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Abstract

Previous studies of meandering fluvial systems have mainly focused on meanders
at a localised ‘reach’ scale within a river system, without consideration of the
spatial context. As such, much of the research has focused on exhumed meander
deposits instead of active meanders. More research is therefore required on the
spatial variability of meander deposits across a single system or sedimentary
basin. Recent research has found meandering fluvial systems to be a dominant
planform type in modern-day sedimentary basins; meander deposits are
consequently assumed to be more dominant than originally perceived in the
fluvial rock record. Distributive fluvial systems (DFSs) have also been shown to
dominate sedimentation patterns in modern-day aggradational sedimentary
basins and therefore warrant further study due to their abundance. Due to the
prevalence of meandering systems and distributive fluvial systems in modern-day
sedimentary basins, this study aims to fill a critical literature gap with regards to
the spatial and temporal variability of meander characteristics across a modern-
day distributive fluvial system (i.e., from apex to toe of a DFS). This study uses
satellite imagery of Brazil, acquired through Google Earth Engine and analysed in
ArcGIS software, to conduct a spatial analysis of the meandering Taquari DFS.
The Taquari DFS is a well-documented, dominantly meandering system, which
provides a good spatial context for the study of meander characteristics across
the DFS. Spatial changes in: channel width, channel belt width, meander deposit
dimensions and sinuosity are quantified on the Taquari DFS to explore
downstream changes in meander characteristics within this system. Polygons are
created in ArcGlIS using the available satellite imagery, which allows for detailed
measurements of meander dimensions downstream. This study also explores the
temporal changes in channel width, channel belt width, meander deposit
dimensions, and sinuosity on the Taquari DFS since the initiation of the large
Caronal avulsion (initiation between 1996 to 1997) by comparing meander
dimensions pre-avulsion and during-avulsion. The Caronal avulsion is ongoing and
continues to divert flow from the parent channel to the avulsed channel. Using
the oldest and most modern satellite imagery available from 1985 and 2022,
respectively, fluvial dimensions are compared between pre-avulsion (1985) and
during-avulsion (2022) imagery, to understand the impact of the avulsion on the

parent channel (active channel) and its associated channel belt and meander



deposits. On the modern Taquari DFS (2022), active variables (i.e., active
channel width, active channel belt width, and active meander deposit
dimensions) show a decrease in dimensions downstream, with a significant
decrease in dimensions downstream of the avulsion point (where flow is diverted
to the avulsed channel). Pre-avulsion variables were also identified on the 2022
satellite imagery including pre-avulsion channel belt width and abandoned
meander deposit dimensions. Pre-avulsion channel belt width displays weak
downstream trends and abandoned meander deposit dimensions display no
downstream trends. Important differences in downstream trends were identified
between active and abandoned meander deposit dimensions along the Taquari
DFS. The active meander deposits are larger in size than the abandoned
meander deposits upstream of the Caronal avulsion point and the abandoned
meander deposits are larger than active meander deposits downstream of the
avulsion point. The active meander deposits also show clear changes in size and
shape downstream as they change from larger, more rounded deposits, to much
smaller crescent-shaped deposits. The abandoned deposits however, display a
range of shapes and sizes downstream and show no clear decrease in size,
especially between medial and distal DFS zones. The decrease in active meander
dimensions (active channel width, active channel belt width, and active
meander deposit dimensions) is due to a decrease in discharge downstream as a
result of typical DFS bifurcation processes in addition to the diversion of flow
from the parent channel to the avulsed channel. Active meander deposit size
and shape change downstream as sediment load, and therefore deposition,
decrease as discharge decreases. The weak downstream trends displayed by the
channel belt relate to confinement in the upper DFS where channel belt
migration capacity is limited. The lack of downstream trends displayed by the
abandoned meander deposits is due to the range of conditions under which
these deposits were formed over time. This research has important implications
for the understanding of avulsing rivers due to the significant decrease in width
of the parent channel and the size of active deposit dimensions downstream,
which influence the redistribution of water and sediment resources within
modern DFS. In addition, this research creates an important database on the
spatial variability of meander deposit dimensions on a modern DFS which can
contribute to the understanding of sandstone-body reservoir dimensions which is

important for resource exploration or hydrocarbon storage.



Table of Contents

71\ 03] o - Lot PP ii
LiSt Of Tables . .uueeiiiii i e e e e vi
IS o) o =0 = viii
ACKNOWLEAGEmMENTE ..ttt i ittt aaaaaan xi
AUuthor’s Declaration ......coieeieiiiiiiiiiiiiiiiii i e ee e Xxii
L | ] 1 o Te [§ et (o] s P PP 1
1.1 Literature ReVIEW ...cciiiiiiiiiiiiiii ittt e e e e eeeee e e eeeas 3
1.1.1 Distributive Fluvial Systems ......uuiiiiiiiiiiiii e 3

L B A NV U] £ [o] o [ S PP 7
1.1.3  Fluvial Planform ...cooeeeniiiiii it eeeees 11
1.1.4  Meandering RIVEIS. ... .ttt it eiiiiiieeeeeeeaens 12

1.2 AIMS and ObJeCHIVES. . .uueiiiitiiieiiieiiiiiiiiiiiieeeeeeaaaaaannnns 22
I Y 0T |V A = P 23

2 (1= o 3 o T £ 29
2.1 SAtellite IMagery . i i ittt ittt aaeaaaaas 31
2.2 Channel Width ....eeiiiiii ittt eaeeaaaas 32
2.3 Channel Belt Width.....ccoiiiiiiiiiiiiiiiiii et e ees 34
2.4  Meander Deposit Measurements ....uuuuuiiiiiiiiiiieeeeeeeeeeeennnnnnnenennns 39
2% TR 111 o 1] | Y PP 41
2.6  Elevation and Slope Gradient ......ccooviiiiiiiiiiiiiiiiiiiiiiiiiianens 43

T 1= UL 3 PPN 44
3.1 1985 Taquari DFS (Pre-avulsion).....ccovviiieeiiiiiieiieiiiiiiiiinnnnes 45
3.1.1 Channel Width .....ooiiiiiiiiiiiiiii et rraeeas 45

I S 131U 1Y | Y N 47
3.1.3  Summary of the 1985 Taquari DFS (Pre-avulsion) .................... 49

3.2 2022 Taquari DFS (During AvulSion) ......ccvviiiiiiiiiiiiiiiieeieeeeennnnnns 50
3.2.1 Elevation and Slope Gradient.......ccoiiiiiiiiiiiiiiiiiiiiiiiiiiieeeen. 50
3.2.2 Channel Width ..ceerneiiii e eeaeaas 51
3.2.3  Active Channel Belt Width ... 54
3.2.4 Channel Belt Width ..coiiiiiiiiii s 56
A T [ 1 10T 1Y | 6 N 59
3.2.6  Active Meander Deposit DIMeNsSions......c.cccvviiiiiiiiiiiiiiiiiinnnnnns 61
3.2.7 Abandoned Meander Deposit DIMeNsions .......cvvvviiiiiiiiinnnnnnns 67
3.2.8  Summary of 2022 Taquari DFS (During Avulsion) ..................... 72

3.3 2022 Taquari DFS Comparisons: Ratios .....ccvvviiiiiiiiiinnnneeeeeennnnnns 75
3.3.1 2022 Channel Width and 2022 Active Channel Belt Width .......... 76



3.3.2 2022 Active Channel Belt Width and 2022 Channel Belt Width..... 78

3.4 2022 Taquari DFS Comparisons: Statistics .....ccvvvvviiiiiiieeiiiiiennnnnnn. 81
3.4.1 2022 Channel Width and 2022 Active Channel Belt Width .......... 81
3.4.2  Active Channel Belt Width and 2022 Channel Belt Width ........... 82

3.5 Summary of 2022 Taquari DFS Comparisons: Ratios and Statistics...... 83

3.6 Comparison Between the 1985 Taquari DFS (Pre-avulsion) and the 2022

Taquari DFS (DUring AVULSION) ..coiiiiiiiiiiiiiiiiiiii i iiiiieeeeeaeeeeeaens 84
3.6.1 RATIOS .« ueeiiii e 84
3.6.2 StAtiSHICS .. e 90
3.6.3  Summary of the Comparison Between the 1985 Taquari DFS and
2022 Taquari DFS: Ratios and StatistiCs ....ovvveieiiiiiiiiiiiiiiinnnnnniinnnnnnn. 92

3.7 Additional Statistical AnalyseS.....cvviiiiiiiiiiiiiiiiiiiiiiiiiennnnnns 94
3.7.1 Sinuosity and Channel Belt Width...........ccooiiiiiiiiiiiii, 95
3.7.2  Sinuosity and Meander Deposit Area ......ccovvveiiiiiiiiiiiiiiinnnnnnn. 95
3.7.3  Summary of Additional Statistical Analyses ..........cccevvvviivnnnnnn. 95

N D ) el U1 (o] o PP 97

4.1  Interpretation of Results: System Scale........c.ccovviviiiiiiiiiiiiinnnnnntn 97
4.1.1 1985 DFS (Pre-avulSion) covveeieeeiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeennnnnns 99
4.1.2 2022 DFS (ACHIVE) uuuuuttetetetteeeeeiiiiiieeeeeeeeeeeeseeeaenannns 99
4.1.3  Summary of the 2022 DFS: System Scale ......ccceevvevviviiinnnnn... 109

4.2  Spatial Variability Patterns in Fluvial Characteristics in the Modern

JLIE= (e 18 1= L N D T P 111
4.2.1 DFS ZoNne Trends...coiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeensnnnnnnnes 111
4.2.2  Summary of DFS Trends in the 2022 Taquari DFS.................... 125

4.3 Temporal Change in Fluvial Characteristics in the Taquari DFS Between

1985 AN 2022 ..ttt ettt ieeeeee e eeeeaaaaan 127
4.3.1 Changes in Channel Width .......ccoiiiiiiiiiiii e, 127
4.3.2  Changes in SINUOSILY ..cvuiiiiiiiiiiiiiiiiiieiiiieeeeeaaanns 130
4.3.3 Changes in Channel Belt Width..........ccooiiiiiiiiiiiiiiiiiiiin.. 132

4.4 IMPUCATIONS .uut ettt e eiii i iieeeeeeeetaeeeeesnnnnnnnnnes 133

o I 0o )3 [al U1 (o] 1 - J PP 138

5.1 Limitations and Recommendations for Future Research................. 140

LiSt Of REf@IENCES «.uiiiii ittt ettt teeeaeeeaanannnnnas 141



List of Tables

Table 3.1. 1985 channel width data with statistics and R? values across the whole
system and in proximal, medial, and distal DFS Zones.........ccceveevererrenecrerrenrenvennenes 47

Table 3.2. 1985 channel sinuosity data with statistics and R? values over the
whole system and in proximal, medial, and distal DFS zones........cccceeeeuevererurernenes 49

Table 3.3. 2022 channel elevation and slope gradient data across the whole
system, in proximal, medial, and distal DFS portions, and upstream and
downstream of the Caronal avulSion POiNt..... . ceeenenreneneneneeeeseereeesseeeeseeseenes 52

Table 3.4. 2022 channel width data with statistics and R? values over the whole
system, in proximal, medial, and distal DFS zones, and upstream and
downstream of the Caronal avulSion POiNt.....cececenrenreneneneeeeseeresesseeseeseeseenes 54

Table 3.5. 2022 Active channel belt width data with statistics and R? values over
the whole system, in proximal, medial, and distal DFS zones, and upstream and
downstream of the Caronal avulsSion POINt........cccceveereceereneneereseresseseseeessesessesseses ooe 56

Table 3.6. 2022 channel belt width data with statistics and R? values over the
whole system, in proximal, medial, and distal DFS zones, and upstream and
downstream of the Caronal avulSion POINT.......cccceeveeereerenesenecesensessesesnessesessesseennes 58

Table 3.7. 2022 sinuosity data with statistics and R? values over the whole
system, in proximal, medial, and distal DFS zones, and upstream and
downstream of the Caronal avulSion POiNt....creeenenrenenenreneseeseeeeeeseeeeseesee s e 61

Table 3.8. Active meander deposit area, length, and width data with statistics
and R? values over the whole system, in proximal, medial, and distal DFS zones,
and upstream and downstream of the Caronal avulsion point.........ccccecceveereererennene. 67

Table 3.9. Abandoned meander deposit data for area, length, and width with
statistics and R? values over the whole system and in proximal, medial, and
ISEAL DFS ZONES...cuviuiirrierreerreienseesnsessnssesssseesssssssssssssssssssssssssessssssssssassssssssssssasss soe 72

Table 3.10. Ratio and statistics data for 2022 channel width and 2022 active
channel belt width, and 2022 active channel belt width and 2022 channel belt
width across the whole system, in proximal, medial, and distal DFS zones and
upstream and downstream of the Caronal avulsion point with R? and p-values...80

Table 3.11. Ratios and statistics data for the 2022 DFS and 1985 DFS comparison
where 2022 channel width is compared to 1985 channel width; 2022 sinuosity is
compared to 1985 sinuosity; and 1985 channel width is compared to 2022
channel belt width. Variables are compared across the whole system, in
proximal, medial, and distal DFS zones, and upstream and downstream reaches
of the Caronal avulSioN POINT......ccccecerreerceerrerecteeeeseesesnesesseseeseesessesessessssassessesessesnsnes 93

Table 3.12. Mann-Whitney data for the comparison of sinuosity and channel belt
width and for sinuosity and meander deposit area.......ccceceeeeeeeuecerreenecerseenesessecnesessenes 96

Vi



Table 4.1. Summary table of each variable measured across 1985 and 2022
satellite imagery including: a brief summary of how the data was collected, the
general downstream trends (or overall gradient), and whether the variable
represents the active or pre-avulsion SYStEM..... i eeeceneneneneneneereeeseeseseessenees 98

Vii



List of Figures

Figure 1.1. Distributive fluvial system (DFS) with proximal, medial, and distal
zones. Frequent avulsion processes build a fan shaped morphology and
abandoned river tracts highlight previous channel orientations on the fan
(Nichols and FiSher, 2007)......cccecireerenerrenreneeesessessessessessessessessessessessessessasssssessessessasssssans 3

Figure 1.2. Avulsion styles showing the switching and abandonment or partial
abandonment of parent channels to create avulsion channels (Slingerland and
SMILN, 2004)..cucieeeeereeecerreneresessssesasssssessssessssssessssssesssssssssssessssssssssssssssssssssssassssssssssssssesess 8

Figure 1.3. The formation of different river planforms based on sediment load,
gradient, and the relative stability of the channel (Schumm, 1985)........cccccueuue... 11

Figure 1.4. Meander terminology and features of a meandering river. Inspired by
Guneralp and Marston (2012) and Rhoads (2020).....cccccceeeererrerenerenrenensessessessessesanes 13

Figure 1.5. The initiation of a meandering river from an initially straight
channel. Inspired by Rhoads (2020) and River Styles (2020)......ccccceveereruereererverennenens 14

Figure 1.6. Three types of channel migration experienced by meandering rivers
(expansion, translation, and rotation) and two types of meander cut-off (neck
cut-off and chute cut-off). Inspired by Rhoads, 2020..........cccceverrerererreruererrererrenvenenns 18

Figure 1.7. Reference map for the Taquari distributive fluvial system (DFS),
Brazil, South America using satellite imagery from 2022........ccoveveeveeveverveeveeveeseene 25

Figure 2.1. An overview map of the 2022 Taquari DFS, Brazil, South America with
an inset of the Caronal avulsion point. Proximal, medial, and distal DFS zones
and the location of the Caronal avulsion point are highlighted..............cccucuuu...... 29

Figure 2.2. Diagram showing how mean width is calculated downstream along a
CHANNEL POLYGON....ceiieeeeececeetrrer et s ee s eeseeseeseeaeseesaesaesaesaesaessessesaesaesnessessessessessannens 35

Figure 2.3. An overview map of the 2022 Taquari DFS with insets showing
changes in the 2022 active channel, the 1985 active channel (not mapped using
this imagery), the active channel belt, and the channel belt downstream.......... 36

Figure 2.4. The location of active and abandoned meander deposits on the 2022
Taquari DFS. Insets show the changing dimensions of deposits downstream and
how area, length, and width measurements are taken........ccceceveeuecervenereecnreseenene. 40

Figure 2.5. The sinuosity of the 2022 channel and the 1985 channel shown by the
centreline of each channel’s polygon. Insets show where there are similarities in
sinuosity between the 2022 and 1985 channel and where meander cut-offs have

