of

two or more radii of curvaturéhat are associated withfferent lobes of the benar asymmetry
(Brice, 1974) Furthermoreasymmetric bends can become upstream or downstream skewed and
resut in different channel morphologig€arson and Lapointe, 1983; Abad and Garcia, 2009a,;

2009b)



Figure2.1. Examples of type of meander bend where C is chordHeRgs radius of curvature,
P is perpendicular distance from C, dhéndl, are angles from C to river channel. (A) A

simple bend, where C>Rahds ¢ § pydEI ¢ 8 pYErk ¢ s pymn(d)
elongatedsymmetrical meander benddiere P>Cang s $ S p U 1(C) symmetrical
compound meander bend; (D) asymmetrical compound meander Bleifi€d from
Frothingham and Rhoads, 2003
2.2 Flow and Morphology in a Simple Meander
As flow enters @urved channetentrifugalforces drivevelocities along the watsurface

toward the outer bankuperelevaing the water surface aridrming a crossstreamgradient The
water surfaceslope results in a pressure gradient that counteracts the cemtfdugss. Bed
velocities ae dominated by the pressure gradient and are directed inward towardehieaink
while surface velocities are dominated by centrifugal forces and are directed toward the outer bank
(Dietrich, 1987; Blanckaert, 2010frigure 2.3. The imbalance of forces initiatescondary flow
in ahelical patterwithin thedownstreanstreamwise fhw. Helical motioncirculaesnearsurface
water outward and downward as the water flows through the curve of the m&ésdeccurrence
of helical flow patterns has bearell documentedh field (e.g., Nanson andickin, 1983; Kasvi
et al., 2013; Konsoer et al., 2016ajdlaboratory tudies (e.g., Whiting and Dietrich, 1993a, b;
Abad and Garci&009a; 2009b; Blanckaert, 2010, 2018¢gcondary circulatioalso interats with

the bed morphologgnd sorts grains along the channdlhe gravitational effect and fluid drag
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component on sediment are proportional to the grain size, dauser grais are preferentially
transported outward as gravitational fore@exceededandfiner grains are transported inward as
a result of a stronger fluid drag for(fegure 2.3.

Decreasing 1;, in

shallow water Increasing 1, in

T deep water

Inner bank

/ Outer bank

= .'.’_'._’____:_j_ _:/ r
Flow - @ Coarser sediment
Finer sediment

— Isobath Lines

Figure2.2. Helical flow interaction with bed morphology and sorting of grains in a meander
bend (odified fomDietrich, 1987%.

A smaller countefrotating cell ofsecondary flows often found alonghe outer bank in
addition to the largescale helical motion presetitroughout a ben(Blanckaert and De Vend,
2004; Blanckaert and Graf, 200@jigure 22). Cells ardgypically found adjacent to the upper part
of the outer bank, and are more pronouncedhannels with high curvature and steep banks
(Bathurst et al., 1979The formation of theopposing cell is the result of interactions between the
centrifugal and crossstream turbulent force@lanckaert and De Vriend, 2004The cell is
typically located along the upper part of theeslbank, buthe strength and size of the cell may
increase as roughness of the outer bank incréBtssckaert et al., 2012Moreover, thecell can
limit outer bank erosion by decreasirftgar stresses as a result of lower velocities. Howeser,
strength of the cell increasésgh-momentum fluid near the waterréace can be advected toward

the toe of the bank, thus increasing shear stresses and causing @lasiokaert et al., 2012)
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In a river system tweresediments presenttheforceof thefluid on the bednitiates motion
of sediment particlesGravitational forces are balanckd frictional forces actig on thebedand
can bequantified using an equation for boundary ststi@sytn),

lh = pgRS (Eq. 2.3)

wherep is the density of watemg is gravitational acceleratiof, is the hydraut radius of the
channel(crosssectional area divided by the wetted perimetanylSis the channel bed slopke.
meandering riverslopes are small, thusisand tan are relatively equal asmeapproximated by
S. Spatially variable atterns of threglimensional floncontrol patterns dboundary shear stresses
within the channel and ultimately control tiesion, deposition, and transport of sediment within
the channegDietrich, 1987)In a curvingoend helical flow superelevates the water surface along
the ouer bank whereas the water surface on the inner bank is lowered, creating a grHckent.
highestwater surface gradients are therefore along the outer bank, downstream ox fesdipg
to apositive gradient in boundary shear strsg enhancesrosionandthe formation ofa scour
pool (Figure 2.3. Along the imerbank, anegative gradient iboundary shear strepsomotes the
deposition of sedimeraind theformation ofa point ba (Dietrich, 1987)(Figure 2.3. Transition
zones where gradients in water surface elevation are not prassteirmedriffles, whereas

gradients are steepest where a pool is present

High High
WSE WSE

High
WSE

Figure2.3 Spatial variation of watesurface elevation (WSE) and maximum boundary shear
st r e mmax) thfoughout a series of simple meander beisdified from Dietrich, 198)/
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The presence of a point bar causes flow to shoal as the channel bed elevatws shall
directing flowoutwardas a result of ammbalanceof the centrifugal force and pressure gradjent
and is termed 0 t(RegriohgandaSmith, £983s Blamakaert, 204 @utward
directed flowover the bar headibominates andonfineshelicalflow to the channel thalweglelical
flow within the thalweg directs nedwed velocities inwardand up the point bar slopelhe
transverse slope of the bar is maintained by thenbalaf the force of inward directed transverse
flow andthe downslope force of a grain on the ifpdetrich and Smith, 1983Yhe bar will direct
flow outward, wherghe high veloity core (HVC)will impinge along the outer bank, typically in
a line tangential to the inner bank of the bend entrance to the oute(Tmankini, 2009) The
HVC will impinge in different location along the outer ban&pgnding on the planform of the
channel and stage of the ri@irothingham and Rhoads, 2003; Kasvi et al., 2013; Kasvi et al.,
2015; Engel and Rhoads, 2016; Konsoer et al.6a2p1
2.3 Flow and M orphology in aComplex M eander