OCCUITEA AOWNSTIEAM...uveueerecreeererereearseenesseseesesssessssssessssssesssnssessssessessssasssssesesssssssessasess 42

Figure 3.1. Maps showing: the 1985 channel (displayed on 2022 imagery for
reference), the 2022 channel, the active channel belt, and the channel belt.
Each map is split into proximal, medial, and distal DFS zones and upstream and
downstream of the Caronal avulsion (for the 2022 system).......ccecceeereeerceenecneseenenns 45

viii



Figure 3.2. A graph showing 1985 channel width across the whole system and in
proximal, medial, and distal DFS ZONES.......ccuuevevereereecreceerrenreneereneeseessessessessessessessens 46

Figure 3.3. A graph showing 1985 channel sinuosity across the whole system and
in proximal, medial, and distal DFS ZONES.......ccccceeverererrenenrrenresenecneseesessesesesseseenennes 48

Figure 3.4. 2022 channel elevation profile of the Taquari DFS from the apex to
£0€ Of ThE SYSTEM.ecececeeetccet ettt e e s e s e s e e ssessae e ssssnsesaesasnnensensensn ans 50

Figure 3.5. A graph showing 2022 channel width across the whole system, in
proximal, medial, and distal zones, and upstream and downstream of the
Caronal aVULSION POINT....icceicereeerececeneeeeseeseeeesesseeseeseesseseesassaesesssessessessessessssasssasnes 53

Figure 3.6. A graph showing 2022 active channel belt width across the whole
system, in proximal, medial, and distal zones, and upstream and downstream of
the Caronal avulSiON POTNT......cuiccceceirerereiren cerecesereecreseessessessessessessessessessessessessessessenes 55

Figure 3.7. A graph showing 2022 channel belt width across the whole system, in
proximal, medial, and distal DFS zones, and upstream and downstream of the
Caronal @VULSTON POTNT...ccuiccrererecrereeeseeesreseesesseseeessesessessesessessesessesassessesssssssssesssssesesneses .57

Figure 3.8. A graph showing the sinuosity of the 2022 channel across the whole
system, in proximal, medial, and distal zones, and upstream and downstream of
the Caronal avulSion POINT......ccceceererenrerenresteeseesesesseseeessesessessesessessesassessesasssssssanes 60

Figure 3.9. A graph showing active meander deposit area across the whole
system, in proximal, medial, and distal zones, and upstream and downstream of
the Caronal avulSion POTNT......ccccecreereeerenerenesesesesseressesseseesesessessesessessesassessesessessesesnes 62

Figure 3.10. A graph showing active meander deposit length across the whole
system, in proximal, medial, and distal zones, and upstream and downstream of
the Caronal avulSiON POINT.......cceeirererereeereneseseesesreseseseesessessessessassassessassesssesaenees 64

Figure 3.11. A graph showing active meander deposit width across the whole
system, in proximal, medial, and distal zones, and upstream and downstream of
the Caronal avulSioN POINT......cccirieirecececesesesresesesesessessessessessessesssssessaessessesaeses 66

Figure 3.12. A graph showing abandoned meander deposit area across the whole
system and in proximal, medial, and distal DFS zones........cccceeveeererrerrerenrenrevennennns 68

Figure 3.13. A graph showing abandoned meander deposit length across the
whole system and in proximal, medial, and distal DFS zones..........cccoceveveeurverurnene. 70

Figure 3.14. A graph showing abandoned meander deposit width across the
whole system and in proximal, medial, and distal DFS zones..........ccccecerereeureeruenenes 71

Figure 3.15. A graph showing the ratio between 2022 channel width and 2022
active channel belt width across the whole system, in proximal, medial, and
distal DFS zones, and upstream and downstream of the Caronal avulsion



Figure 3.16. A graph showing the ratio between 2022 active channel belt width
and 2022 channel belt width across the whole system, in proximal, medial, and
distal DFS zones, and upstream and downstream of the Caronal avulsion point.79

Figure 3.17. A graph showing the comparison between 2022 channel width and
2022 active channel belt width with the p-value.........eeececeicece e 81

Figure 3.18. A graph showing the comparison between 2022 active channel belt
width and 2022 channel belt width with the p-valu€.........c.covevenenvenenenreneneenen. 82

Figure 3.19. A graph showing the ratio between 2022 channel width and 1985
channel width across the whole system, in proximal, medial, and distal DFS
zones, and upstream and downstream of the Caronal avulsion point..................... 85

Figure 3.20. A graph showing the ratio between 2022 channel sinuosity and 1985
channel sinuosity across the whole system, in proximal, medial, and distal DFS
zones, and upstream and downstream of the Caronal avulsion point..................... 87

Figure 3.21. A graph showing the ratio between 1985 channel width and 2022
channel belt width across the whole system and in proximal, medial, and distal
DS ZONES.ueeteeeeeeeeecreeeenteeseesseeeeseessesseessesssessesssessessessesssesssessessesssesssessasssessasssessasssassen .89

Figure 3.22. A graph showing the comparison between 2022 channel width and
1985 channel width across the whole system with the p-value........ccccceeeeeuvnncneee. 90

Figure 3.23. A graph showing the comparison between 2022 channel sinuosity
and 1985 channel sinuosity across the whole system with the p-value.................. 91

Figure 3.24. A graph showing the comparison between 1985 channel width and
2022 channel belt width across the whole system with the p-value...................... 94

Figure 4.1. The growth of three separate meander bends in the proximal zone of
the Taquari DFS between 1985 and 2022..........eoeeeeereevenrenrenrenenresseeseessesessessasssenes 119

Figure 4.2. The change in active meander deposit shape downstream across the
Taquari DFS from larger more rounded deposits to more crescent-shaped
AP OSTES cuevereeeceeeereereecrereeresaestesaessesaesaesaessesaesaessessessessessassessassessessessessassessessessassessassaenees 122

Figure 4.3. A model of the Taquari DFS before the initiation of the Caronal
avulsion (1985) and during the Caronal avulsion (2022). The change in channel
width and active and abandoned meander deposit size can be seen between both
models. Both models have subsurface interpretations of the change in
dimensions and connectivity of point bar deposits following a change in channel
WIATN ettt estesestsssassesessssssssssssssssesssssssssssassesessssssssssesessssssssasass 137



Acknowledgement

| would first and foremost like to thank my primary supervisor Dr Amanda Owen
for her patience and support through this whole project. In addition, my second
and third supervisors Dr Laura Quick and Professor Richard Williams have been
incredibly helpful with this project. Secondly, | would like to thank my family:
Mum, Dad, Aela, and Phoebe who have been a constant for the past two years
and have been incredibly supportive. Thirdly, | would like to thank my friends
Careen, Chloe, Gopikaa, Puja, and Shona and all the Molema PGRs who have
been some of the kindest people | have met in Glasgow. Finally, | would like to
extend my thanks to Martin Stokes for providing valuable images of the Pantanal
wetlands of Brazil.

Xi



Author’s Declaration

“l declare that, except where explicit reference is made to the contribution of
others, that this dissertation is the result of my own work and has not been
submitted for any other degree at the University of Glasgow or any other

institution.”
Printed Name: NEVE TRAQUAIR NORRIS

Signature:

Xii



1 Introduction

Understanding fluvial system behaviour is of great importance to the large
human populations and vast ecosystems that occupy fluvial environments. Fluvial
systems are important biogeochemical interfaces, form important political
boundaries (Schumm, 1985; Rhoads, 2020), and are major conveyors of water
and sediment to the world’s water reservoirs (including oceans, seas, and lakes)
(Leopold, 1962; Guneralp and Marston, 2012; Knighton, 2014). Overbank deposits
from flood events also deliver important nutrients to floodplains, which are

essential for agricultural activity (Poff, 2002).

The impact of flooding, erosion, and avulsion processes from river systems are
major hazards for society, which can result in large loss of life and damage to
critical infrastructure (Singh and Awasthi, 2010). Population density can be
incredibly high in areas with availability of water resources and favourable
conditions for agriculture (i.e., the Ganga Plains, India), however, when extreme
flood events or avulsions occur their consequences can be catastrophic (Singh
and Awasthi, 2010). Avulsions in particular can occur at any time and be
triggered by normal flood events (i.e., if a river is at or near an avulsion
threshold), and pose even greater risks to populations and infrastructure due to
the vast dispersion of water and sediment they generate (Slingerland and Smith,
2004). An avulsion is the diversion of flow from the channel to the floodbasin as
a result of channel bank failure. The frequency of extreme events such as
avulsions are becoming more common as climate change increases extreme flood
events (Poff, 2002); it is therefore important to understand avulsion processes in

modern river systems.

Understanding the deposits of fluvial systems is also of great importance to
geologists as sediment deposited by rivers can become preserved in the rock
record and form reservoirs that host many different minerals and other
resources that can be of benefit to society (i.e., uranium, copper, petroleum,
and water) (Owen et al., 2015; Swan et al., 2018; Hu et al., 2019; Nie et al.,
2020; Rhoads, 2020). For example, point bar deposits from the meandering
Powder River in Wyoming host large reserves of uranium and organic-rich
siltstones (Berg 1968; Dalh and Hagmaier, 1976). Both uranium and organic-rich

material are used to generate energy, with uranium being of particular interest
1



as a source of carbon-free energy which is used to generate electricity instead of

carbon-based energy (i.e., fossil fuels) (Chakravorty et al., 2012; Naik, 2024).

Fluvial deposits can also be critical for the transition to clean energy as fluvial
sandstones have the potential to be geothermal sites (i.e., Frio Sandstones,
Texas, USA; Bebout et al., 1978) or reservoirs, which can be used for carbon
capture and storage (CCS) (i.e., Sherwood Sandstone Group, UK; Newell and
Shariatipour, 2016). Colombera et al. (2017) examined modern case studies
including the Mississippi (e.g., Jordan and Pryor, 1992) and the Ganges (e.g.,
Boeser, 2011) in addition to analogues from outcrops such as the McMurray
Formation (e.g., Jablonski, 2012) and the Kayenta Formation (e.g., Miall, 1988)
and found that point bar deposits within meander belts have a favourable
geometry for subsurface storage due to the compartmentalisation of sandstone

and mudstone that form ideal reservoirs.

When exploring and extracting resources it is critical to understand variations in
deposit characteristics (e.g., grain size, sorting, porosity, permeability, gross
geometry) which influence how subsurface fluids flow, become trapped, and are
ultimately extracted (or stored) (Colombera et al., 2017). In addition,
understanding subsurface geometries is critical to understand how pollutants are
conveyed, to avoid the contamination of, for example, aquifers. For example,
Xiao et al. (2020) found that high sinuosity rivers were able to accumulate high
concentrations of nitrogen, a major pollutant in modern rivers, in concave banks

of the channel.

This study aims to fill a critical literature gap with regards to understanding how
characteristics of modern meandering distributive fluvial systems (DFSs) vary
spatially within a system (i.e., the change in characteristics downstream) (Owen
et al., 2015). This chapter will firstly introduce distributive fluvial systems and
avulsions, before introducing different fluvial planform types. In particular, this
chapter focuses in detail on meandering rivers including: terminology,
formation, typical features, migration patterns, and deposits of meandering
rivers in the rock record. Following this, the aims and objectives of the project

are outlined prior to introducing the study area.



1.1 Literature Review

1.1.1 Distributive Fluvial Systems

Distributive fluvial systems (DFSs), also known as megafans or fluvial fans, are
systems that disperse from an apex and terminate at a toe (Hartley et al., 2010;
Weissmann et al., 2010; Davidson et al., 2013). The apex of a DFS marks the
location where a river goes from being confined to unconfined and flow
disperses in a radial manner; the toe of a DFS marks the location where the
system terminates, at the furthest point from the apex (Figure 1.1) (Hartley et
al., 2010; Weissmann et al., 2010; Davidson et al., 2013). DFSs typically have a
fan-shaped morphology due to their unconfined nature, however, this is not
always observed (Bull, 1968; Hartley et al., 2010). A DFS may be prevented from
developing a fan-shaped morphology where the system is confined between two
adjacent DFSs; sits in an axial position within a sedimentary basin; or has an
incised channel on a DFS’s surface preventing the development of floodplains
which distribute sediment (i.e., in the upper reaches of the Taquari DFS, Brazil)

(Weissmann et al., 2010). Fan-shaped DFSs develop radial patterns through
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Figure 1.1. Distributive fluvial system (DFS) with proximal, medial, and distal zones.
Frequent avulsion processes build a fan-shaped morphology and abandoned river tracts
highlight previous channel orientations on the fan. Areas of more recent fluvial activity
appear as darker grey colours and areas of the DFS abandoned for longer appear as
lighter grey colours (Nichols and Fisher, 2007). Annotations highlighting the apex and toe
of the DFS are done in Inkscape.
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avulsion processes dispersing water and sediment across a sedimentary basin
(Figure 1.1). Active areas of a DFS experience frequent deposition of sediment
from active channels, which builds DFS stratigraphy; avulsion processes, which
are outlined further later in this chapter, are responsible for changing the
location of the active channel on a DFS and therefore result in wider sediment
distribution across a DFS (Figure 1.1) (Nichols and Fisher, 2007). DFSs differ from
tributary fluvial systems as DFSs tend to bifurcate downstream and reduce in
channel size as flow disperses, whereas tributary systems involve smaller
channels feeding into a larger main channel within a topographically confined
area (Weissmann et al., 2010; Davidson et al., 2013; Rhoads, 2020).

At the furthest reaches of a DFS (i.e., the toe), a variety of termination types
can exist, as outlined by Hartley et al. (2010). For example, a DFS termination
can be marked by the location of a distributary system changing into a
contributory system, where instead of dispersing, many channels feed into one
channel. A termination can also be marked by: a main DFS channel forming a
confluence channel to an axial system; a main DFS channel becoming an axial
system; a main DFS channel meeting a shoreline or playa edge; or a main
channel no longer being identifiable in a dune field, playa, and/or wetland

environment (Hartley et al., 2010).

Studies of both modern DFSs (i.e., the Taquari DFS; Weissmann et al., 2010,
2015, and the Okavango DFS; Hartley et al., 2010) and ancient DFSs (i.e., the
Salt Wash DFS; Owen et al., 2015, and the Huesca DFS; Hirst, 1991 and Martin et
al., 2021) have aimed to characterise downstream DFS trends by splitting a DFS
into different zones. Within a DFS, three distinct zones are identified (proximal,
medial, and distal) which have been found to display predictable downstream
trends within each zone across all planform types in a variety of climates (Figure
1.1) (Weissmann et al., 2010; Davidson et al., 2013; Owen et al., 2015). These
downstream changes include a decrease in channel size, channel belt size,
channel presence, grain size, and discharge (as a result of infiltration,
evaporation, and bifurcation of channels) as well as a decrease in the ratio of
channel to floodplain deposits (Weissmann et al., 2010; Davidson et al., 2013;
Weissmann et al., 2015; Owen et al., 2015; Martin et al., 2021). Floodplain
presence is found to increase downstream (Weissmann et al., 2010; Hartley et
al., 2010).



The proximal zone of a DFS is the area closest to the apex where the river leaves
confinement and deposits coarse-grained sediment as the flow loses transport
capacity once it becomes unconfined (Figure 1.1) (Weissmann et al., 2013).
Highly amalgamated sandy channel bodies are deposited while being reworked
due to frequent avulsion processes (Weissmann et al., 2010; Hartley et al., 2010;
Weissmann et al., 2013; Weissmann et al., 2015; Martin et al., 2021). There is
very little floodplain preservation or soil development in the proximal zone due
to the frequent reoccupation of abandoned channels where fine-grained
material is removed and reaches more distal portions of the DFS (Figure 1.1)
(Weissmann et al., 2013).

In the medial zone of a DFS, the river avulses over a wider area and channel
deposits are more frequently separated by floodplain deposits and well-
developed soils (Figure 1.1) (Weissmann et al., 2013; Martin et al., 2021).
Sediment supply and discharge decrease downstream, and channel bifurcation is
more frequent (Weissmann et al., 2013). Levees become more common in this
zone and avulsion processes result in channel migration across its basin
(Weissmann et al., 2013).

In the distal zone of a DFS, the river has the widest area to avulse over with the
lowest discharge and the finest grain size resulting in a dominance of floodplain
deposits with sparse channel bodies (Figure 1.1) (Weissmann et al., 2013). Much
of the deposition in this zone of a DFS is from avulsions which are more common
(Weissmann et al., 2013). Additionally, the toe of a DFS may sit at relatively low
elevation thus floodplains and soils may be poorly drained, and swamps and

ponds are increasingly common (Weissmann et al., 2013).