Complexmeanderdiave dynamic thredimensional flow patterns that result in different
spatial patterns of helical motion, erosion, and deposition, thus contradicting the typiedfifigool
sequence ofisiple meandergHooke and Harvey, 1983k elongate and compourmndswith
more than one maximum of curvatuhelical flow patternscan develop within each mama of
curvature but may decaybetween minima. Pattns ofthis flow patternlead to the development
of multiple pools along the outer bank, and overlapping bar fronts along the innetebaekl
As hi n g (Fethinglzam and Rhoads, 2003; Engel and Rhoads, 20bEnds where points
of inflection are asymmetric, curvature induced secondary flow may enhance asymmetry by
elongating the point bar along the inner bank into thealley side of the following ben@luck,

1971, Carson and Lapointe, 1988 the point bar lengédms downstream, higheelocities are
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situated along the outer bank that enhance erosion. Thus, enhanced migration rates occur that
maintain the asymmetry of the bend, and may enhance downstream translation, or produce a
secondmaximum of curvaturecreatng a compound ben(Brice, 1974; Carson and Lapointe,
1983.

More recent work observes that upstream or downstream skewed asymmetry produces
different flow structure and accompanying channel morphologiean ugtream skewed bend,
flow is fully-developed downstream ofglapex (i.e., helical motion is present) resulting in a scour
pool downstream of the bend apex and a downstiegapped point bar. The HVC is positioned
along the inner bank at the bend entranmzkraoves toward the outer bank near the scour pool. In
a downstream skewed bend, flow is fully developed near the bend entrance, upstream of the apex,
thus the HVC moves along the outer bank for the entirety of the bend and directs flow inward
resulting inmultiple pools, a point bar present throughout the berdipan shingling Abad and

Garcia, 2009a; 2009Igk-igure 2.9.

a (b)
400 (@)
§3s0
> Z (cm)
I m
300 0 6121824

30cm/s 30 cm]s .
400 450 500 550 350 400 450 500 550
X (cm) X (cm)
Figure2.4. Bed elevation and velocity g®rs in (a) an upstream skewed meander bendmrad
downstream skewed meander bender experimental conditionsrom Abad and Garcia,
2009h.

350

In sharp bends with increased charmelatureflow separation can occat the bar head
resulting inazone offlow recirculationover the point bafLeeder and Bridges, 1975; Rubin et al.,

1990; Blanckaert et al., 2013jhe zonecan confine the HVC to the channel thalvilsgreducing
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the effective channel widtéind kad to areas of increased outer bank erdsierguson et al., 2003;
Parsons, 2003; Blanckaert, 2009; 201aher bank flow separation has also been shown to be
influenced by tirbulence(Blanckaert, 20103nd theshallowing of the inner barik a mobile bed
experiment(Blandaert, 2011) Furthermoe, a similar experimental study with a mobile bed
highlights the importance ofariationin curvature where separation igromoted based on a
sudderdecrease in curvature downstream of the bend yadxxarlead to a zone of separation in

the midpoint bar andalong the downstream point bar téllepending on the size of a bend, zones

of recirculationfound along the bend entrance and exit can be separate entities or converge if the
meander is sma#nough and thugecirculation is pronouncg@lanckaert et al., 2013)

The position of the HVGhrough bends with different planform geometries ésrésult of
complex interactions between channel curkatwpstreaninherited flowstructure, and the
current bed morphologiAbad and Garcia, 2009b; Blanckaert, @DJA lag is present between the
interactions that influences the location in which the HVC switches from the inner to the outer
bank along a bend’he gradienbf change in curvature within a meandéiects how quickly the
secondary flow develops reblaéi to conditions from the previous meander in the hydraulic
transitional regiofHTR) (Abad and Garcia, 2009a)he modein which curvature evolves within
a bendocaursthrough expansion, translation, rotation, or a combination. Expanding bends will
increase channel sinuosity, translation will maintain sinuosity, but the bend apex will migrate
downstream, and rotation will increase asymmetry of the ifpadiel, 1971; Jackson, 1976a;
Ghinassi et aJ 2018) Morphology of the point bar will change relative to thedeof migration
and also affect where flow will shoal, influencing the position of the hydraulic transition z@he, a
ultimately the patterns of erosion and deposition within the lgéackson, 1976a; Dietrich and

Smith, 1983; Smith and McLeah984)
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Point bar morphology associated with sharp bends Haeamenteccounterpaoint bars

(i.e., deposition on the concave bamakpgociatd with a zone of separation on the point bar tail
(Nanson and Croke, 1992; Burge et al., 1999; Makaske and Weerts, 200) the middle bar,
guastbilinear transversded profileswith nearhorizontal bar topsccurwhere the inner bank is
characterized by a shallow and near horizontal bed,aadéep pool along the outer bank
(Blanckaert, 2010)Likewise, nearhorizontal morphaigies have been identified on reattachment
bars associated wittlow separation an@ddy recirculation downstream of a confinement in a
bedrock canyor{Rubin et al., 1990; Schmidt and Graf, 1990; Hazel et al., 2QA@es of
recirculation confine the HVC to ththalweg thatdirects flow inwardthrough secondary flow,
whereas flow is directed outwaoyer the bar. A change in transverse slope is assdcidtere
the two forces medBlanckaert, 2010; Blanckaert et al., 2013)nes of flow recirculation have
been associated withese serrnorizontal profiles along the point bar, but a lack of understanding
exists to whether the bar morphology maintains the flow separation, or the flow maintains the
morphology.In the samex@eriment, maximum transverse slogaswell as heighdnd width of
the baroccur at the bend exits, laggibghind the planform geometry of the bdBdanckaert et
al., 2013) However, previous workimulaed point bar topography andocumented maximum
transverse slopes at the bend afWilis, 1989).
2 4. Surficial Point Bar Grain Size Distribution