DFSs have been shown to dominate fluvial sedimentation patterns in modern-day
aggradational sedimentary basins; as shown in a study of over 700 modern
continental sedimentary basins (Weissmann et al., 2010; Hartley et al., 2010;
Davidson et al., 2013). The results of this study by Weissmann et al. (2010)
indicate that there is likely a greater percentage of DFS deposits in the
continental fluvial record than previously recognised. The debate whether
tributary or distributive fluvial systems dominate sedimentation patterns in
modern-day aggradational sedimentary basins has been ongoing for many years

(i.e., Fielding et al., 2010; Heyvaert and Walstra, 2016). However, the most



recent research indicates that it is in fact DFS that dominate these modern-day
sedimentary basins (Weissmann et al., 2010; Hartley et al., 2010; Davidson et
al., 2013). DFSs have been found to occur in a variety of climatic and tectonic
settings including: arid, tropical, subtropical, continental and polar climates as
well as in extensional, compressional, strike-slip, and cratonic tectonic settings
(Hartley et al., 2010). In areas of active subsidence where accommodation space
is created, DFSs are able to deposit and, due to subsidence, have a higher
preservation potential in comparison to degradational river systems (Hartley et
al, 2010; Weissmann et al., 2010; Owen et al., 2015).

Planforms including meandering, braided, straight, and anastomosing channels
can develop on DFSs which can often interchange downstream (Nichols and
Fisher, 2007; Hartley et al., 2010). Hartley et al. (2010) identified 6 dominant
planform types which occur on DFSs from a range of planform types which are
present on DFSs globally. Channel planforms identified downstream (in order of
dominance) include: a single braided channel bifurcating into braided and/or
straight channels; a single braided channel; a single braided channel becoming
sinuous downstream (sometimes with bifurcations); a single sinuous channel; a
single sinuous channel bifurcating into smaller sinuous channels; and many
sinuous channels coexisting with no dominant single channel (Hartley et al.,
2010). Hartley et al. (2010) found that braided planforms dominate just over
half of the large DFS studied, however, Hartley et al. (2015) identified that
meandering fluvial deposits make up a larger proportion of the fluvial rock
record than previously realised and that they likely dominate modern settings as

well.

Hartley et al. (2010) found that differences in slope gradient, climate, discharge
and sediment supply on a DFS, influence the planform which is present. For
example, a DFS with a steep gradient, dry climate, low discharge and high
sediment supply tends to develop a braided planform. This is due to the fact
that sediment can travel far as it is not intercepted or stabilised through
vegetation. In contrast, a DFS with a low gradient, wet (more tropical) climate,
high discharge, and low sediment supply tends to develop a meandering
planform, which has a high sediment distribution capacity as a result of constant

discharge. Planform changes downstream within a DFS are often influenced by



changes in discharge and sediment supply from a river’s catchment area, which

is primarily controlled by the climate (Hartley et al., 2010).

Although DFSs have distinct downstream characteristics, which are identifiable
in modern and ancient systems, they share many similarities with alluvial fans
(Ventra and Clarke, 2018). Important distinctions need to be made between
these fan types to distinguish them, for example, in the rock record (Ventra and
Clarke, 2018). DFSs and alluvial fans both start in a confined valley before
reaching an apex and forming a radial fan-shaped morphology (Ventra and
Clarke, 2018). A key difference between these fan types is that DFSs are fluvial
systems (driven by rivers), whereas alluvial fans are depositional landforms
formed by sediment laden flows (i.e., dominantly dry fans that do not have the
constant water supply associated with river systems) (Bull, 1968; Ventra and
Clarke, 2018).

Alluvial fans tend to grow after short-lived hydrological events which result in
sediment rich bedloads and suspended loads depositing sediment through debris
flow events (Ventra and Clarke, 2018). DFSs in contrast, have a constant
sediment supply as this type of river system collects sediment from the
catchment area (Ventra and Clarke, 2018). As alluvial fans do not have a
constant water or sediment supply, they often have much smaller aerial extents
(<100 km?) and radii (~1 to 20 km) (Hartley et al., 2010). DFSs, however,
typically, have much larger aerial extents (103 to 10° km?), with larger radii
(>100 km) (Hartley et al., 2010). Alluvial fans typically have much higher
gradient slopes (>1°) whereas DFSs have lower gradient slopes (<0.1°) (Hartley
et al., 2010). The gradient of the slope is often influenced by discharge and
tectonics (Bull, 1968).

1.1.2 Avulsions

Avulsions are one of the most important processes within a DFS, responsible for
sustaining wetlands, growing floodplains, and controlling sediment distribution
and transport within a sedimentary basin (Slingerland and Smith, 2004). Avulsion
is the diversion of flow from a parent channel (main active channel) to a
floodbasin via a local failure of channel banks during a high flow event (Figure
1.2) (Smith et al., 1989; Jones and Schumm, 1999; Slingerland and Smith, 2004;



Assine, 2005; Buehler et al., 2011; Makaske et al., 2012). Failure occurs within
channel banks as crevasse splays break through channel levees, resulting in the
distribution of sediment and water to floodplains (Figure 1.2) (Slingerland and
Smith, 2004).
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Figure 1.2. Avulsion styles showing the switching and abandonment or partial abandonment
of parent channels to create avulsion channels (Slingerland and Smith, 2004).

When flow is diverted from a parent channel to a new avulsion channel it can be
a complete shift in flow where a parent channel is abandoned or a partial shift
in flow where a parent channel is still active as new channels form in the
floodbasin (Figure 1.2) (Jones and Schumm, 1999; Assine, 2005). In some cases,
flow may also be diverted before joining the parent channel again downstream

(Jones and Schumm, 1999; Assine, 2005). Avulsions can occur quickly (i.e.,



decades) or over longer timeframes (i.e., centuries) (Slingerland and Smith,
2004). Flow that is diverted from a parent channel to an avulsion channel will
find a route where the gradient is steepest away from the channel and flow is
most efficient (Slingerland and Smith, 2004).

The size and extent of an avulsion reach is influenced by the amount of
discharge and sediment diverted to the avulsion channel; the duration of the
avulsion (i.e., how long it takes to shift flow completely or partially to an
avulsion channel); and the characteristics of the floodbasin (i.e., topography)
(Slingerland and Smith, 2004). Slingerland and Smith (2004) have identified three
distinct types of avulsions that occur including: a) channel annexation, where an
active channel is appropriated or an abandoned channel is reoccupied, b)
incision of new avulsion channels into the floodbasin and c) progradation, where

an avulsion deposits large volumes of sediment through different channels.

The most common triggers for avulsions are large flood events which exploit
unstable sections of channel levees that have formed crevasses (Jones and
Schumm, 1999; Assine, 2005). Although larger flood events are more likely to
trigger avulsions, crevasse splays along levees can result from lower flow events
where a channel is at or near an avulsion threshold (Jones and Schumm, 1999,
Assine, 2005, Makaske et al., 2012). A combination of factors may bring a river
closer to an avulsion threshold, i.e., if the channel belt is experiencing

superelevation (Bryant et al., 1995).

Channel superelevation occurs where the sedimentation rate is high enough for
channel aggradation to occur resulting in the elevation of a channel being higher
than its adjacent floodplains (Bryant et al., 1995, Jones and Schumm, 1999,
Slingerland and Smith, 2004). Aggrading rivers naturally build levees which slope
towards floodplains where deposition of sediment occurs less frequently (i.e.,
via overbank deposits of a river flowing over full capacity) (Slingerland and
Smith, 2004). When a high flow event occurs, a channel can lose the capacity to
contain higher volumes of water and sediment within its banks. In this case,
levee failure will naturally occur where a channel and its levees sit too high
above the floodplains (Bryant et al., 1995; Jones and Schumm, 1999; Slingerland
and Smith, 2004; Assine, 2005).



When an avulsion occurs, it will create an avulsion belt on the newly inhabited
section of a floodplain, encompassing all the features of the avulsion process
(Slingerland and Smith, 2004). Flow in a new avulsion belt is unconfined and
large volumes of coarse-grained sandy sediment is deposited on top of finer-
grained overbank deposits (Smith et al., 1989; Slingerland and Smith, 2004;
Assine, 2005). An anastomosing planform is often present after the avulsion node
before a dominant channel planform (i.e., meandering or braided) establishes
and forms a larger main channel or channels (Smith et al., 1989; Assine, 2005;
Makaske et al., 2012). This may be due to the slowing of channel aggradation
processes which result in the replacement of anastomosing channels with a

dominant single channel planform (i.e., meandering) (Smith et al., 1989).

Future avulsions are often influenced by the topography created by previous
avulsions. For example, when an avulsion progrades, it changes the
accommodation space within a basin by distributing sediment and leaving behind
abandoned avulsion ridges which sit topographically higher than floodplain
deposits (Jones and Schumm, 1999; Assine, 2005). It is also important to note
that direct human influence on river systems can trigger avulsions through, for
example, the regulation and/or diversion of flow, and engineering of a channel
(Heyvaert and Walstra, 2016).

Understanding avulsion processes and deposits can also have important
implications for rock record exploration as these large sandy deposits can be
useful for hydrocarbon reservoirs (Slingerland and Smith, 2004). Additionally, the
occupation and abandonment of a river on a floodplain can also lead to the
development of soils necessary for agriculture (Smith et al., 1989; Slingerland
and Smith, 2004). However, most importantly, avulsions can pose major hazards
to large populations resulting in mass displacement and loss of human life, as
well as damage to critical infrastructure (Slingerland and Smith, 2004; Heyvaert
and Walstra, 2016). The avulsion of the Kosi River (India/Nepal) in 2008, for
example, demonstrated the huge impact that avulsions can have on society as
many villages became inaccessible, much agricultural land was destroyed, and
flooding affected around 3 million people (Chakraborty et al., 2010; Sinha et al.,
2014).
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1.1.3 Fluvial Planform

Within an alluvial channel, discharge and sediment load influence erosion and
deposition processes which, in turn, control morphological change in a channel
(i.e., channel pattern) (Weissmann et al., 2013; Rhoads, 2020). Frequent erosion
and deposition processes in alluvial channels allow sediment to be scoured (i.e.,
from the channel bed and banks) and deposited within the channel, forming
different channel patterns as changes in sediment load and discharge occur
downstream within a channel (Schumm, 1985). It is important to distinguish
between fluvial planforms and their deposits, as reservoir dimension,
connectivity, and heterogeneity are influenced by the different migration styles
of rivers (Hartley et al., 2015; Colombera et al., 2017).

Different planform types include meandering, braided, anastomosing, and
straight channels (Figure 1.3) (Leopold and Wolman, 1957; Schumm, 1985;
Makaske et al., 2012). Due to the scope of this study, braided, anastomosing,
and straight rivers are not outlined in detail within this chapter. Meandering
rivers are, however, explored in further detail below. It is important to note
that braided and anastomosing rivers are multi-thread channels (i.e., channels
are divided by bars and islands) and that meandering and straight rivers are
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Figure 1.3. The formation of different river planforms based on sediment load, gradient, and

the relative stability of the channel (Schumm, 1985).
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dominantly single thread channels (i.e., one dominant channel) (Schumm, 1985;
Gurnell et al., 2009). Meandering channels, however, have been known to
experience anabranching, where a bifurcated channel rejoins the main channel
downstream (Shukla and Rhoads, 2023). Although a dominant planform type will
often exist across a river, it is important to note that these planforms are ‘end
members’ and a continuum in planforms can exist between them (Leopold and
Wolman, 1957; Callander, 1978; Gurnell et al., 2009).

Planform type is influenced by slope, sediment supply, and discharge (Figure
1.3) (Schumm, 1985). For example, braided systems often exist on steeper
slopes (i.e., higher gradient slopes) than meandering systems, with higher
sediment supply and variable discharge. Meandering systems however, develop
on lower gradient slopes with lower sediment supply and more consistent
discharge than braided rivers (Leopold and Wolman, 1957; Schumm, 1985;
Hartley et al., 2010). Anastomosing rivers have been shown to form on
floodplains with shallow gradients that have a very high sediment supply, often
forming sediment islands within the channel (Leeder, 2009; Makaske et al.,
2017). Straight channels often have low discharge and low sediment supply
(Makaske, 2001).

1.1.4 Meandering Rivers

Meandering rivers are characterised by a series of reversing curves which
migrate across floodplains in a distinctive manner and form point bar deposits
along their course (Leopold and Langbein, 1966; Rhoads, 2020). The series of
reversing curves that form a meandering river are referred to as a meander
train; these make up a succession of sinuous waves over a space that can be
measured by their wavelength and amplitude (Figure 1.4) (Callander, 1978;
Seminara et al., 2001; Rhoads, 2020). The wavelength is the distance between
the two bend apexes on the same side of the river and the amplitude is the
distance between the apexes of two successive bends on the opposite side of the
river (Guneralp and Marston, 2012; Rhoads, 2020). The individual curves are
referred to as meander bends and the outermost point of a meander bend is
known as the apex (Guneralp and Marston, 2012; Rhoads, 2020). The distance
between the outer banks of each meander bend is known as the meander belt
and the inflection point of the river is the point at which one bend changes into
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(2020).

another bend (Figure 1.4) (Inglis and Lacey 1947; Guneralp and Marston, 2012;
Rhoads, 2020).

The measure of the curvature of a meandering river is known as sinuosity, which
is calculated by dividing the length of the line that follows the deepest part of
the river downstream (the thalweg) by the length of the valley (Figure 1.4)
(Leopold and Wolman, 1957; Schumm, 1985; Wilzbach and Cummins, 2008). High
sinuosity rivers have a sinuosity of > 1.5 (Wilzbach and Cummins, 2008) and
straight rivers have a sinuosity of < 1.3 (Brice, 1964; Makaske, 2001; Assine,
2005). The sinuosity of a channel increases as meander bends grow; the

evolution of a meandering river is detailed below.

Meandering rivers develop from initially straight channels that exist in an
unstable state (Figure 1.5) (Yang, 1971; Rhoads, 2020). Laboratory experiments
conducted by Friedkin (1945) identified that the initiation of a meandering
planform within a straight alluvial channel is triggered by a disturbance within a
channel, which results in the formation of a series of bends within the channel

over time through processes of erosion and deposition. Inglis and Lacey (1947)
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by Rhoads (2020) and River Styles (2020).

and Leopold and Langbein (1966) found that an alluvial channel will try to reach
a state of equilibrium in which the least amount of energy is used to carry
sediment within a channel. These studies also found that a channel will naturally
adjust its planform to a shape that requires the least amount of energy for water
to flow within its banks, i.e., a meandering planform. Within a channel, there is
an oscillatory motion of the flow that is understood to naturally adjust a channel
from straight to meandering, however the reasons for this flow oscillation are
still debated (Leeder, 2009; Rhoads, 2020).

Theories for the initiation of oscillation within a straight channel include: the
reduction of different flow directions within the channel; an increase in channel
slope resulting in less energy dissipation of the flow; and a reduction in stress of
the water against the channel walls (Friedkin, 1945; Langbein and Leopold,
1966; Leeder, 2009; Rhoads, 2020). The oscillatory flow within the channel
allows sediment to be scoured from channel banks and transported downstream

where it is deposited upon a reduction in channel velocity and sediment

14



transport capacity (i.e., at the inflection point of a meander bend) (Callander,
1978; Rhoads, 2020).

Leopold and Wolman (1957) found that within a straight channel, the thalweg
would migrate across the channel and start to develop mud deposits on alternate
sides of the channel which were typical of a meandering system. Over time,
alternating areas of deep and shallow topography develop on the bed of a
straight river, referred to as pools and riffles respectively (Leopold and Wolman,
1957; Leopold and Langbein, 1966; Yang, 1971; Bluck, 1971) (Figure 1.5). Yang
(1971) attributes the formation of pools and riffles to dispersion and sorting
processes within the channel. Leopold and Wolman (1957) and Yang (1971) found
that pools are associated with the meander bends and that riffles form between

bends in the river (i.e., the inflection point) (Figure 1.5).