As stated above, point bar morphology will vary with channel planform anddhmesnsional
flow. Variationsin flow produce spatial variations iboundaryshear stress thatausea
heterogeneoudistribution of sediments across the point Gdre point bar consists of the more
stable macroform with migrating microforms (i.e., bed forms and bar forms) superanpose

(Blanckaert et al., 2013). Point bars grow through a mixture of lateral and vertical accretion, and
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successive bar amalgamation thgh the migration of unit bars and other microforfbswin,
1978; Willis, 1989; Bidge et al., 1995; Peakall and Best, 20Q&}eralgrowth units termed lateral
accretionpackagedlip 3-30° toward the outer bank and are composed of facies that have been
shown to fine upward, coarsen upward, or have minimal vertical varia@mendig on channel
planform and flow condition§ Br i dge and Jarvi s, 1976; Peakall
Units ae separated by inclined erosional or st@positional surfaces atisicknessof these units
variesacross the bgiThomas et al., 1987; Nardet al., 2013)Discordantsurfaces argypically
attributed to changes in flow regime from an extreme event (i.e., flood) or a larger scale change as
the channel curvate changes with meander planform evolat{dlickin, 1974; Elliot{ 1976)
Accretion units have previously been depicted as continuous throughout the point bar (Hickin,
1974; Thomas et al1,987; Hubbard et al., 20}, Ibutrecent work ha shown that internal point
bar architecture can be laterally discontinuous, anguslly the result of localized deposition
erosion(Willis and Tang, 2010; Durkin et al., 2017; Strick et al., 2018; Hagstrah, &019)

Previous work highlighted the importanthat a change inyirodynamicpatternsrelative to
bend curvature will preferentially depofatieswithin point bars depending on mode of migration
(Jackson, 1976a)Figure 2.5. In the upstreanportion of a bend, the facies and flonean a
transitioningzone where neither velocity nor mean grain sizeeasdrom the inner to outer bank
As theHVC moves toward the outer bank near the apex, an intéateeone develops before
becomindully developedi.e. velocity and mean grairgsi increase from the inner to outer bank
andthe extent of these zones will change with curvature and mode of migfadmas preserved
in each zone fine upward, wheéudly developed facies fine upward mostidp and includdarge
scale crossstratfication. Intermediate facies coarsen upward slightly before fining in upper

deposits and include cresgratification overlain by massive sand deposits. Transitionalksfaces
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more uniform, consisting of extensigealler scale cross strata and a minifired layer on top.
Simplified depositional modelare in agreement witthe depositional facies model déckso
(1976a)andexplain that point barsxhibit a general downstream fining of graime along the bar

top as a result decreasing transport capacity along the inner bank, and the presence of helical flow
within a meander ben@ietrich and Smith, 1983However,coarser sedimentszave been found
along thedownstream bar taiin a confined meandering systefiNanson, 1980; Hickin and
Nansa, 1984) and upper bar deposits maynsist of finer grained facies resulting framannel

and scour fill as transverse flow over bar tops allows for accretion of suspended r(rR¢adall

and Best, 2007)Furthermorea zone of recirculation may form over the point bar tégpsing
conditionsconducivefor deposition of finegrained materiglFerguson et al., 2003; Parsons, 2003;
Blanckaert2010; Blanckaert et al., 2013)Jowever, he preservation of large scale fine grained
deposits are documentéd ancient point bar deposits and ploal flume experimentsdut are
uncommon in modern field sites, limited to muekBnd intertidal streamdownstreanbar tails

and counter point bafdackson, 1981; Smith, 1985; Shepherd, 1987; Thomas et al., 1987; Peakall

and Best, 207; van de Lageweg et al., 2014; Prokocki et al., 2015)
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Depositional Facies
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Figure2.5. Pattern®f depositional facies based on benuvature (tighter on the lefR/B < 5),

and less tight on theght (Rc/B > 5) and node of migration (e.g. extensional or translating)
(Modified fromJackson, 1976

2.5. Internal Point Bar Structure

Active point bars are dynamic, atftlis,not all sediments deposited are preserved in the
internal architecturbecause preservatiadeendent omode of migratiorfWillis, 1989; Willis
and Tang, 2010; Ghinassi and lelpi, 2015; Hagstrom et al., 2BitRire 2.6§. An expanding bend
will preserve sediments along thar head and tail, and have axpansive sandominated
package at the bend apexhereas a translating bemdll erode upstreandeposits through
downstream translation amdll preferentially preserve downstream depqditsluding concave
bank depositgDaniel, 1971; Willis, 1989; Willis and Tang, 2010; Ghinassi et al., 20a4§stiom
et al., 2019)Increased deposition typically occurs downstream of the apex in translating meanders
and can create a downstream weedgeretion packagehere depass are thicker(Hagstrom et
al., 2019) Moreover, tanslating bends maysa form counter pointdrs, or scroll featureslong
a concave bankhat may presege finergrained accretion packages that provadenarker for
translating planform in the architecture of the (g&mith et al., 2009 However, if a meander is
evolving through translation and expansion, point bar deposits rather than bar tail concave deposits

are preferentially preserve(Willis and Tang, 2010)However, otation wll preferentially
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preserve apex and downstream deposits as thedereamgrates dowavalley, but consist of
deposits that ar¢ypically wider at the apx. Most meanders evolve through multiple or a
combination of modes ahigrationandthe internal architecture of the bar will reflect this through

laterally discontinuouaccretionary units.