Pools are the deepest part of the channel, which extend from the end of a bar
unit further upstream and around the outside bend of a channel, usually
reaching the lowest depth after the apex of the curve (Figure 1.5) (Bluck, 1971;
Leeder, 2009; Rhoads, 2020). As the flow moves around the outside bend of the
meander it will enter the pool and collect sediment as the channel is scoured
(Callander, 1978). Sediment which is then transported within the flow of the
channel is deposited as a riffle near the inflection point of the bend, where the
channel is shallower and transport capacity reduces (Figure 1.5) (Friedkin, 1945;
Callander, 1978; Wilzbach and Cummins, 2008; Rhoads, 2020). The upstream
portion of the riffle is typically composed of coarser-grained gravels whereas the
downstream portion of the riffle is typically composed of finer-grained sands
(Bluck, 1971).

The development of pools and riffles within a straight channel is followed by the
development of alternate bars. These alternate bars form as a result of the
oscillatory flow in the channel depositing sediment on alternating sides of the
channel downstream (Lanzoni, 2000a,b; Rhoads, 2020). An experimental study
by Lanzoni (2000a,b) showed that flume channels with initially flat beds became
unstable and started to develop alternate bars under a range of sediment sizes
and flow conditions. Lanzoni (2000a,b) also showed that alternate bars in
straight channels tend to migrate progressively downstream through time as

sediment is transported through pools, across riffles, then onto bar tops, before
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being accreted into the moving bar front. Additionally, when immobile coarse
material accumulates between the pool and alternate bar, the migrating bar
unit can stabilise which is common when the bed material consists of mixed sand

and gravel (Lanzoni, 2000a,b).

As these alternate bar units become stable, flow is forced around the bar which
eventually leads to the formation of bends in the channel through further
erosion and deposition processes (Figure 1.5) (Callander 1978; Rhoads, 2020). At
the bankfull stage, where the river is at its highest discharge capacity before
breaching its banks, the bars in the river do not have a large influence over the
direction of flow as the water is too deep to be influenced by their topography
(Friedkin, 1945; Rhoads, 2020). However, in low flow conditions the channel is
usually influenced by bar-unit topography as flow can either travel around the
bar or over the side of it into the pool of the next bar unit (Rhoads, 2020). The
continued erosion and deposition processes eventually form the typical sinuous
planform associated with meandering rivers. Erosion occurs on the outside bend
of the meandering channel (concave bank) and deposition occurs on the inside
bend of the channel (convex bank) creating bar units referred to as point bars
(Friedkin, 1945; Wolman and Leopold, 1957; Leopold and Langbein, 1966;
Nanson, 1980).

Point bar deposits are made up of mainly sandy material with some mud
preserved between individual beds deposited during lower flow conditions
(Wolman and Leopold, 1957; Willis and Tang, 2010). Coarser-grained sandy
material is deposited on the side of the point bar closer to the channel bend
apex with finer-grained sediment deposited on the downstream side of the
channel bar (Willis and Tang, 2010). Laboratory experiments by Peakall et al.
(2007) showed that point bars grow as they accrete onto bars migrating
downstream, and through sediment settling out from suspension onto the bar
unit. Peakall et al. (2007) also showed that the cohesion of the river's banks
(i.e., by vegetation or fine-grained sediment) is an essential part of the
preservation of the meandering planform. This cohesion must be strong enough
to prevent the formation of a braided planform yet not so strong as to prevent
planform migration. Ridges of finer-grained sediment called scroll bars can
develop on point bars as suspended load is deposited on the point bar where the

channel is shallower, and velocity is lower than the outer bend of the channel
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(Nanson, 1980). Scroll bars follow the convex shape of the point bar and
highlight migration of the point bar through accretion of scroll bars (Figure 1.5)
(Nanson, 1980; Russell et al., 2018).

Opposite the point bar, on the outside bend of the river, is the cut bank, the
fastest and deepest part of the river where erosion and scour occur (Bluck, 1971;
Guneralp and Marston, 2012; Rhoads, 2020) (Figure 1.5). The fast flow and
higher shear stress on the outer bend of the river has a greater capacity for
erosion and allows the flow to carry more sediment (Guneralp and Marston,
2012; Leeder, 2009; Rhoads, 2020). Despite the frequent erosion processes
observed in the outer banks of the meander, silt dominated concave deposits
called counter point bars may form on this outer bend (Smith et al., 2009).
Counter point bar deposits form directly downstream of point bar deposits,
formed of finer-grained material than the point bar and following the concave
shape of the outer meander bend (cutbank) (Smith et al., 2009; Hooke, 2023).

The cutbanks of the river are often steep as they are constantly being eroded
and cut into, whereas the point bars are often more gently sloping towards the
floodplains and the channel (Guneralp and Marston, 2012). Meandering rivers
migrate through the erosion of the cutbank and the deposition of point bars on
the inner bend (Leopold and Langbein, 1966). The width of the channel is often
maintained through these processes of erosion and deposition as these tend to

occur at the same rate (Wolman and Leopold, 1957).

Meander migration occurs frequently as meandering rivers often display unstable
behaviour and migrate laterally over floodplains (Leeder, 2009; Guneralp and
Marston, 2012; Rhoads, 2020). There are three main ways in which meandering
rivers tend to migrate: expansion, translation, and rotation of meander bends
(Figure 1.6) (Daniel, 1971; Ghinassi et al., 2014; Russell et al., 2018; Rhoads,
2020; Hooke, 2023). Expansion is the migration of the river in the opposite
direction to the axis of the valley; the further the migration, the more sinuous
the river will become (Figure 1.6) (Ghinassi et al., 2014). Translation is the
movement of the river bend downstream in the same direction as the valley
axis; this maintains the sinuosity of the river (Figure 1.6) (Ghinassi et al., 2014).
Rotation is where the bend of the river curves in a circular manner reducing the

symmetry of the meander bend (Figure 1.6) (Ghinassi et al., 2014). These
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migration patterns can be seen in rivers over space and time and often occur as
a combination of these processes (Guneralp and Marston, 2012; Ghinassi et al.,
2014).

Evidence of meander migration is recorded in the floodplains surrounding the
river (i.e., through scroll bar accretion, meander cut-offs, and meander scars)
(Guneralp and Marston, 2012; Russell et al., 2018). In planform, scrollbar
migration is used to describe channel migration, as lateral accretion patterns of
point bars show the growth of the meander bend over time (Russell et al., 2018).
Meander cut-offs (Figure 1.6) can occur by either neck cut-off or chute cut-off,
and may be partially complete in some cases (Callander, 1978; Micheli and
Larsen, 2011; Rhoads, 2020; Hooke, 2023; Gao and Li, 2024). Neck cut-off
(Figure 1.6) involves the river becoming more sinuous and allowing the two limbs
of the meander bend to meet, whereas chute cut-off (Figure 1.6) involves the
creation of a new channel between meander bends, which is formed via
overbank flow creating a channel across the meander bend (Micheli and Larsen,
2011; Rhoads, 2020; Hooke, 2023; Gao and Li, 2024). Meander cut-offs reduce
the sinuosity of the river and the length of the channel (Rhoads, 2020). The

A Migration Direction —_— Scroll Bars

Expansion Translation Rotation
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Figure 1.6. A) three types of channel migration experienced by meandering rivers. B) neck
cut-off occurring when two meandering limbs intersect. C) chute cut-off when a channel
forms over a meander bend. Inspired by Rhoads, 2020.
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straightened section of the river will naturally readjust over time to become

sinuous again (Rhoads, 2020).

Following a meander cut-off, a channel will typically experience a high amount
of sedimentation, erosion, and changes in morphology as the channel widens and
begins to form bars (Hooke, 2023). This initial, highly active phase, occurs over a
2 to 4 year period before the channel becomes more stable (Hooke, 2023).
Hooke (2023) includes many examples of the highly active and sensitive nature
of meandering systems as they are constantly adjusting to different influences
such as changes in discharge and sediment supply at different scales (i.e., bar

scale, bend scale, and reach scale (across several bends)).

At reach scale, meander bends are often able to respond individually to the
same hydrological conditions thus highlighting the variability of natural systems
as they respond to changes in erosion and deposition (Hooke, 2023). For
example, at reach scale, Hooke (2023) found that some bends in the River Bollin
(UK) experienced more erosion and deposition than others, and experienced
changes in width and shape over a two decade period. Similarly, in the Powder
River in Montana, USA, Hooke (2023) found that channel bank erosion was highly
variable both spatially and temporally, which may be the result of vegetation
within channel banks. This is due to the cohesive strength that vegetation offers
as vegetated banks are often able to withstand greater amounts of erosion
(Hooke, 2023).

Hooke (2023) also found that flood events can have a significant impact on a
river. For example, a 1978 flood on the Powder River resulted in a greater
amount of morphological change than in the previous 37 years of smaller
magnitude floods, and this was in addition to a 53% decrease in channel width
and a 29% increase in channel sinuosity between 1939 and 2013 (Hooke, 2023).
This work by Hooke highlights that changes within meandering rivers can be
highly individual and can relate to a variety of different factors, which include
but are not limited to the stability of channel banks at different reaches of a
river (i.e., where vegetation increases bank resistance). Hooke (2023) also found
that channel stability is strongly related to the gradient of the channel, with
stable reaches of a river often existing on lower gradient slopes than reaches of

the river which experience increased meander growth on higher gradient slopes.
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1.1.4.1 Deposits of Meandering Rivers in the Rock Record

In modern imagery, meandering rivers have been observed as a dominant
planform type in sedimentary basins and are therefore hypothesised to be more
dominant than originally perceived in the subsurface (i.e., the rock record)
(Hartley et al., 2015). The characteristics of meander deposits should therefore
be explored further to understand their reservoir potential, for example (Swan
et al., 2018). Difficulties in identifying deposits of meandering rivers in the rock
record have led to the assumption that braided fluvial systems dominate the

rock record, which may not be the case (Hartley et al., 2015).

The deposits of braided and meandering fluvial systems have differences in
terms of sandstone body shape, dimensions, heterogeneity, and deposit
connectivity (Hartley et al., 2015; Swan et al., 2018). Sandstone bodies
deposited by meandering systems are understood to be: relatively small in size,
isolated or poorly connected in subsurface, and highly heterogeneous in terms of
sand and mud deposits (Hartley et al., 2015). Sandstone bodies deposited by
braided systems, in comparison, are understood to be laterally extensive,
amalgamated, and sheet-like with little internal heterogeneity (Hartley et al.,
2015, Swan et al., 2018).

Braided deposits have been found to contain large volumes of gravel, with
trough cross-bedding and migration downstream in the same direction as
paleoflow (Swan et al., 2018). Meandering deposits, however, show fining
upward sequences with coarse-grained material at the base of the bar changing
into finer material towards the top of the bar (Swan et al., 2018). These bar

units consist of inclined packages of heterolithic material (Swan et al., 2018).

Early studies of meander deposits (i.e., Visher, 1960) identified depositional
sequences present in many sandstones which included: trough cross-bedding at
the base, followed by current lamination above, then symmetrical ripples (of a
finer grain size), and finally laminates of clay and fine sand at the top
(deposited from suspension). These sequences are understood to represent a
decrease in energy as finer grains are deposited with less sorting upwards in a
point bar (Visher, 1960). This decrease in energy is due to the slow outward

movement of the pool within the channel as lateral migration occurs, therefore
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decreasing water depth over the bar unit and decreasing bed shear stress
(Visher, 1960, Johnston and Holbrook, 2018; Liu et al., 2020).

Braided and Meandering deposits share similar features when studied at outcrop
scale such as the presence of trough cross-bedding and stratification (Swan et
al., 2018). However, Hartley et al. (2015) identified that fining-upward
sequences which are typical to meander deposits are not always well-developed.
Therefore features which can be present in coarse-grained braided and
meandering systems (i.e., cross-strata, erosion surfaces within deposits, and
mud-stone intraclasts), lead to difficulty in differentiating between these

deposits in the rock record (Hartley et al., 2015).

Similarly, previous misinterpretations of meandering systems in the rock record
may have been influenced by the belief that meandering rivers did not occur
before the development of vegetation as they were unlikely to form on
unvegetated dry land (i.e., arid environments) (Santos et al., 2019). New
research, however, suggests that meandering rivers are common in arid
environments and that there is a higher preservation of meandering planforms in
the pre-vegetated rock record than previously believed (Santos et al., 2019). For
example, the ancient Salt Wash DFS in Utah, USA, has previously been
interpreted as braided, however the use of high-resolution satellite imagery in
recent studies by Hartley et al. (2015) and Swan et al. (2018) have recognised

exhumed point bar deposits in the proximal to medial portions of the DFS.

This study, as will be outlined below, will contribute important spatial data on
meander deposits within a modern DFS. Due to the abundance of meander
deposits in the rock record, identifying spatial trends in meander characteristics
is relevant to understanding sandstone body dimensions under different
conditions. For example, channel width and sediment transport capacity
decrease downstream on a DFS, therefore the size and shape of meander
deposits will also decrease. This will have important implications for the
understanding of meander deposit size and shape in the subsurface (i.e., for

hydrocarbon reservoir purposes).

21



1.2 Aims and Objectives

It is understood that predictable downstream changes in channel size are
present in tributary and distributary systems (Weissmann et al., 2010).
Therefore, it is expected that there will be similar systematic changes in
meander characteristics downstream, resulting in a variation in meander
characteristics within a predictive framework. Previous work regarding
downstream trends of meander characteristics is limited, mainly focusing on
meanders in isolation (i.e., exhumed meander deposits (e.g., the ancient Salt
Wash DFS, Utah; Hartley et al., 2015 and Swan et al., 2018, and the Scalby
Formation, Yorkshire, UK; lelpi and Ghinassi, 2014)). Additionally, modern
studies of meander characteristics (i.e., Russell et al., 2018) provide important
quantification of meander deposit characteristics over a range of examples at
reach scale. However, more research is required on how these meander
characteristics vary within a spatial context (i.e., across a single river system or

depositional basin) (Owen et al., 2015).

The understanding of the spatial variability of meander deposits has important
implications for sandstone-body reservoir dimensions, which are important for
the extraction of resources (i.e., water), or for carbon capture and storage
(CCS). In addition, this work has implications for the understanding of the
subsurface connectivity of sandstone bodies, which are able to transport fluids
which may contain pollutants. This work will also contribute to the
quantification of a modern DFS model, which has important implications for
modern geomorphic processes (i.e., avulsions), and the distribution of water and

sediment within a sedimentary basin.

This study aims to understand the spatial variability of fluvial characteristics
(i.e., channel width, channel belt width, meander deposit size, and sinuosity) in
a modern meandering DFS, and more precisely, to understand whether there is a
change in meander characteristics (i.e., meander deposit dimensions)
downstream. Additionally, this study aims to understand the impact that an
avulsion event can have on a parent channel (i.e., the active channel) in terms
of changes in channel width, channel belt width, meander deposit size, and

sinuosity. The hypothesis of this study is that channel size will decrease
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downstream resulting in a decrease in channel belt width and meander deposit

dimensions (area, length, and width), and that sinuosity will be variable.
The objectives of this study are:

1) To quantify spatial changes in active channel width, active channel
elevation and slope gradient, active channel belt width, channel belt
width, active meander deposit dimensions, abandoned meander deposit
dimensions, and active channel sinuosity at system scale (from apex to
toe of the Taquari DFS), and across proximal, medial, and distal DFS

zones, using satellite imagery from 2022.

2) To compare active channel width and sinuosity directly between 1985
(pre-avulsion) and 2022 (during-avulsion) using satellite imagery from
each year, respectively, to understand temporal changes which have
occurred in the Taquari DFS since the initiation of the Caronal avulsion
(i.e., between 1996 to 1997).

3) To compare changes in active channel width, active channel elevation and
slope gradient, active channel belt width, channel belt width, active
meander deposit dimensions, abandoned meander deposit dimensions,
and active channel sinuosity upstream and downstream of the Caronal
avulsion point to understand the impact of the avulsion on these

variables.

4) To create a dataset on a modern DFS in which active and abandoned
meander deposit dimensions are quantified spatially (i.e., from apex to
toe of a DFS) to understand variations in deposit dimensions downstream
on a DFS.

1.3 Study Area

The Taquari DFS, also known as the Taquari Megafan, was chosen as a study area
as it is a well-documented distributive fluvial system with a dominantly
meandering planform (Assine, 2005). In addition, it has experienced no

significant human engineering on the banks or in the channel (i.e., dams),
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allowing for the study of the natural system. As the Taquari is such a large
system, it gives an ideal opportunity to study meandering rivers in a spatial
context, therefore increasing the understanding of how meander characteristics
change downstream from proximal to distal zones of a DFS. The Taquari DFS is
also experiencing a large avulsion where discharge is diverted to the avulsed
channel and the parent channel experiences slow abandonment. This provides an
opportunity to study the impact of decreasing discharge and sediment load on

meander characteristics (i.e., deposit dimensions) downstream on a DFS.

The Taquari DFS is located within the Pantanal Basin, an active sedimentary
basin in the Mato Grosso do Sul state of west-central Brazil, South America. The
Pantanal is an important wetland environment that hosts a variety of plant and
animal species and a diverse range of vegetation (Assine, 2005; Hartley et al.,
2010; Louzada et al., 2023). The Taquari DFS is the largest in a series of large
DFS within the Pantanal basin which are fed by rivers from mountains to the east
of the basin (Assine, 2005) (Figure 1.7). The Taquari DFS reaches the south-
flowing axial Paraguay Fluvial System on the western margin of the basin which
collects water and sediment from the Taquari DFS (Figure 1.7) (Assine, 2005;
Porsani et al., 2005; Zani et al., 2012; lvory et al., 2019).

The Pantanal Basin is Cenozoic in age and is tectonically active with its
formation thought to be associated with forebulge extension during the
formation of the Andes Mountain range (Porsani et al., 2005; Buehler et al.,
2011; Assine et al., 2016). As a result of ongoing Quaternary tectonic activity,
subsidence is common in the basin due to faulting which causes depressions and
accommodation space creation where flooding is frequent (Assine, 2005; Assine
et al., 2016). The basement rocks of the Pantanal Basin are Neoproterozoic
magmatic and low-grade metamorphic rocks (Zani et al., 2012). In the drainage
basin of the Taquari DFS, the river is incised into sandstones from the Palaeozoic
(Assine, 2005; Buehler et al., 2011; Zani et al., 2012). Deposits on the DFS itself

are Pleistocene in age and were deposited in an arid climate before the Late
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Figure 1.7. Reference map for the Taquari distributive fluvial system (DFS), Brazil, South
America, using satellite imagery from 2022. The position of the Caronal and Zé da Costa
avulsion points on the 2022 active channel are highlighted by green marker points.
Although the 1985 channel is mapped using imagery from 1985, it is present on this map as
a reference. Paleochannels can be seen to the north of the active channel. The Paraguay
Fluvial System truncates the Taquari DFS on its western margin. The Caronal avulsion point
also marks the boundary between the confined portion of the DFS (upstream of the avulsion
point), and the unconfined portion of the DFS (downstream of the avulsion point).

Pleistocene/Holocene transition resulted in climate warming and the formation
of a more tropical, humid, wetland environment (Assine, 2005; Assine et al.,
2016).

The Pantanal wetland is the biggest tropical wetland in the world at around
130,000 km? to 140,000 km? (Assine, 2005; Buehler et al., 2011; Porsani et al.,
2005; Ivory et al., 2019). The average rainfall of the area is around 1000 mm yr-'
(Ivory et al., 2019). Flooding mainly occurs during the wet season from
December to March (Assine et al., 2005; Porsani et al., 2005; Buehler et al.,
2011). As the area is generally topographically low, the lowland areas drain very
poorly resulting in some areas of the wetlands remaining saturated year-round,
including during the dryer months from July to September (Buehler et al., 2011;
Assine et al., 2015). Flooding in the Paraguay River, along the west margin of the
basin, increases water supply to the wetland increasing the saturation in distal

portions of the Taquari DFS (lvory et al., 2019).

25



The Taquari DFS makes up around 37% of the Pantanal area and is around 50,000
km? (Assine, 2005; Porsani et al., 2005). The apex of the DFS is at the highest
altitude (~190 m in elevation) to the east of the basin with the toe at the lowest
altitude (-85 m in elevation) to the west of the basin where it is truncated by
the Paraguay Fluvial System (Zani et al., 2012). The average gradient is around -
0.36 m/1000 m (Assine, 2005; Porsani et al., 2005; Zani et al., 2012) and the
length of the DFS from apex-to-toe is around 250 km (Buehler et al., 2011). The
Taquari DFS forms a large fan-shaped distributive fluvial system (Figure 1.7) with
a dominantly meandering planform, although some distal portions of the DFS

have an anastomosing planform (Assine, 2005; Porsani et al., 2005).

Geomorphic features of the Taquari DFS include paleochannels from previous
avulsions of the river, relict point bar deposits, oxbow lakes, and abandoned
avulsion lobes (Figure 1.7) (Buehler et al., 2010; Makaske et al., 2012; Assine et
al., 2016). The active meandering channel belt of the Taquari DFS contains
active point bars and sandy channel levees (Assine, 2005). Within the DFS, two
distinct geomorphologic zones exist, one in the upper DFS, and one in the lower
DFS (Assine, 2005; Buehler et al., 2011; Porsani et al., 2005). The Caronal
avulsion point marks the boundary between these two geomorphologic zones,
where the active channel is confined upstream of the avulsion point and then
unconfined downstream of the avulsion point (Figure 1.7). The active channel is
incised for the first ~100 km of the upper DFS where a 3 km to 5 km wide
confined meander belt is created by the single meandering channel which is
entrenched in Pleistocene sediment from previous DFS lobes (Assine, 2005;
Porsani et al., 2005; Buehler et al., 2011). Avulsion processes in the upper DFS
are hindered by the depth of the river incision in this area (Assine, 2005; Porsani
et al., 2005; Buehler et al., 2011).

Downstream of the confined portion of the DFS, an intersection point exists
where flow on the DFS becomes unconfined and the modern zone of deposition is
present (Assine, 2005; Porsani et al., 2005; Weissmann et al., 2010; Buehler et
al., 2011; Louzada et al., 2020). Where flow becomes unconfined, the river is
able to avulse and prograde over a larger area on the DFS surface, therefore
depositing large volumes of sediment on floodplains during large flood events or
via crevasse splay progradation (Porsani et al., 2005). As flow is dispersed over

the DFS, river discharge decreases downstream, and the river becomes narrower
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and shallower (Assine, 2005). As discharge and stream power decrease
downstream, inactive portions of the DFS preserve geomorphic features such as
avulsion lobes as no active sedimentation takes place in this portion of the DFS
(Assine, 2005; Zani et al., 2012).

Two significant avulsions have occurred within the Taquari DFS within the last 35
years known as the Zé da Costa and Caronal avulsions (Figure 1.7) (Assine, 2005).
The Zé da Costa avulsion occurred between 1988 and 1998 (stabilising in 1999)
and occurred in the distal portion of the DFS where a complete abandonment of
the parent channel was observed as the channel shifted position on the DFS
surface (Assine, 2005; Louzada et al., 2020). The distal area of the DFS which
was abandoned following the Zé da Costa avulsion has now become a much drier
area of the DFS that mainly receives water from flooding in the Paraguay River
(Louzada et al., 2020). The flow of water to this section of the DFS has also been
reduced due to diversion of flow upstream by a much larger avulsion known as

the Caronal avulsion (Figure 1.7) (Louzada et al., 2020).

The Caronal avulsion initiated between 1996 to 1997 when crevasse splays
formed close to the modern zone of deposition (i.e., the intersection point
between the confined and unconfined portions of the DFS) with one splay
stabilising in 2004 and forming the main avulsion channel (Buehler et al., 2011;
Assine et al., 2015; Louzada et al., 2021). The Caronal avulsion is still ongoing
with most of the flow being diverted to the avulsed channel and a small portion
of the flow still feeding the parent channel (Figure 1.7) (Louzada et al., 2021).
The Caronal avulsion is much larger and longer lasting than the Zé da Costa
avulsion and is responsible for widespread sediment and water distribution to
the north of the basin (Louzada et al., 2021). The full impact of this avulsion will

not be understood until it is complete.

Paleochannels observed in satellite imagery show previous avulsions that have
occurred on the Taquari DFS (Figure 1.7) (Assine, 2005). Avulsion processes and
channel progradation have become more frequent on the Taquari DFS and the
Pantanal wetland as a whole. This is due to climate change and unsustainable
land use practices which increase flooding, and mobilise loose soil and sediment
from the catchment area which then enters the Taquari DFS (Assine, 2005;

Louzada et al., 2020). Due to the scale of the Taquari DFS, much of the research
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conducted on this system is done using satellite imagery. This study, as will be
outlined in the following Methods chapter, uses similar data collection

techniques to conduct the spatial analysis of the Taquari DFS.
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2 Methods

To conduct a spatial analysis on the Taquari Distributive Fluvial System (DFS),
satellite imagery from 1985 and 2022 were used in ArcGIS Pro to map features of
the meandering system at different points in time (Figure 2.1). Firstly, channel
width and sinuosity alone were measured on the 1985 DFS due to the limited
resolution of the 1985 imagery. Then, channel width, sinuosity, active channel
belt width, channel belt width, active and abandoned meander deposit
dimensions (area, length, and width) were measured on the 2022 DFS. A digital

terrain model (DTM) from 2022 was used to calculate the elevation and slope
gradient of the 2022 active channel.
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Figure 2.1. A) an overview map of the 2022 Taquari DFS, Brazil, South America (B), with the
Caronal avulsion point (C) and Zé da Costa avulsion point further downstream. DFS zones
(proximal, medial, and distal) for the 2022 and 1985 systems are highlighted by the blue and
green dashed lines, respectively. The white dashed line separates upstream and
downstream reaches of the Caronal avulsion point. Inset C shows the Caronal avulsion
point where flow is diverted from the 2022 parent channel to the avulsed channel. The
difference in size between the 2022 channel (blue) and the 1985 channel (green) can be seen
in inset C as discharge decreases in the 2022 channel downstream of the Caronal avulsion
point. Although the 1985 channel polygon appears on this satellite image from 2022, it was

mapped using imagery from 1985.

This comparison between the 1985 and 2022 Taquari DFS outlines changes that
have occurred temporally on the Taquari DFS since the initiation of the Caronal
avulsion (between 1996 to 1997) (Assine, 2005; Buehler et al., 2011). Following

the initiation of the avulsion, flow in the main active channel (parent channel)
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has continued to be diverted to the avulsed channel therefore resulting in a
decrease in discharge in the parent channel. The methods outlined below
describe how the spatial and temporal analysis of the Taquari DFS was
conducted to quantify downstream changes in meander characteristics across
the 1985 and 2022 Taquari DFS.

Channel width and sinuosity data from the 1985 DFS, and channel width,
elevation and slope gradient, channel belt width, meander deposit dimensions,
and sinuosity data from the 2022 DFS are collected across the whole system
(from apex to toe of the DFS) and then split into proximal, medial, and distal
DFS zones (Figure 2.1). As there is currently no other proposed method of
splitting a DFS into each zone (Williams, 2023), the DFS is split into equal thirds.
This involves splitting the centrelines of the 1985 and 2022 channel polygons into
equal thirds representing the proximal, medial, and distal DFS zones. The 2022
system was also split upstream and downstream of the Caronal avulsion point to
measure changes in meander characteristics where the discharge in the active
channel reduced downstream of the avulsion point (Figure 2.1). The 1985 system
was not split at the Caronal avulsion point as it pre-dated the initiation of the

avulsion.

Channel width, elevation and slope gradient, channel belt width, meander
deposit dimensions, and sinuosity data were collected in ArcGIS Pro and then
exported to Excel for processing while additional statistical analyses were
conducted in Minitab. Graphs from Excel are exported to Inkscape for
annotation; Inkscape is also used to create all diagrams and figures. All data are
rounded 2 decimal places except for R? values which are rounded 4 decimal
places to reflect the smaller R? values observed for some variables. It was
decided that the DTM data (outlined further in section 2.6) would also be
rounded 2 decimal places as this is appropriate for the precision of this data.
The following section provides more detail on the precision of satellite data in

relation to the use of 2 decimal places when presenting data.

This chapter firstly outlines how satellite imagery was acquired and then used to
collect data across the 1985 and 2022 Taquari DFSs. This chapter then details
how the active channel, active channel belt, channel belt, active meander

deposits, and abandoned meander deposits were identified using the satellite
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imagery and how measurements for each of these variable were taken
downstream. Finally, this chapter outlines how sinuosity was calculated using
the active channel polygon and how elevation and slope gradient were extracted

from a digital terrain model (DTM).

2.1 Satellite Imagery

All measurements are taken from the ArcGIS Pro World Imagery basemap from
2022. Georeferenced Landsat5 imagery from 1985 and Sentinel2 imagery from
2022 are loaded into ArcGlIS as layers and used as reference maps, so that
channel features can be traced. The high-resolution basemap (0.3 m resolution)
can produce data with up to 12 decimal places. However, for clarity and
consistency, it was decided that 2 decimal places appropriately reflected the

spatial resolution of the World Imagery basemap.

Landsat5 imagery from June to August 1985 was used to map the active channel
before the initiation of the Caronal avulsion. These dates were chosen as they
represent the oldest imagery available for the region. Satellite imagery was
filtered for the months of June to August where the river experiences normal
flow conditions (i.e., no flooding) (Buehler et al., 2011, Ivory et al., 2019). The
Landsat5 imagery is 30 m resolution which allows for the mapping of the active
channel. However, channel belt and meander deposit measurements could not
be mapped at this resolution. The lowest measured channel width for the 1985
channel is ~54 m (in the distal reaches of the DFS) which was still visible using
the 30 m resolution imagery. To aid with the mapping of the 1985 channel, the
red, green, and blue (RGB) values of the Landsat imagery were changed to band
5 (shortwave infrared), band 3 (red) and band 2 (green) respectively, as this

made the wetted channel appear bright blue against a red landscape.

ArcGlIS Pro World Imagery from 2022, along with Sentinel2 imagery from June to
August 2022 was used to map the active Taquari system using modern imagery.
RGB values for the Sentinel2 imagery were changed to band 8 (near infrared),
band 3 (red) and band 2 (green). ArcGIS imagery was used along with the
Sentinel2 imagery as it is a much higher resolution (0.3 m resolution) than the
Sentinel2 imagery (12 m resolution). ArcGIS World Imagery provides up to date,

high resolution imagery from a variety of sources in order to display images with
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little to no cloud cover (Esri, 2024). This allowed for more detailed
measurements where the channel width reduced significantly into distal DFS
reaches where the 12 m resolution Sentinel2 imagery was not suitable to map

the channel where the width was ~ 15 m.

Although the high resolution of the ArcGIS imagery is useful in interpreting the
finer-detailed DFS features, this imagery represents a collection of tiles
displaying the best imagery available (i.e., low cloud cover imagery (Esri, 2024))
over different time periods. This can often result in discontinuity across tiles as
two adjoining tiles may show a different flow regime of the river system, where
channel width is larger in one tile than the other. This was not a large concern,
however, as any difference in channel width observed between tiles was on the
scale of a few metres and would not largely skew the data. In addition to the
ArcGIS imagery, Bing Maps, Google Earth Timelapse Tool, and Google Earth were
used to aid interpretations across the 1985 (Google Earth Timelapse Tool only)
and 2022 DFS. This additional imagery revealed DFS features, such as channel
bifurcations and abandoned meander deposits, which were more clearly seen

using different imagery.

2.2 Channel Width

Channel width was measured the same way for the 1985 channel and the 2022
channel. Firstly, the dominantly active channel was identified which is defined
as the wetted portion of the river where water flows and no vegetation is
present (Boothroyd et al., 2021). The channel with the highest discharge
downstream was followed as many bifurcations occur downstream on both
channels. For the 1985 channel there is one clear channel downstream which can
be followed to the distal reaches of the DFS, however, in the 2022 system there
are two active channels due to the Caronal avulsion: a parent channel and an

avulsion channel.

The parent channel (2022 active channel) is currently in the process of

abandonment as flow is diverted to the Caronal avulsion channel (Figure 2.1).
However, it was decided that the parent channel would be mapped instead of
the avulsion channel as the avulsion channel is still establishing a main active

channel and has many bifurcations which are difficult to follow. Additionally,
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the parent channel has been stable for decades with a defined channel from
apex to toe of the DFS which allows direct comparisons of channel width
between the 1985 channel and the 2022 channel. Both channels follow the same
course downstream on the DFS until the Zé da Costa avulsion point (Figure 2.1)
where the channel changed position on the DFS in 1998 (Assine, 2005; Buehler et
al., 2011).