Expansion Translation

Down-valley

B Wide at apex
] Uniform width
B Downstream wedge \ Rotation

Combination
Figure2.6. Mode of migration and facies preservation associated with eachReddlot
represents the channel agexodified from Hagstrom et al., 20119

2.6. Methods to Determine Sisurface Point Bar Structure

Traditional field methods used trenching and coringnm@ern point bars to validate and
further understand the depositional nature of the bars related to channel pléBificige and
Jarvis, 1976; Jackson, 1976a, 1981; Bridge and Jarvis, IB&@ltional methods pvide atwo-
dimensional view of the point bar with relatively low spatial resolution, thus it was difficult to
document the complexity and continuity within the bagc@&twork has supplemented traditional
approaches witladvanced geophysical techniquesghin a threelimensional understanding of
point bar architecturéBridge et al., 1995; Best et al., 2003; Woodward et al., 28@&)brook
Smith et al., 2013)Ground penetrating radédGPR) isa commonly usededniquein fluvial
sedimentologyvhere an electromagnetic signal is emitted into the groundraarjes in received

signal are related to changes in conductance of the eejimhich are then interpretedsesiding
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planes.The resolution of reflections ohined fom GPR data are dependent on the medium in
which the signal is penetrating as well as the frequency of the emitted (Rgyrolds, 2011)If
the medium in which the signal is enterisgcomprisedf conductive material such as brackish
wateror clay sediments, the signal will attenuate, rengnittle to nothing to the receivéNeal,
2004) In addition, frequency will fyically have greater depth penetration, but lower vertical
resolution, while a highrefrequency antenna will have lower depth penetration, but higher
resolution(Robinson et al., 2013Assuming a 100 MHz dennae is used, maximum vertical
resolution is genellg assumed to b& of the signal wavelength:

/- (Eq. 2.4)
where/ is wavelength, V is velocity, anflis frequency(Robin®n et al., 2013)Assuming a
velocity typical of saturated sand, 0-:096 m nd and a frequency of 100 MHz, the maximum
vertical resolution would be 0.125 nr ®@.15 m, respectivelyWoodward et al., 2003)That
resolution is eaugh todetecta wide range of bedforms, but nothing smaller than 0.15 m thickness
thusdeterminingthe scopef the studyis essentiabefore dita collection.

GPR data is displayed as a tdimensional crossectional profile where patterns in the
reflectionswere first compared to seismic facies to help determine lithological(Bstes Jr and
Haeni, 1991)With the collection and validation of GPR and sediment core field fdaias were
better characterized and used for interpretation in several field stedje§awthorpe et al., 1993;
Bridge et al., 1995; Robergs al, 1997; Bristow et al., 1999; Sambrook Smith et al., 2006; Reesink
et al., 2014)Figure 2.7). To further increase the resolution of data collected across a bar, GPR
was collected along transettsgitudinal and perpendicular to tdepositional it of interest and
results were displayed as fence diagrams that show the distribution of(Best<t al., 2003;

Woodward et al., 2003; Sambrook Smith et2006) GPRsurveys areypically performed ora
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subaerially exposebar, but GPR data has been collected along the wetted river channel by floating
the unit on the water surfad®ara et al., 2019)Additionally, acoustic method#hat include
parametric echo soundemsdechirp subbottom profilerscancollect subsurfacend bathymeic

datain the wetted chanheising amulti-frequencysignalto provide an of the channel bed and
subsurfacéSambrookSmith et al., 2013; Reesink et al., 2014dwever, this study focusemhly

on the subaerial portion of the bar during ldischargeand surveyed the subsurface using GPR

Interpretation Examples of GPR lines Conceptual sketch of 2D structures
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Figure2.7. Example of sedimentary structures interpreted from a GPR imagddied from
Reesink et al2014

Although much work has been performed on pbar architecture, few studies have used
multiple modernbars and made comparisons between different typesaminel planforniBest et
al., 2003; Sambrook Smitt al., 2006; Kasvi et al., 2013; Lotsari et al120Reesink et al., 2014;
Sgowi k.Poin2bars évdplveand preserve depitisnal facies differently with various modes
of planform evolution. Linking subsurface data to planform change processsseistia to
understand the drivers pfanform evoltion; i.e., throughouter bank erosion (bank pull) or point
bar deposition (bgoush)(van de Lageweg et al., 201%Yhen erosion occurs, the channeal@ns
andvelocities decreasayhich enhancesdepositon on the bar. When the bar accretes first, the
channel narrowsnd velocities increasethus outer bank erosion occurRecently, these two
mechanismsof channel migrationhave been investigated indepgently through numerical

modeling(Parker et al., 2011put have yet to be quantified through detailed prebased field
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investigations. @en the differences in the hydrodynamics responsible for these twmemdber
scenarios, it is expected thadiff erent architectuseshould be captured within the point bar, thus it
is necessary to link point bar morphology and structure to planform evolution by observing several

barsassociated with different mechanisms of planfesrolution
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Chapter 3. The Relationship of PointBar Morphology to Channel Curvature
and Planform Evolution
3.1. Introduction

Erosional and depositional processes occurring within meandering rivers often result in a point
bar along the inner bank of a meanderdheh point bar forms as the result of a deceleration o
flow along the inner bank as high momentum fluid is advectedrb the outer bank due to
centrifugal acceleration. The deceleration of flow results in a reduced capacity to transport
sediment, leadijp to sediment deposition and the formation of the tpbar (Dietrich, 1987)
Meandering river processestHmoundary conditions including channel slope, cuneatominant
grain size, discharge, and thh@enensional flow pterns interact within the bend to create and
maintain the morphology of the point l&tanson,1980; Dietrich and Smith, 1984; Ferguson and
Ashworth,1991; Frothingham and Rhoads, 2003; Blanckaert, 2009; Kasvi et al., R@ishyer
et al., 2016a)

As flow travels into the entrance of a bend, centrifua@adelerationdirectsflow outward
resultingin superelevation of the water surface along theéerbank.The elevated water surface
forms a crosstream gradient in water surface elevation thdiates a pressure gradietibat
counteractshe centrifugal forces. Bed velocities are dominated bythssure gradient and are
directed inward toward thianer bank, whkreassurface velocities are dominated by centrifugal
forces and are directed tokdatheouter bani(Dietrich, 1987; Blanckaert, 2010)yhebalance of
forces initides a secondary circulation imposed on the streamwise flow in the downstream
direction in a helical pattar Patterns of secondary circulation will maintain therphology of
the point bar by directing neded velocities inward, and thus, balancing thevigational force
and lateral component of the drag force acting on a {fEmigelund, 1974; Kikkaa et al., 1976)

The balance of forces will maintatransverse slope that will change with curvature. In simple
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meander bendis defined as bendbat exhibita single maximum of curvatuietransverse slope

is generally steepest at the bend apex angdt at the bend inflectiqBridge, 1977; Bridge and
Jarvis, 1982; Willis, 1989; Blanckaert, 2010; Kasvi et al., 20I183)more complex bends,
interactions between thremensional flowstructure and abrupt chges in channel curvature
will create an imbalance imé gravitation and drag forces acting on the particles maintaining the
slope, thus producing local variat®m morphologyacross the bar.