To measure channel width downstream on the DFS, a polygon was drawn
manually around the wetted portion of the active channel on ArcGIS Pro
following the channel with the highest discharge downstream when bifurcation
points were encountered. Using the ‘Polygon to Centreline’ tool, a centreline
running through the centre of the polygon was created. The centreline was then
split at the Caronal avulsion point (for the 2022 channel only), using the ‘Split
Line at Point’ tool (using a point created at the avulsion point) before being
smoothed to account for width changes upstream and downstream of the
avulsion point. The 1985 channel was not split before being smoothed as the

width decrease downstream was more consistent.

To measure width downstream within the channel, firstly, the centreline of the
channel polygon was smoothed so transects could be generated at an
appropriate perpendicular angle to the channel centreline for more accurate
width measurements (this removed sharp edges and reduced the skew of the
transects) (Figure 2.2). Secondly, points were generated along the centreline
every 2% downstream; these acted as markers for the transects to be generated.
Thirdly, the centreline was split at the 2% marker points using the ‘Split Line at
Point’ tool so transects could be generated at the start and end of each
individual line segment using the ‘Generate Transects Along Lines’ tool and
selecting the ‘Generate transects at start and end of line’ option. Finally, the
channel polygon was split, using the transects as traces, by drawing a line over
them using the ‘Split’ tool on the ‘Edit’ tab in ArcGIS Pro. Using the area
between the transects and the length of the split centreline between the
transects, mean width was calculated at these intervals downstream by dividing
the area of each section by the length of the centreline in each section (area /

length = mean width) (Figure 2.2). This reduced bias in the data collection as
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the width downstream was taken as an average instead of as a single point

downstream.

Centreline
Transect Channel
Centreline
2% Channel
Marker

Channel

/ Polygon

| S - Area between
o 2% channel
marker points

Area of polygon /
length of centreline
= mean width

Figure 2.2. Diagram showing how mean width is calculated downstream along a polygon.
2% channel markers are created downstream along the channel’s centreline to calculate
mean width between these points. Transects are created at each 2% marker point
perpendicular to the channel centreline for more accurate width measurements between
marker points. The channel polygon and centreline are split at 2% channel marker points,
using the transects as a trace to split the polygon, and mean width is calculated by dividing
the area of the polygon between the marker points by the length of the centreline between
the marker points (mean width = area/length). The red dashed line represents an example
where mean width would be calculated between these marker points.

2.3 Channel Belt Width

An active channel belt is defined as the area within which the active channel
migrates (Hartley et al., 2018; Nyberg et al., 2023). As a channel migrates it
creates a channel belt reflecting the migration capacity of the channel, i.e.,
larger channels will have a higher discharge and sediment supply and will be
able to migrate further across the DFS surface depositing material. Deposition in
the active channel belt can be considered as overbank deposits (i.e. outside the
channel form), however, preservation potential is limited as the river repeatedly

migrates and avulses within the channel belt.

34



On satellite imagery from 2022, two separate channel belts are identified on the
Taquari DFS: the active channel belt and the channel belt. The 1985 DFS does
not have a mapped channel belt as the imagery was not suitable for
measurements of this detail. The active channel belt and the channel belt are
only differentiated in areas where there are clear differences in channel belt
width observed in satellite imagery. For example, due to the initiation of the
Caronal avulsion (1996 to 1997), the 2022 active channel has a significantly
lower discharge than it did previously downstream of the avulsion point. This has
resulted in a significant decrease in the migration rate of the active channel,
therefore, an active channel belt is created which is much smaller in size than it

is upstream of the avulsion point (Figure 2.3C).

A significantly larger channel belt is also observed in satellite imagery
downstream of the Caronal avulsion point, which could not have been created by
the 2022 active channel in this location due to the evident mismatch in size
between the 2022 active channel and the significantly larger channel belt
(Figure 2.3C). It is clear that the larger channel belt downstream of the Caronal
avulsion point reflects the migration capacity of a significantly larger pre-
avulsion channel instead of the 2022 active channel, which is much smaller in
size and therefore has a lower migration capacity (Figure 2.3D). The channel
belt is then defined as the area within which the active channel migrated before
the initiation of the Caronal avulsion (i.e., pre-1996). This channel belt includes

abandoned meander deposits and bifurcations that rejoin the river downstream.

Upstream of the Caronal avulsion point, the active channel belt and the channel
belt are the same width as there has been no change in discharge associated
with the Caronal avulsion due to this portion of the DFS being upstream of the
avulsion point. Similarly, downstream of the Zé da Costa avulsion point, in the
distal DFS zone, there is no differentiation between active channel belt width
and channel belt width as the Zé da Costa avulsion (1988 to 1998) changed the
position of the channel in this location before the initiation of the Caronal

avulsion. Following the Zé da Costa avulsion, a single dominant meandering
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channel took many years to establish as an anastomosing planform was initially
present following the avulsion. Once the single sinuous channel was established
in this distal DFS reach, the active channel belt created by this channel

reflected the reduced migration capacity of the channel. Therefore, there is no
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Figure 2.3. A) an overview map of the 2022 Taquari DFS showing the 2022 active channel,
the 1985 active channel (not mapped using this imagery), the active channel belt, and the
channel belt. Insets are highlighted downstream in white boxes and the avulsion points are
highlighted by green marker points. B) a section of the active channel belt upstream of the
Caronal avulsion point where the active channel belt is confined and the boundary between
the confined channel belt and the unconfined terraces is hidden by agricultural activity. C)
the location of the Caronal avulsion point, where two separate channel belts are present
downstream of the avulsion point: the active channel belt and the channel belt. D) the
difference between the active channel belt and the channel belt downstream and evidence
of a previous avulsion channel outside of the channel belt. E) the 2022 channel in the distal
DFS where only the active channel belt is present downstream of the Zé da Costa avulsion
point. This section of the DFS shows the wetland environment the river exists in with dark
areas of saturated land and small bifurcation channels.
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separate channel belt which shows the channel’s wider migration when it had a

higher discharge.

There are many influences on active channel belt and channel belt shape
downstream which are outlined below. Firstly, where the two channel belts are
the same width upstream of the Caronal avulsion point, the active channel belt
is often observed to be very close in width to the 2022 active channel. This is
primarily because the active channel is incised into the DFS surface upstream of
the Caronal avulsion point (due to a drop in base level (Assine 2005; Buehler et
al., 2011)) which results in the creation of a confined active channel belt. The
confined active channel belt shows the limited migration capacity of the active

channel as it is unable to migrate freely over the DFS surface.

Additionally, in some parts of the active channel belt it was difficult to map the
boundary between the confined channel belt and the terraces above this
confinement due to farmland which overlaps both areas (Figure 2.3B). It was
clear that in some areas of the active channel belt, agricultural activity had
cultivated land very close to the active channel. This resulted in straighter
sections of the active channel belt boundary being created which showed where
vegetation had been removed and evidence of the previous channel belt extent
(often indicated by abandoned meander deposits) was lost (Figure 2.3B). In
these cases, where it was clear that cultivated land had removed evidence of
the active channel belt extent then the boundary of the active channel belt was
drawn where there was clear evidence of channel migration (i.e., meander
deposits or vegetation cover which indicated the presence of a previously active

channel).

Downstream of the Caronal avulsion point, vegetation was also used to
differentiate between the active channel belt and the channel belt (which is no
longer active). Vegetation was used to differentiate between areas of the DFS
that were frequently occupied by the actively migrating channel (active channel
belt) and areas of the DFS that had evidence of meander migration but are no
longer occupied by the active channel (channel belt). A thick tree line often
existed along the banks of the channel separating unvegetated sandy floodplains
from thick shrubs and trees. The parts of the channel belt which had not been

occupied by the river for longer periods were able to establish thicker
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vegetation than parts of the channel belt which were more frequently occupied
by the migrating channel (and therefore had more sparse vegetation). Although
vegetation grows quickly within the active channel belt due to the river existing
in a wetland environment, the difference between the thicker vegetation (i.e.,

densely populated trees) and the more sparsely populated vegetation (with

much fewer trees) is still clear.

Meander deposits are also used to differentiate between the active channel belt
and channel belt extents. Active meander deposits are formed by the actively
migrating channel and are therefore found within the active channel belt (as
these deposits are still attached to the active channel). Abandoned meander
deposits are not attached to the active channel as they are deposited by a
previous version of the channel and are therefore associated with the channel
belt. These deposits are identified through ox-bow lakes and scroll bar
amalgamation. Abandoned meander deposits are significantly larger than active
meander deposits downstream of the Caronal avulsion point and often sit further
from the 2022 channel showing that they are clearly deposited by a larger
channel and thus help indicate the channel belt extent. Abandoned meander
deposits that are attached to abandoned channel bifurcations that rejoin the
channel downstream are included in channel belt extent. Previous avulsion
channels and bifurcations that flow in a different direction from the main

channel are not included in the channel belt extent (Figure 2.3D).

In parts of the distal zone, it was often difficult to map the active channel belt
extent due to the Taquari DFS existing in a wetland environment. In distal
reaches, the DFS is often saturated with water, resulting in any evidence of
meander migration or deposition being hidden by large ponds for example
(Figure 2.3E). In addition, the climate favours good growth of vegetation which
also hides scroll bars for example. The use of different satellite imagery such as
Bing Maps, Google Earth, and Google Earth Timelapse was useful here as imagery
from different time periods and flow stages of the channel revealed different
features of the channel belt such as scroll bars that were only visible under

certain conditions such as drier months of the year.

Using the above interpretations, an active channel belt polygon and a channel

belt polygon were created on ArcGIS Pro. Firstly, a polygon was drawn around
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the active channel belt extent, following this it was then duplicated for the
channel belt so the sections of the channel belt upstream of the Caronal avulsion
point and downstream Zé da Costa avulsion point would be identical. Secondly,
the polygon centreline was extracted, using the same method outlined
previously for channel width, before splitting the centreline at the Caronal
avulsion point (for the active channel belt only) and smoothing the line to adjust
for width changes upstream and downstream of this point (Figure 2.2). Thirdly,
points were generated and labelled every 2% downstream along the centreline
for consistent data collection. The centreline was then split at these 2% marker
points so that transects could be generated at the start and end of each line
segment. Finally, the transects were used to split the polygon at the 2% marker
points so mean width could be calculated by dividing the area of the polygon
between the 2% markers by the length of the split centreline between the

markers.

2.4 Meander Deposit Measurements

Active and abandoned meander deposits are measured on 2022 imagery only and
not 1985 imagery as the low resolution of the Landsat5 imagery did not allow for
measurements of this detail. Active meander deposits are defined in this study
as deposits of the 2022 channel that are still attached and associated with
processes of the active channel (Figure 2.4). They are identified by looking for
evidence of scroll bar accretion and migration on the inside bend of the meander
(point-bar deposit). As the river migrates frequently and the limbs of the
meandering river often translate, rotate, and expand, it can be difficult to
differentiate between the general oscillation of the river and the growth and
migration of point-bar deposits as these processes often leave similar marks on

the landscape (Figure 2.4C).

Abandoned meander deposits are defined in this study as deposits that are not
deposits of the currently active channel (2022 channel), and are instead deposits
of a higher discharge pre-avulsion channel (Figure 2.4). Abandoned meander
deposits are not attached to the 2022 channel and are often related to ox-bow
lakes or identified by scroll bar marks on the landscape. Active and abandoned
meander deposits are mainly differentiated by whether the deposit is attached
to the channel or not. However, many abandoned meander deposits downstream
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of the Caronal avulsion sit very close to the 2022 channel; these deposits are

then differentiated from the active deposits by their size.

Downstream of the Caronal avulsion point active meander deposits become much
smaller than abandoned meander deposits, reflecting the decrease in discharge
in the 2022 channel. It therefore becomes easier to differentiate between active

and abandoned deposits downstream. Large meander deposits that are deposited
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Figure 2.4. A) the location of active and abandoned meander deposits downstream on the
2022 Taquari DFS. B) active and abandoned meander deposits with scroll bars and arrows
indicating their direction of growth. The position of the abandoned deposit demonstrates
how the channel has migrated over time. C) oscillation of the channel is highlighted to
differentiate between meander deposits and lateral movement of the channel’s limbs. D)
large abandoned meander deposits in the medial to distal DFS zones where the 2022
channel is much narrower. E) small active meander deposits covered in vegetation formed
on the inside bend of the meander. F) large abandoned meander deposits in medial to distal
DFS zones close to much smaller active meander deposits which are attached to the 2022
channel. G) area, length, and width measurements of meander deposits.
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close to the 2022 channel downstream of the Caronal avulsion point are
interpreted as abandoned meander deposits as these deposits are substantially
larger than deposits associated with the currently active 2022 channel where the
width of the channel is significantly reduced downstream of the avulsion point.
These abandoned deposits are interpreted to be associated with the pre-avulsion

channel which had a higher discharge and sediment supply.

To measure the area of the active and abandoned deposits, polygons were drawn
on ArcGIS Pro around the extent of the deposit where scroll bar accretion could
be seen (Figure 2.4G). Deposit width was measured perpendicular to point-bar
migration direction along the longest axis of the deposit, and deposit length was
measured perpendicular to the width along the longest axis of the deposit
(Figure 2.4G). The distance of these deposits downstream was calculated using
each channel’s centreline and creating a ‘centrepoint’ marker for each deposit
by splitting the centreline between these markers using the ‘Split Line at Point’
tool on ArcGlIS. Deposit areas are measured in km? reflecting the significantly
larger area of the deposits as compared to the deposit length and width which

are measured in metres.

2.5 Sinuosity

Sinuosity is a measure of the curvature of the river; the more bends a river has
the more sinuous it will be (Wilzbach and Cummins, 2008). Sinuous rivers have a
sinuosity value > 1.5 (Wilzbach and Cummins, 2008), however, a cut-off value of
1.3 can be used to differentiate between straight and sinuous channels (Brice,
1964; Makaske, 2001; Assine, 2005). The sinuosity of the 1985 channel and the
2022 channel was calculated using the centreline of each channel polygon
(Figure 2.5). Sinuosity is typically measured along the part of the channel
interpreted as being the deepest (thalweg) then divided by the straight-line
distance between the start point and the end point of the channel. However, the
centreline is used instead of the thalweg as this can be automatically generated
in ArcGIS Pro. This results in the overall sinuosity being reduced slightly as a

consequence of the centreline length being shorter than the thalweg length. A
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Figure 2.5. A) sinuosity of the 2022 channel and the 1985 channel shown by the centreline of
each channel’s polygon. B) a section of the proximal DFS where the sinuosity of both
channels is similar. Insets C and D show meander cut-offs where the sinuosity of the 2022
channel is lower than the 1985 channel as there is less curvature in this section of the river.

number of meander cut-offs have occurred in the channel between 1985 and
2022 resulting in the reduction in sinuosity in these parts of the channel (Figure
2.5C,D). Meander cut-offs create shorter paths for the channel to flow which are

initially straight before the channel begins to meander again.

Sinuosity is measured by dividing the centreline of the channel by the straight-
line distance between the start and end of the centreline. Mean sinuosity is
measured downstream by splitting the channel centreline at the same 2% marker
points that are used to split the channel width and the width of each channel
belt. The length of the centreline between each 2% channel marker is divided by
the straight line length between the two marker points. Overall sinuosity is
measured across the whole channel, then in proximal, medial, and distal DFS
zones, and upstream and downstream of the Caronal avulsion point (for the 2022
channel only). For each of these reaches, the length of the centreline is divided

by the straight line distance between the start and end of each section.

42



2.6 Elevation and Slope Gradient

A 4 m resolution digital terrain model (DTM) from the European Space Agency
(ESA) was used to create an elevation profile along the centreline of the 2022
channel using the ‘Section Tool’ in ArcGIS Pro. Data from the attribute table
were exported to Excel to create the elevation profile then Inkscape was used to
annotate the figure. A 30 m resolution shuttle from radar topography mission
(SRTM) digital elevation model (DEM) was also used in the project, however,
many of the finer details in the distal fan would not be picked up by this DEM.
The ESA DTM contains data collected by the TerraSAR-X and TanDEM-X satellites
(European Space Agency, 2024) and was requested for the months of June to

September 2022 when the river was in normal flow conditions (i.e., no flooding).