In natural meandering rivers, vai@ns in point bar morpholy are associated with
complex channel geometries lnding elongate, compound, and asymmetric béeds, Brice,
1974; Frothingham and Rhoads, 2003; Engel and Rhoads, 2012b; Lotsari et al., 2014; Engel and
Rhoads2016; Konsoer et al., 2016&Jongate bends haveuttiple pools associated with multiple
bars, referred to as shingle bars, that overlap and make up the paiwWwHiting and Dietrich,
1993a; Frothingham and Bads, 2003; Termini, 2009; Engel and Rhoads, 20Htayever, bar
shingling and distinct bar front feaas have only been simulated in a laboratory and have yet to
be documented in a field setting. In compound bends, or bends with more than one lobe of
maximum curvature, helical flow may develop in both ma of curvature, but breakdown
between lobegHooke and Harvey, 1983; Frothingham and Rhoads, 2@@®elerated rates of
erosion are associated within thedstof curvature, and depending on the skewness dietind,
maximum migration may preferentially occur in one lgligarson and Lapointe, 1983
upstream skewed bendbeflow impinges on the bank downstreafrtlee apex, and the point bar
is typically wrapped donstream. Irea downstream skewed befidw impinges on the bank near
the bend entrance, upsam of the apexwheresecondary circulation is developed throubk
entirety of the bend and moves sedimamtard, depositing a point bar along the majority &f th

inner bank(Abad and Garcia, 2009a; 2009Burthermore, complex meanders evolve through
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local variations in erosion and deposition. As local outer bankagrasicurs, the channel widens
and velodies decreaseesulting in enhanced deposition along the bar (bank pull)cameersely,
when the bar accretes faster than the outer bank etbdefiannel narrows and velocities increase
near the outer bank cangierosior{bar pushjvan de Lageweg et al., 2014hese local variations
in erosion and deposition will also create local variaiarpoint bar morphology.
Otherdistinctionsin point bar morphologyave been associated with flow separaiin

bends wih high curvature(Ferguson et al., 2003; Parsons, 2003; Blanckaert, 2@ayv
separationcreats a zone of recirculatioror stagnationover the bartop that nay enhance
deposition of finer materialreate a neanorizontal topographyBlanckaert, 2010; Blanckaert et
al., 2013) Likewise,along the bar tail, a zone of remilation or &ttachmentan occumas a result
of a lack of a gradient in water surface elevafrom a decrease in curvatuiglanckaert, 2010)
or channel widenin¢gCarson and Lgointe, 1983; Whiting and Dietrich, 1993&)d can deposit a
counter point bar along the concave bd8knith et al., 2009) The combination of theear
horizontd bar top profile with a steeper slope toward the channel thastegned a gastbilinear
profile, andhas beeidentifiedand associated with zones of flow recirculation and abrupt changes
in channécurvature wihin an experimental medar bendBlanckaert, 2010; Blanckaert et al.,
2013) The research did not focus orachcterizing the morphology of the btms a robusdpatial
analysis of the occurrence of quadinear transverse slope profiles has not been performed.
Quastbilinear bar forms have been identified along reattachment bars within a bedrock canyon,
buthave yet to be identified along meandgrrivers in dield setting(Rubin et al., 1990; Schmidt
and Graf, 1990)

To further understand point bar morphology, centerline bed evolution models are used to

predict bed morphology using a transverse sloparpeter that is based on equations of motion
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that estinate a secondary flow fielZimmerman and Kennedy, 1978; Beck, 1988yansverse
slope (9 can be reduced to:

Y 860 (Eq. 3.1)

whereA is a scour factQrC is centerline curvature, and is average channel deptfihe scour

factor (A) may be estimated or calculated using the following equation:

0 o8)p — (Eqa. 3.2)

whereb is channel halvidth (Beck, 1988)Centerlinemodelsvary in the set of equations dirng
the bed evolution, bubclude the influence of locahannel curvature. e models use a direct
relationship with local curvatur@Hickin, 1974; Hickin and Nams, 1975) whereas otherare
based on theoretical modehatincorporate thespatial coevolution of curvatu®ietrich et al.,
1979; Odgaard, 1987; Furbish, 1988; Zolezzi and Seminara,. Zagth)ermorea corstant width
and depth is often used and may limit the complexity of the bedlamthelevolution(Guneralp
and Rhoads, 2009; Li and Garcia, 2018yo and threedimensional morphodynamic models are
used to better capture the complexity of natural sifl@arby et al., 2002; Ruther and OlsenQ20
Motta et al., 2012)Model simulationsgenerally predict vertical andteral erosion in alluvial
channels, but still lack the ability to accurately predict bed t@piges of the point bar and
adjacent pools under changing conditiM®sselman, 1998; Duan et al., 2001; Ruther and Olsen,
2007; Duan and Julien, 2010; Blanckaert et al., 20/B)le numerical simulations aridboratory
experiments are important and can successfully model meander bend prdietdedservations
are necessary to compare, validate and develop these models.

The studies discussed above focus on a single lbeswhnnected bendsr a short sees d

bends, yet a discussion and quantification @hpbar morphologieand comparisas between
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different types of channel planform is still lackifi@gest et al., 2003; Sambrook Smith et al., 2006;
Kasvi et al., 2013Lotsari et al., 2014; Reesinketa] 201 4 ; SNjodewnitdbniquez 0 1 6 )
such as multibeam son@MBES), efficiently @ptures the channel bed topography high
resolution (<0.5 m)and thus more detailed observations can be radaghout a reactather

than on a single benénalyzing differencesalong point barsvithin a reach of several meander
bends will provide a necessary understanding of the influeincarvature on the resulting point

bar morphologies. Thushis study seeks toharactere point bar morphology on twelve poi

bars within two river systems using higesolution field techniques including MBES and
Structurefrom-Motion (SfM). For this study, the captured channel morphology is assumed to be
in a dynamic equilibriunmwith theflow field to disconnect flowform processes to emphasize the
characteristics of the form related to channel curvature. Characteristics of the point bars are
guantified and compared between bends and between the two river systems. Moreover, field
observatns are compared t®yntheticbed elevations derivedrom a centerline bed evolution

model.

3.2 Study Area

Two separate river systems are the focus of this research. TratUdgtareas anll km
reach éong the Wabash River ne@rayville, IL consising of five meander bends. This patiar
reach of the Wabash Rivbas beermstudiedfor several year§lackson, 1975, 1976a, b; Konsoer
et al., 2016a; Konsoer et al., 2016b; Konsoer et al., 2Fig)re 3.1). Bankfull width anddepth
for the reaclof the WabaslRiverare approximately 22350 m and 8 m, respectivelyKonscer
et al.,, 2016a)The river is a mixed bedroekluvial system withbedrock outcroppingn the
channel within thestudy reachspecifically within Maier The floodplain of the reach includes

forestedand agriculturaland adjacent to each bend that citmtie tohighly varying rates of bend
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migration. Within the Wabash reacix point bars were included in this study: Maier, IB1, IB2,
TB1, TB2, and TB3. The area between Maier and TB1 exhibitgmalrturvature and deenot
havewell developedoint bars(IB1 and IB2), but theeach isincluded in the studyThe point
bars onTB1 and TB3 are skewed downstream and show more deposition downstreamadfithe
barapex, wiereasTB2 is wrapped around much of the bend wittoanter point bar developing
on thedownstream end. The point bar on Maier is wrapped around much of thefape bend,
and shows extension downstream of the apex, adjusting to the erosion of the out@rhleank
downstream end of Maier has a bedrocicmp that acts as a knickpoint, r@asing the channel.
The knickpoint created a meander reversal with twaxap associatievith IB1 and IB2 between
Maier and TB1. The bar along IB1 is on a concave bank, whereas IB2 is more estairlish

convex bank davnstream.
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Figure3.1.The 10 km study reach along ttMabash River where TB3 is approximately 8 km
downstream of Maier, and the 6 km reach along the Pearl River. Multibeam bathymetry, displays
elevation otthe two channels and black arrowdicate flow direction.
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The second study reach is 6 km, focgsom six consecutive bends along the Pearl River
near Bogalusa, Louisiana (kg 3.1. The study reachas bankfull widths and depths of c. 110
200 mand,3-5 m respectivelyThe river mgrates freely withira heavily forested floodplain, and
there are no tidal influences within the study reach. This reach has expariesseverall
migration compared to the Wabash reach, but all bends are activgigtimg. The point bar on
B1 has anxended tail, but wrapacross the bend, similar to the point bar on B2. B3, B5, and B6
have extended bar tails that wrap downstream, whereas B4 wraps downstream, but does not have
an extended tail.
3.3 Methods
3.3.1 Meander Migration

To understand thplanform evolution ath determine rates and mode of migration of the
bends within the study reach, aerial photographs and topographic maps were digitized for 1949,
1959, 1982, 1997, 2007, 2013, and 2017 for the Peaer,RINd1952, 1998, 2011, and 2014t f
the Wabash reach. Banklines were identified in the photographs, using the edge of vegetation on
the channel bank as the boundary, and were manually digitized at a 1:4,000 scale to minimize error
and subjectivityRichard et al., 2005017 was used as the most recent time because 2018/2019
aerial images were not available. Once digitized, banklines were collapsed to a cerdiejr@a u
algorithm in ArcGIS. Polygonsvere then created from the intersection of centerline one (time

one) and centerline two (time two). From the polygon, a total migration is calculated as:follows
0 =— (Eq. 3.3)

WhereM, is the total rate of migratiom is the area of the polygon, apds the perimeter of the

polygon. Average yearly rates of migration for the polygon drilzded as follows:
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Y =— (Eq. 3.4)
WhereRy is the average yearly rate of migration, &hd the number of years in the period. Periods
range from 4 46 years as a result ofettavailability of images to digitize. Rates derived from
polygons are averaged if more than one polygon exists for a heued.

Calculated rates of migration express a meamdege average value over the given time
period, thus values may lm®asedbecaise they are not accounting for localized change
movement back and forthat would be dependent on tifidgonovan and Belmont, 201%)espite
biasin the calculations, the values are representative of theguianévolution of the channel at a
large temporal scale and provide insight into how each meanders planform evéloti@ver, a
higher spatial resolution rate of migration was calculated for the two river systems to further
understand planform evolution.

The 1997 (Pearl), 1998 (Wabash), and 2017 (Wabash and Pearl) centerlines, identified
from bankline digitization, were owerted to points at a spacing of 25 and 50 m for the Pearl and
Wabash, respectively. The 1997 and 1998 lines had fewer points ttlydb@opare to the 2017
centerline points, so manual adjustments were made when calcutatthstance between points.
Points from time 1 (1997 or 1998) were numbered and compared to time 2 (2017) points where
manual adjustments were made by moving itme tL point to the next closest time 2 point. Any
gaps that resulted from the manual shiftseveterpolated using the two closest points ((Fég
3.2). A pointto-point calculatiorproduced @otal migration at that point where the value was then
dividedby the 19 or 20 years to get a rate of migration. The resulting spatial series was compared

to 2017curvature values for each river.
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Figure3.2. Example ofmigration rate calculation using a manual stuftine up points. 2017
point 44 was skipped to keep distances between @88 1)and 2017time 2)aligned ando
adjust for 1998 having fewer points. The dotted black line is an example that 2017 point 44
would get an interpolated value.