The elevation profile runs from the start of the 2022 channel centreline at the
apex of the Taquari DFS to the toe of the DFS before it reaches the axial
Paraguay Fluvial System. To calculate the gradient of the slope, the difference
in elevation was divided by the distance over which the decrease in elevation
occurs (m = rise/run) using the units m/km which were converted to m/m by
dividing the gradient by 1000. The gradient was calculated for the whole system,
then in proximal, medial, and distal DFS zones, and both upstream and

downstream reaches of the Caronal avulsion point.
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3 Results

This chapter outlines the results of data collected across the Taquari DFS using
satellite imagery from 1985 and 2022 (Figure 3.1). The 1985 imagery (measuring
active channel width and sinuosity only), shows the Taquari DFS before the
initiation of the Caronal avulsion (1996 to 1997), and represents the pre-avulsion
DFS. The 2022 imagery shows the currently active system experiencing the
avulsion where channel width, active channel belt width, channel belt width,
sinuosity, active meander deposit dimensions, and abandoned meander deposit
dimensions are measured (Figure 3.1; Figure 2.4). A digital terrain model (DTM)
from 2022 was also used to measure elevation and slope gradient along the 2022
channel centreline; this data was not available for the 1985 system. The
previous methods chapter contains more detailed descriptions on each variable

measured across 1985 and 2022 imagery.

This chapter will firstly describe the system scale results for the 1985 system
(i.e., across the whole system) then the results in proximal, medial, and distal
DFS zones in order to address the first objective of this study (Figure 3.1). Then,
system scale results for the 2022 system will be described before proximal,
medial, and distal DFS zones, and the results for the reaches upstream and
downstream of the Caronal avulsion point are described to address the first and
third objectives of this study (Figure 3.1). Finally, a comparison between the
1985 and 2022 systems will describe statistical relationships between each
system in more detail. Changes in channel width and sinuosity between 1985 and

2022 are also described in order to address the second objective of this study.

R? values are used to describe correlation in data. Negative correlations are
indicated by a - sign, however, if the RZvalue is < 0.10 then no sign is attached
to the value as this is a demonstration of the lack of correlation in the data.
Correlation in data is separated into no correlation, very weak, weak, moderate,
strong, and very strong correlation based on R? values. No correlation < 0.10,
very weak correlation = 0.11 to 0.19, weak correlation = 0.20 to 0.39, moderate
correlation = 0.40 to 0.59, strong correlation = 0.60 to 0.79, and very strong
correlation = 0.80 to 1.00 (BMJ, 2024).
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Figure 3.1. A) the 1985 channel (displayed on 2022 imagery for reference) with the Zé da
Costa avulsion point marked. (B) the 2022 channel, active channel belt, and channel belt
with the Caronal and Zé da Costa avulsion points marked. Each system is split into
proximal, medial, and distal DFS zones by dashed lines. The 2022 system shows the
location of the Caronal avulsion point which is split into upstream and downstream reaches
for comparison.

3.1 1985 Taquari DFS (Pre-avulsion)

3.1.1 Channel Width

Across the whole 1985 system, channel width ranges from 53.59 m to 321.00 m
with a median width of 215.64 m, a mean of 202.57 m, and a standard deviation

of 83.28 m (Table 3.1). Channel width decreases steadily downstream across the
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1985 system as demonstrated by a linear trendline with a strong negative

correlation (R? = -0.76) (Figure 3.2A).

In the proximal zone of the 1985 system, channel width ranges from 214.97 m to
319.47 m, with a median of 276.46 m, a mean of 273.07 m, and a standard
deviation of 34.15 m (Table 3.1). There is no correlation in the proximal zone, as

demonstrated by the R? value (R% < 0.01) (Figure 3.2B). In the medial zone,

channel width ranges from 104.39 m to 321.00 m, with a median of 244.49 m, a

mean of 219.49 m, and a standard deviation of 72.53 m (Table 3.1). There is a
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Figure 3.2. 1985 channel width across the whole system (A), and in proximal, medial, and
distal DFS zones (B). Each graph displays R? values and equations of the line. The Zé Da
Costa avulsion point is also marked by a grey dashed line.

46



large decrease in channel width downstream in the medial zone demonstrated
by a linear trendline with a very strong negative correlation (R = -0.87). In the
distal zone, channel width ranges from 53.59 m to 161.91 m, with a median of
119.46 m, a mean of 113.03 m, and a standard deviation of 35.82 m (Table 3.1).
There is a large decrease in channel width downstream in the distal zone
demonstrated by a linear trendline with a strong negative correlation (R? = -
0.77) (Figure 3.2B).

Table 3.1. 1985 channel width data with statistics and R? values across the whole system
and in proximal, medial, and distal DFS zones.

Max Min Median Mean SD R-
1985 Ch?;l;el Width 321.00 53.59 215.64 202.57 83.28 -0.7594
Proximal Width 319.47 214.97 276.46 273.07 34.15 0.0072
Medial Width 321.00 104.39 244.49 219.49 72.53 -0.8676
Distal Width 161.91 53.59 119.46 113.03 35.82 -0.7710

3.1.2 Sinuosity

1985 channel sinuosity is measured across the whole system and in proximal,
medial, and distal DFS zones. To calculate mean sinuosity downstream, the
centreline is split between 2% marker points along the channel centreline then
the length of the split centreline is divided by the straight line distance between
each 2% marker point. Overall sinuosity, and sinuosity of each DFS zone, is
calculated by dividing the centreline of the channel reach by the straight line
distance between the start and end of the centreline in each reach. Further
details on the calculation of sinuosity can be found in methods section 2.5. The
overall sinuosity of the 1985 channel is 1.55 with a range in sinuosity values from
1.05 to 2.32. The median sinuosity is 1.32, the mean is 1.36, and the standard
deviation is 0.24 (Table 3.2). Sinuosity generally decreases downstream across
the pre-avulsion system demonstrated by a linear trendline with a weak negative
correlation (R? = -0.22) (Figure 3.3A).

In the proximal DFS zone the overall sinuosity is 1.76, with a range in sinuosity
values between 1.16 to 2.32. The median sinuosity is 1.56, the mean is 1.54, and

the standard deviation is 0.28 (Table 3.2). Sinuosity shows no correlation in the
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Figure 3.3. 1985 channel sinuosity across the whole system (A), and in proximal, medial,
and distal DFS zones (B). Each graph displays R? values and equations of the line. The Zé
Da Costa avulsion point is also marked by a grey dashed line.

proximal zone, as demonstrated by the R? value (R? < 0.01) (Figure 3.3B). The
medial zone of the 1985 channel has an overall sinuosity of 1.27 with a range
between 1.08 to 1.93. The median is 1.23, the mean is 1.27, and the standard
deviation is 0.19 (Table 3.2). Sinuosity continues to show no correlation in the
medial zone and remains fairly constant downstream, as demonstrated by the R?
value (R? < 0.01) (Figure 3.3B). The distal zone of the 1985 channel has an
overall sinuosity of 1.30 with a range between 1.05 to 1.46. The median is 1.30,
the mean is 1.27, and the standard deviation is 0.13 (Table 3.2). The distal zone

has the largest decrease in sinuosity of the three DFS zones as a linear trendline
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with a moderate negative correlation (R? = -0.44) demonstrates this change in
data (Figure 3.3B).

Table 3.2. 1985 channel sinuosity data with statistics and R? values over the whole system
and in proximal, medial, and distal DFS zones.

Overall

. . Max Min Median Mean SD R’
Sinuosity
1985 Channel 1.55 232 1.05 132 1.36 0.24 -0.2166
Sinuosity
Proximal Sinuosity 1.76 2.32 1.16 1.56 1.54 0.28 0.0047
Medial Sinuosity 1.27 1.93 1.08 1.23 1.27 0.19 0.0076
Distal Sinuosity 1.30 1.46 1.05 1.30 1.27 0.13 -0.4430

3.1.3 Summary of the 1985 Taquari DFS (Pre-avulsion)

Within the 1985 system, channel width decreases steadily downstream with a
strong negative correlation in data (R = -0.76; Figure 3.2A, Table 3.1). 1985
channel sinuosity has a weak negative correlation in data downstream as there is
a very slight decrease in sinuosity downstream (R? = -0.22; Figure 3.3A, Table
3.2). Both channel width and sinuosity show no correlation in data in the
proximal zone (R? < 0.01; Figure 3.2B, Figure 3.3B) however, they do show
differences in medial and distal zones. For channel width, there are very strong
and strong negative correlations in data downstream in the medial and distal
zones as channel width steadily decreases downstream in both DFS zones (R? = -
0.87 and -0.77 respectively). For sinuosity, the medial zone shows no correlation
(RZ < 0.01), and the distal zone has a moderate negative correlation in data as
sinuosity generally decreases downstream (R? = -0.44). For both variables, the
highest values are found in the proximal zone and the lowest values are found in
the distal zone. For example, the maximum 1985 channel width is 321.00 m in
the proximal zone and the minimum channel width is 53.57 m in the distal zone
(Table 3.1). For 1985 channel sinuosity, the maximum sinuosity is 2.32 in the
proximal zone and the minimum sinuosity is 1.05 in the distal zone (Table 3.2).
Due to the lack of downstream trends in sinuosity the mean sinuosity for both
the medial and distal DFS zones is 1.27.
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3.2 2022 Taquari DFS (During Avulsion)

3.2.1 Elevation and Slope Gradient

A digital terrain model (DTM) from 2022 was used to extract elevation and slope
gradient data using the 2022 channel centreline. Across the whole 2022 channel,
elevation and slope gradient decrease downstream starting at an elevation of
186.54 m to an elevation of 85.16 m with an average gradient of -0.00025 m/m.
Median elevation is 130.49 m, mean elevation is 131.74 m, and the standard
deviation is 30.29 m (Figure 3.4; Table 3.3).

In the proximal zone of the 2022 channel, elevation decreases downstream with
the highest elevation at 186.54 m and the lowest elevation at 149.36 m and a
gradient of -0.00027 m/m. The median elevation is 167.06 m, the mean
elevation is 167.50 m, the standard deviation is 10.45 m (Table 3.3). In the

medial zone, elevation decreases downstream from 148.66 m to 110.80 m with a

2022 Channel Elevation Profile of the Taquari DFS
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Figure 3.4. 2022 channel elevation profile of the Taquari DFS from the apex (left) to toe
(right) of the system. The elevation decreases downstream with an overall gradient of -
0.00025 m/m. The Caronal avulsion point and the Zé da Costa avulsion point are marked by
grey dashed lines. Arrows at the bottom of the figure indicate proximal, medial, and distal
DFS zones. Ridges of higher elevation within the profile have been marked as mid-channel
bars, however some of these may be point bars or localised artifacts. Red arrows
downstream of the avulsion point indicate where bifurcations occur along the channel. The
2022 channel is incised into the DFS until it reaches the Caronal avulsion point, however,
this is not obvious on the profile (Assine 2005; Buehler et al., 2011).
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gradient of -0.00025 m/m. The median elevation is 130.37 m, the mean is
130.27 m, the standard deviation is 10.97 m (Table 3.3). In the distal DFS zone,
elevation decreases from 113.25 m to 85.16 m, with a gradient of -0.00018
m/m. The median elevation is 96.99 m, the mean is 97.32 m, the standard
deviation is 7.73 m (Table 3.3).

Upstream of the Caronal avulsion point elevation decreases from 186.54 m to
133.11 m with a gradient of -0.00028 m/m. The median elevation is 160.08 m,
the mean elevation is 159.55 m, the standard deviation is 15.56 m (Table 3.3).
Downstream of the Caronal avulsion point elevation decreases from 132.63 m to
85.16 m, with a gradient of -0.00022 m/m. The median elevation is 104.78 m,
the mean is 106.35 m, the standard deviation is 13.97 m (Table 3.3).

There is no obvious convex or concave profile across the elevation profile as
there is a steady decrease in elevation downstream. However, downstream of
the Caronal avulsion point, particularly the distal zone, the profile becomes
concave into the lowland areas of the DFS with the most concave section
representing the boundary between the Taquari DFS and the axial Paraguay
Fluvial System (Figure 3.4). The distal zone is where the lowest gradient is
observed (-0.00018 m/m). The steepest gradients are observed upstream of the
Caronal avulsion point (-0.00028 m/m) and in the proximal zone (-0.00027 m/m)
of the DFS where the 2022 channel leaves the confinement of the catchment
area into the unconfined sedimentary basin. However, there is still a
confinement of the channel belt in this area, as outlined in the methods
chapter. Along the elevation profile, areas of higher elevation are marked as
channel bars as these were observed in satellite imagery, however, these can

also represent localised artifacts in the DTM (Figure 3.4).

3.2.2 Channel Width

Across the whole 2022 system, channel width ranges from 15.26 m to 309.88 m
with a median width of 52.78 m, a mean of 118.58 m, and a standard deviation
of 97.61 m (Table 3.4). There is a steady decrease in active channel width
downstream as demonstrated by a linear trendline with a strong negative
correlation (R? = -0.76) (Figure 3.5A).
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In the proximal DFS zone, channel width ranges from 180.14 m to 309.88 m with
a median width of 227.10 m, a mean of 230.86 m, and a standard deviation of
39.10 m (Table 3.4). There is no correlation in channel width in the proximal
zone as demonstrated by the R? value (R% < 0.01) (Figure 3.5B). In the medial
zone, channel width ranges from 20.61 m to 239.34 m with a median of 49.99 m,
a mean of 89.60 m, and a standard deviation of 74.22 m (Table 3.4). There is a
downstream decrease in channel width demonstrated by a linear trendline with
a strong negative correlation in data (R? = -0.61). In the distal zone, channel
width ranges from 15.26 m to 65.83 m, with a median of 26.06 m, a mean of
30.08 m, and a standard deviation of 13.36 m (Table 3.4). Channel width
continues to decrease downstream as demonstrated by a linear trendline with a

strong negative correlation (R? = -0.60) (Figure 3.5B).

Upstream of the Caronal avulsion point, channel width ranges from 85.86 m to
309.88 m with a median of 217.39 m, a mean of 217.75 m, and a standard
deviation of 47.94 m (Table 3.4). There is a modest downstream decrease in
channel width as demonstrated by a linear trendline with a very weak negative
correlation (R? = -0.14) (Figure 3.5C). Downstream of the Caronal avulsion point,
channel width ranges from 15.26 m to 65.83 m with a median width of 33.64 m,
a mean of 34.11 m, and a standard deviation of 13.18 m (Table 3.4). Width
continues to decrease downstream as demonstrated by a linear trendline with a

weak negative correlation (R? = -0.30) (Figure 3.5C).

Table 3.3. 2022 channel elevation and slope gradient data across the whole system, in
proximal, medial, and distal DFS portions, and upstream and downstream of the Caronal
avulsion point.

Gradient
Max Min Median Mean SD
(m/m)

Elevation Across 186.54 85.16 130.49 131.74 30.29 -0.00025
Whole System

Proximal Elevation 186.54 149.36 167.06 167.50 10.45 -0.00027

Medial Elevation 148.66 110.80 13037 130.27 10.97 -0.00025

Distal Elevation 113.25 85.16 96.99 97.32 7.73 -0.00018

Elewtion Upstreamof - o 133.11 160.08 159.55 15.56 -0.00028
Avulsion Point

Elewation Downstream 5, ¢4 85.16 104.78 10635 13.97 -0.00022

of Avulsion Point
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Figure 3.5. 2022 channel width across the whole system (A), in proximal, medial, and distal
zones (B), and upstream and downstream of the Caronal avulsion point (C). Each graph
displays R? values and equations of the line.
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Table 3.4. 2022 channel width data with statistics and R? values over the whole system, in
proximal, medial, and distal DFS zones, and upstream and downstream of the Caronal
avulsion point.

2

Max Min Median Mean SD R
2022 Channel Widtt
1?:;11;& 1 309.88 15.26 5278 118.58 97.61 -0.7582
Proximal Width 309.88 180.14 227.10 230.86 39.10 0.0003
Medial Width 23934 2061 49.99 89.60 7422 -0.6064
Distal Width 65.83 1526 26.06 30.08 1336 -0.6015
Width Upstream of
10T Lpstream © 309.88 8586 217.39 217.75 47.94 -0.1445
Avulsion Point
T -
Width Downstream of 65.83 1526 33.64 3411 13.18 -0.3038

Avulsion Point

3.2.3 Active Channel Belt Width

Across the whole 2022 system, active channel belt width ranges from 47.32 m to
3693.4 m with a median width of 335.37 m, a mean of 1092.67 m, and a
standard deviation of 1092.26 m (Table 3.5). Active channel belt width
decreases steadily downstream, as demonstrated by a linear trendline with a

strong negative correlation (R% = -0.77) (Figure 3.6A).