3.3.2 Curvature and Width

Centerline curvaturgvas calculated to further understand the planform evolution of the
reach. Curvaturevascalculated by inputting an X, ¥oordinateseries along a centerline at a set
spacing into a Matlab script, P&3urvature, that oputs alocal curvature value for each o
(Guneralp and Rhoads, 2008he series was smoothed using a distance of at least 5 times the
bankfull width.Valueswereused to determine the apex and inflectpmints along each bend as
well as to ompare point bar morphologic characteristics including longitudinal bed elevation
profiles, transverse barofiles, anda shape factor of the transverse bar profilarvature was
calculated for 1997 (Pearl), 199®%/é&bash), and 2017 (both). Channel widths calculated at

each point along the curvature series using the 2017 banklines delineated for migration rate as the
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channel boundary. Each point had a transverse line that was clipped to the 2017 bankline boundary

to obtain width at each transect.

3.33. Point Bar Morphology

Channel bathymetry was collected during bankfull flood stage, in February 2018 for the
Pearl, and in March 2018 for the Wabash. Bathymetag used to characterize channel bed
elevationalong he point bars. Bathymetry was collectedth a Norbit WdebandMultibeam
Sonar WBMS) that has an inertial easuremeninit to compensate for pitch, roll, and yaw in the
boat. A dualantennaglobal navigationsatellite system GNSS collecied position andheading
data thatvaspostprocessed wit a kinematic solution, anslasapplied to each line upon editing
the data in CARIFHIPS/SIPSsoftware The point cloudvascleaned of outlier points within the
software and exported as an ASCII file to a GIS platfovherean algorithmtransforned the
point cloud to a digital elevation model (DEM). Holes were found in the dataset as a result of areas
inaccessible by boat because of shallow conditionstly along the point baand these areas
werefilled with structurefrom-motion deived DEMs

Structurefrom-motion DEMs were derived through acquiring photographs w@t%
overlap using a small unmanned aerial system (SUAS) that flew a predetermined flight path over
subaerial point bars within both reaches. Phatplys were then imptard into Agisoft Photoscan
Professional to be aligned. Upon alignment, a simple point cloud was produced that was
georeferenced with validation points collected in the field on targets laid out across the bars. Each
target was surveyedith a rapid time kiematic (RTK) GNSS, and the coordinates were used to
georeference the SfM model. Once georeferenced, a dense point cloud was consticted
imported into CARIS BASE Editor whetee multibeam and SfM point cloudsere combined to

crede a seamless DEM &tand10 m resolutiorfor the Pearl and Wabash, respectively
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Elevations were extractddom the resulting DEMo a mesh of points created for each
reach of river to have values in the longitudinal (S) and transverse (N) dirddim®.earl River
had a pacing of 25 m in the S and 10 m in the N direction, whereas the Wabash had a spacing of
50 min the S and 15 m in the N direction. Longitudinal elevation profiles were extracted along S
with values at the centerlinedS and 40 m inward from the centerlie (So) for the Pearl, and
from the $Land 75 m inward (&) for the Wabash (Fige 3.3. To account for the transition from
one side of the river to the other, ttieangeovewas calculated by visually inspecting the extent
of the mint bars in both rednes. Several bars are not constrained to the inflection points and occur
in the downstream meander, thus transition points were determined manually to account for this
discrepancyProfiles were therefore extracted based on whichdfitlee river the pait bar was

located.

Centerline, 40 m and 75 m Lines

Wabash Pearl

@ Centerline (S¢;)
@ 75 m from centerline (S;5)
- — - Inflection point

|
0 0.5 1 Km

® Centerline (S¢y)
® 40 m from centerline (S4,)
— — - Inflection point

0 025 0.5Km

Figure3.3. Centerline (81), 40 m (S0) and 75 m (&) inward positions for extraction of
elevation data along the Wabash and Pearl rivers.
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Profiles were then conaped with othechannel and point bar characteristics. Along the
Wabash, the bar was divided into Maiand Maies for this analysis because the profiles act as if
the sections are separate bars. Furthermore, at each bar, a slope at the bar headilandrbar t
calculaed using the transition zones to delineate the bar extents. Slopes were calculated using the
first and last 250 m of the bar for the Wabash, and 150 m for the Pearl.

Transverse slope values wellgo calculated alon§cL, S0, and $s by takingthe averag
of two slopes generated at each N, or cgesgion associated with each node along the S lines
Slopes were calculated at 10 (Pearl) or 15 m (Wabash) on either sig,0%6:0, and Ss, and
were averaged to get a transverse slopaeevdtach N is dggnated a side of the river based on
where the point bar is located in the same way the longitudinal profiles were designated. At each
location, the slope is generated from the thalte@gard the inner baresulting in a positive slope.

A negative slopendicates the inner point bar elevation was lower than location nearer to the
thalweg. Calculatedalues are compared among other calculated characteristics.
3.3.4 Shape Factor

Transverse slope helps to understand the shape of thethamaide iis calculatedputit
does not givearobustestimate of the entirgansversédar shape. Therefore, a shape factor was
calculated to identify the difference between more bilinear and more linear profiles along the point
bars throughout the rela. Some bes have a very long amgearhorizontalbar top,whereasloser
to the thalweg the slops increased causing bilinearity. Conversslyne profileshave a linear
slope from bar top toward the thalweistinguishing between the profiles is imfsnt to
determine if a relationship exists between the profile shape and curvature.

The shape factowas calculatedby first manually identifying the thalweg at each cross

section. Once identified, the cross sections were split at the thalweg, keepprgfite fom the
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thalweg to the top of the bar for analysis. The same analysis used in the longitudinal and transverse
slope evaluation was used to determine which side of eachsgossn was used for analysis. A
slope was calculated using the two poidts fromthe crosssectionof interest. An area was
calculated between the bar profile and the sldjpe connecting the thalweg and inner baakd

this value was then divided by an average-badsssectional area to normalize the shape factor
(Figure 3.94. Generally, a value closer to zemdicates a linear profile, whereas a more positive
value indicates a bilinear profile. However, fullosssectional profiles were examined to
gualitatively identify a linearbilinear, or bilinear with a nedrorizontal ba top, as no specific
threshold could be determined between the two river systitmear profiles were classified if

a distinct break in slope occurred at least-fiftlie channel width from the bank. Nehbrizontal
profiles were classified a prominent break in slope occurred at leastaumarter channelvidth
from the bank. Because the bars are the focus of thg, shelreaches between each bar are

excluded from analysis.

24
" Bilinear
E s SF=594
=1
g 16
©
5 24 _
" Linear
20 SF=0.14
18
16
0 50 100 150

Distance (m)

Figure3.4. Example of a bilinear and linear profile where the hatched area indicates the
calculated area under the curve. The SF value is tioeofethe area under the curve to the
average haltrosssectional area.
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3.4. Results
3.4.1 Migration History and Planform Evolution

Analysis of aerial photos and USGS topographic maps indicate the study reach on both
rivers are actively migrating. For the Wabash, rates of lateral migration were calculated for three
time-periods, and six timperiods were used for the Pledifable3.1 and3.2). On the Wabash,
TB3 is experiencing rapid migration at an average of 4.27 bt this did not occur until at
least 1998asthe rate of migration from 1952 to 1998 is much lower at an average of 0.89 m yr
TB1 migration ratehave decreaseffom 2.45 to 0.67 m yf from time period 1 to 3, whereas
Maier and TB2 havexperienceaonsistent higher rates of migration through each time period at
an average of 4.02 and 2.88 mtyrespectively. IB1 and IB2 have experienced consisteower
(<1 m yrY) rates of migration, except for the most recent time period, IB2 increased to 1.33 m yr
1

Table3.1. Rates of migration (m ) for the six meander bends along the Wabash.

Time period (Span) | Maier IB1 B2 TB1 TB2 TB3

(1) 1952-1998(46) | 4.04 038 0.93 245 3.19 0.89
(2) 1998-2011(13) | 45 031 0.61 168 3.19 461
(3) 2011-2017(6) | 352 051 133 067 227 4.27

Table3.2. Rates of migration (m yr) for the six meander bends along the Pearl.

Time-period (Span) B1 B2 B3 B4 B5 B6

(1) 1949-1959 (10) | 1.85 4.04 527 3.74  6.14  3.33
(2) 1959- 1982 (23) | 1.47  0.79 1.46 1.19 1.67 1.5
(3) 1982- 1997 (15) | 2.07  2.51 1.57 1.3 2.8 2.4
(4) 1997-2007 (10) | 2.35  1.74 1.8 0.77 1.66 1.55
(5)2007-2013(6) | 0.61 095  0.48 1.39 2.32 1.35
(6) 2013-2017(4) | 0.89 1.1 1.41 1.21 3.4 2.17
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Along the Pearl, B5 consistently has the highest ratesafcin timeperiod except period 4
where B3 haa higher rate. Rates are highest for all bends during the first period where B5 exceeds
6 m yrl. B4 experiences the least lateral migration with rates below 1.4 mxgept for during
the first period. All ther bends experience varying amounts ofratign between periods. Rates
of migration are an average across the entire meander bend are based on the movement of the
channel centerline rather than specific outer bank erosion. Localized rates calcutatpdifrts
along the outer bankaill reflecthigher or lower rates, thus rates were calculated for a 19 and 20
year period on the Wabash and Pearl, respectively.

Along the Wabash, the 1998 apex on Maier is approximately 1.4 km upstream of the 2017
apex (Fgure 3.5C). The apexes on IB1 and IB2 haveved upstream, but the channel has
maintained position. The 2017 apex on TB1 has not changed position from the 1998 location,
whereas the apexes have moved downstream along TB2 and TB3. Maier and TB2 have two
sefrate maxima of curvature, indicative of qomand bends. However, Maier is more of an
expanding bend where expansion occurs at the apex, and the point bar is wrapped around much of
the bend. Conversely, TB2 is experiencing translation and rotation, aral be&sthat occurs
downstream of the apex.BL is evolving through translation, and TB3 is evolving through
expansion and translation. The bar along TB1 and TB3 occur downstream of the apex, similar to
TB2, but TB3 has a detached bar tail. Furthermorepunter point bar is present on the

downstrea end of TB1, and a larger one is presentt@ndownstream end 0B2.
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Figure3.5. Planform evolution of the study reachgs) 19981 2017 for the Wabash and (B)

19971 2017 for the Pearl. Mode of migratiis listed for each bend in respective rivers. (C)
Associated 1998 2017 curvature series for the Wabash and (D) 198017 for he PearlRed

and black point along the map in A and B match the points on the curvature plot in C and D.

The 2017 apexesn B1, B2, B3, B5 and B6 along the Pearl have moved downstream,
whereas the apex on B4 has moved upstream. B1, B2, B3, and B5 dapmeihnear the bend
entrance, and a second dampened maximum downstream near the bend exit, while B4 and B6 have
three peakin curvature (Figre 35D). All bends along the reach are moving toward a compound
planform and have complex modes of migration, B4, B3, and B5 are migrating through a mix
of translation and rotation, B4 is mostly rotation, and B®tationand ex@nsion (Figure 35B).

The apex of all bends occurs near the point bar heads, and the baldevapstream, similar to a
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