In the proximal DFS zone, active channel belt width ranges from 1321.99 m to
3693.40 m, with a median of 2193.58 m, a mean of 2264.19 m, and a standard
deviation of 674.83 m (Table 3.5). Channel belt width decreases downstream in
the proximal zone as demonstrated by a linear trendline with a moderate
negative correlation (R? = -0.59) (Figure 3.6B). In the medial zone, channel belt
width channel ranges from 124.49 m to 2129.65 m, with a median of 250.12 m, a
mean of 580.56 m, and a standard deviation of 679.90 m (Table 3.5). Active
channel belt width decreases downstream in the medial zone as demonstrated
by a linear trendline with a moderate negative correlation (R? = -0.50) (Figure
3.6B). In the distal zone, channel belt width ranges from 47.32 m to 436.31 m,
with a median of 121.60 m, a mean of 155.02 m, and a standard deviation of

97.52 m (Table 3.5). Channel belt width continues to decrease downstream as
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Figure 3.6. 2022 active channel belt width across the whole system (A), in proximal, medial,
and distal zones (B), and upstream and downstream of the Caronal avulsion point (C). Each
graph displays R? values and equations of the line. Graph C shows the combined 2022
active channel belt and 2022 channel belt upstream of the Caronal avulsion point.

demonstrated by a linear trendline with a moderate negative correlation (R? = -
0.46) (Figure 3.6B).

Upstream of the Caronal avulsion point, active channel belt width ranges from
754.44 m to 3693.40 m with a median width of 2089.20 m, a mean of 2158.27 m,
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and a standard deviation 693.33 m (Table 3.5). Active channel belt width
decreases downstream as demonstrated by a linear trendline with a moderate
negative correlation (R? = -0.54) (Figure 3.6C). Downstream of the Caronal
avulsion point, active channel belt width ranges from 47.32 m to 436.31 m with
a median of 162.79 m, a mean of 184.95 m, and a standard deviation of 92.81 m
(Table 3.5). Width continues to decrease downstream in the distal zone, as
demonstrated by a linear trendline with a weak negative correlation (R? = -0.26)
(Figure 3.6C).

Table 3.5. 2022 Active channel belt width data with statistics and R? values over the whole
system, in proximal, medial, and distal DFS zones, and upstream and downstream of the
Caronal avulsion point.

2

Max Min Median Mean SD R-
2022 Active Channel
. 3693.40 4732 33537 1092.67 1092.26 -0.7676

Belt Width (m)

Proximal Width 3693.40 1321.99 2193.58 2264.19 674.83 -0.5925
Medial Width 2129.65 124.49 250.12 580.56 679.90 -0.5022
Distal Width 43631 47.32 121.60 155.02 97.52 -0.4637

Ts .

Width Upstream of 360340 754.44 2089.20 215827 69333 -0.5359

Avulsion Point

Tq -
Width Downstream of 43631 4732 162.79 184.95 92.81 -0.2558

Avulsion Point

3.2.4 Channel Belt Width

Channel belt width is differentiated from active channel belt width as the
channel belt is not impacted by the Caronal avulsion and therefore has a much
larger width than the active channel belt. Upstream of the Caronal avulsion
point and downstream of the Zé da Costa avulsion point, the channel belt is the
same width as the active channel belt as these channel belts are only
differentiated between both avulsion points, as outlined in methods section 2.3.
Across the whole 2022 system, channel belt width ranges from 47.32 m to
3693.40 m with a median of 1825.60 m, a mean of 1774.03 m, and a standard
deviation of 1046.37 m (Table 3.6). Channel belt width generally decreases
downstream, as demonstrated by a linear trendline with a moderate negative
correlation (R? = -0.48) (Figure 3.7A).
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Figure 3.7. 2022 channel belt width across the whole system (A), in proximal, medial, and
distal DFS zones (B), and upstream and downstream of the Caronal avulsion point (C). Each
graph displays R? values and equations of the line. The Zé Da Costa avulsion point is also
marked by a grey dashed line.

In the proximal DFS zone, the channel belt has the same width as the active
channel belt and therefore both channel belts have the same dimensions in this
DFS zone. Channel belt width in the proximal zone ranges from 1321.99 m to
3693.40 m, with a median of 2193.58 m, a mean of 2264.19 m, and a standard

deviation of 674.83 m (Table 3.6). There is a general decrease in channel belt
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width downstream, as demonstrated by a linear trendline with a moderate
negative correlation (R? = -0.59) (Figure 3.7B). In the medial zone, channel belt
width ranges from 1180.75 m to 3483.52 m, with a median of 2211.44 m, a mean
of 2371.32 m, and a standard deviation of 670.46 m (Table 3.6). Channel belt
width increases slightly downstream demonstrated by a linear trendline with a
very weak positive correlation (R% = 0.14) (Figure 3.7B). In the distal zone,
channel belt width ranges from 47.32 m to 1594.89 m, with a median of 146.65
m, a mean of 516.06 m, and a standard deviation of 570.92 m (Table 3.6).
Channel belt width decreases steadily downstream, as demonstrated by a linear

trendline with a strong negative correlation (R? = -0.73) (Figure 3.7B).

Upstream of the Caronal avulsion point the channel belt is the same width as the
active channel belt, as previously outlined. However, there are very slight
differences in channel belt width dimensions related to how each polygon was
split at the Caronal avulsion point as the active channel belt reduces in size. The
width of the channel belt upstream of the avulsion point ranges from 1180.75 m
to 3693.40 m, with a median of 2089.20 m, a mean of 2176.80 m, and a standard
deviation of 660.47 m (Table 3.6). There is a general decrease in channel width
downstream demonstrated by a linear trendline with a moderate negative
correlation (R? = -0.51) (Figure 3.7C). Downstream of the avulsion point, channel
belt width ranges from 47.32 m to 3483.52 m with a median width of 1542.34 m,
a mean of 1430.93 m, and a standard deviation of 1183.24 m (Table 3.6). Width
continues to decrease downstream demonstrated by a linear trendline with a

strong negative correlation (R? = -0.77) (Figure 3.7C).

Table 3.6. 2022 channel belt width data with statistics and R? values over the whole system,
in proximal, medial, and distal DFS zones, and upstream and downstream of the Caronal
avulsion point.

Max Min Median Mean SD R-
2022 Channel Belt
-hanne’ Be 3693.40 4732 1825.60 1774.03 104637 -0.4845
Width (m)

Proximal Width 3693.40 1321.99 2193.58 2264.19 674.83 -0.5925
Medial Width 348352 1180.75 2211.44 237132 670.46 0.1354
Distal Width 1594.89 4732 146.65 516.06 570.92 -0.7312

T "

Width Upstream of 3693.40 1180.75 2089.20 2176.80 666.47 -0.5141
Avulsion Point
Ts -
Width Dowmstream of 5,05 5, 47.32 1542.34 1430.93 1183.24 -0.7686

Avulsion Point
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3.2.5 Sinuosity

2022 channel sinuosity is measured across the whole system, then in proximal,
medial, and distal DFS zones, and upstream and downstream of the Caronal
avulsion point. The overall sinuosity of the 2022 channel is 1.56 with a range in
sinuosity values between 1.11 to 2.20. The median sinuosity is 1.40, the mean is
1.44, and the standard deviation is 0.26 (Table 3.7). Sinuosity in the active
system decreases slightly downstream as demonstrated by a linear trendline with

a very weak negative correlation (R? = -0.12) (Figure 3.8A).

The proximal DFS zone has an overall sinuosity of 1.82, with a range in sinuosity
values between 1.17 to 2.20. The median sinuosity is 1.63, the mean is 1.64, and
the standard deviation is 0.30 (Table 3.7). In the proximal zone, sinuosity shows
no correlation as demonstrated by the R? value (R? < 0.01) (Figure 3.8B). In the
medial zone, the overall sinuosity is 1.31 with a range between 1.11 to 1.58. The
median is 1.26, the mean is 1.29, and the standard deviation is 0.16 (Table 3.7).
Sinuosity continues to show no correlation in the medial zone as demonstrated
by the R? value (R? = 0.03) (Figure 3.8B). In the distal zone, the overall sinuosity
of the active channel is 1.49 with a range between 1.16 to 1.68. The median is
1.39, the mean is 1.39, and the standard deviation is 0.14 (Table 3.7). Sinuosity
increases slightly downstream, as demonstrated by a linear trendline with a very

weak positive correlation (R? = 0.13) (Figure 3.8B).

Upstream of the Caronal avulsion point, the overall sinuosity is 1.68 with a range
between 1.12 to 2.20. The median is 1.51, the mean is 1.54, and the standard
deviation is 0.32 (Table 3.7). Sinuosity decreases downstream, as demonstrated
by a linear trendline with a very weak negative correlation (R? = -0.19) (Figure
3.8C). Downstream of the Caronal avulsion point, the overall sinuosity is 1.39
with a range between 1.11 to 1.68. The median is 1.38, the mean is 1.37, and
the standard deviation is 0.15 (Table 3.7). There is no correlation in sinuosity
downstream of the avulsion point as demonstrated by the R? value (R% = 0.08)
(Figure 3.8C).
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Figure 3.8. 2022 sinuosity across the whole system (A), in proximal, medial, and distal zones
(B), and upstream and downstream of the Caronal avulsion point (C). Each graph displays
R? values and equations of the line.
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Table 3.7. 2022 sinuosity data with statistics and R? values over the whole system, in
proximal, medial, and distal DFS zones, and upstream and downstream of the Caronal
avulsion point.

Overall 5
Max Min Median Mean SD <
Sinuosity R
2022
2022 Channel 1.56 2.20 1.11 1.40 1.44 0.26 0.1203
Sinuosity
Proximal Sinuosity 1.82 2.20 1.17 1.63 1.64 0.30 0.0015
Medial Sinuosity 1.31 1.58 1.11 1.26 1.29 0.16 0.0345
Distal Sinuosity 1.49 1.68 1.16 1.39 1.39 0.14 0.1260
Simuosity Upstream of 1.68 2.20 112 1.51 1.54 0.32 -0.1894
Avulsion Point
Sinuosity Downstream
1.39 1.68 1.11 1.38 1.37 0.15 0.0792

of Avulsion Point

3.2.6 Active Meander Deposit Dimensions
3.2.6.1 Meander Deposit Area

Across the whole 2022 system, active meander deposit areas range in size from
0.00084 km? to 2.29 km? with a median area of 0.029 km?, a mean of 0.37 km?,
and a standard deviation of 0.50 km? (Table 3.8). Active meander deposit area
generally decreases downstream as demonstrated by a linear trendline with a

moderate negative correlation (R? = -0.50) (Figure 3.9A).

In the proximal DFS zone, active meander deposit areas range in size from 0.22
km? to 2.29 km?, with a median of 0.98 kmZ, a mean of 0.92 km?, and a standard
deviation of 0.46 km? (Table 3.8). There is no correlation in meander deposit
size downstream in the proximal zone as demonstrated by theR? value (R% = 0.07)
(Figure 3.9B). In the medial zone, meander deposit areas range in size from
0.0022 km? to 1.17 km?, with a median of 0.027 km?, a mean of 0.16 km?, and a
standard deviation of 0.27 km? (Table 3.8). Meander deposit area generally
decreases downstream in the medial zone as demonstrated by a linear trendline
with a moderate negative correlation (R? = -0.46) (Figure 3.9B). In the distal
zone, meander deposit areas range in size from 0.00084 km? to 0.017 km?, with
a median of 0.0034 km?, a mean of 0.0063 km?, and a standard deviation of
0.0051 km? (Table 3.8). Meander deposit area generally decreases downstream
in the distal zone demonstrated by a linear trendline with a moderate negative
correlation (R? = -0.50) (Figure 3.9B).
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Figure 3.9. Active meander deposit area across the whole system (A), in proximal, medial,
and distal zones (B), and upstream and downstream of the Caronal avulsion point (C). Each
graph displays R? values and equations of the line.

Upstream of the Caronal avulsion point, meander deposit areas range in size

from 0.12 km? to 2.29 km?, with a me
a standard deviation of 0.45 km? (Tab

deposit size upstream of the avulsion

dian of 0.75 kmZ%, a mean of 0.84 km?, and
le 3.8). There is no correlation in meander

point as demonstrated by the R? value (R% =

0.10) (Figure 3.9C). Downstream of the Caronal avulsion point, meander deposit
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areas range in size from 0.00084 km? to 0.049 km?, with a median of 0.011 km?,
a mean of 0.014 km?, and a standard deviation of 0.012 km? (Table 3.8).
Meander deposit areas generally decrease in size downstream as demonstrated
by a linear trendline with a moderate negative correlation (R? = -0.58) (Figure
3.9C).

3.2.6.2 Meander Deposit Length

Across the whole 2022 system, active meander deposit lengths range from 12.37
m to 1917.22 m, with a median of 77.26 m, a mean of 377.01 m, and a standard
deviation of 457.18 m (Table 3.8). There is a general downstream decrease in
deposit length across the whole system, as demonstrated by a linear trendline

with a moderate negative correlation (R? = -0.56) (Figure 3.10A).

In the proximal DFS zone, active meander deposit lengths range from 332.75 m
to 1917.22 m, with a median of 812.12 m, a mean of 865.25 m, and a standard
deviation of 405.55 m (Table 3.8). There is no correlation in the proximal zone
as demonstrated by the R? value (R? < 0.01) (Figure 3.10B). In the medial zone,
meander deposit lengths range from 25.91 m to 1196.94 m, with a median of
71.77 m, a mean of 207.92 m, and a standard deviation of 282.20 m (Table 3.8).
Meander deposit lengths generally decrease in the medial zone as demonstrated
by a linear trendline with a moderate negative correlation (R? = -0.44) (Figure
3.10B). In the distal zone, active meander deposit lengths range from 12.37 m to
75.64 m, with a median of 34.31 m, a mean of 35.15m, and a standard deviation
of 16.63 m (Table 3.8). Deposit lengths continue to decrease downstream in the
distal zone as demonstrated by a linear trendline with a moderate negative
correlation (R? = -0.37) (Figure 3.10B).

Upstream of the Caronal avulsion point, meander deposit lengths range from
266.31 m to 1917.22 m, with a median of 693.93 m, a mean of 810.52 m, and a
standard deviation of 394.58 m (Table 3.8). There is no correlation in this
portion of the river, as demonstrated by the R? value (R? = 0.04) (Figure 3.10C).
Downstream of the Caronal avulsion point, lengths range from 12.37 m to 151.07
m, with a median of 44.24 m, a mean of 50.22 m, and a standard deviation of

27.41 m (Table 3.8). Deposit lengths generally decrease downstream of the
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avulsion point as demonstrated by a linear trendline with a moderate negative
correlation (R% = -0.47) (Figure 3.10C).
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Figure 3.10. Active meander deposit length across the whole system (A), in proximal,
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3.2.6.3 Meander Deposit Width

Across the whole 2022 system active meander deposit widths range from 43.32 m
to 2522.15 m, with a median of 383.67 m, a mean of 692.54 m, and a standard
deviation of 631.06 m (Table 3.8). Deposit width generally decreases
downstream across the active system as demonstrated by a linear trendline with

a moderate negative correlation (R? = -0.58) (Figure 3.11A).

In the proximal DFS zone, active meander deposit widths range from 384.03 m to
2522.15 m, with a median of 1269.68 m, a mean of 1343.08 m, and a standard
deviation of 528.74 m (Table 3.8). There is no correlation in width data in the
proximal zone as demonstrated by the R? value (R? = 0.07) (Figure 3.11A). In the
medial zone, widths range from 75.56 m to 1761.36 m, with a median of 364.19
m, a mean of 536.1 m, and a standard deviation of 420.68 m (Table 3.8).
Meander deposit widths steadily decrease downstream in the medial zone as
demonstrated by a linear trendline with a strong negative correlation (R? = -
0.64) (Figure 3.11A). In the distal zone, widths range from 43.32 m to 319.01 m,
with a median of 102.96 m, a mean of 147.29 m, and a standard deviation of
81.73 m (Table 3.8). Meander deposit widths generally decrease downstream in
the distal zone as demonstrated by a linear trendline with a moderate negative
correlation (R? = -0.48) (Figure 3.11A).

Upstream of the Caronal avulsion point, meander deposit widths range from
384.03 m to 2522.15 m, with a median of 1267.12 m, a mean of 1301.75 m, and
a standard deviation of 501.43 m (Table 3.8). There is high no correlation in
meander deposit widths upstream of the avulsion point as demonstrated by the
R? value (R? < 0.01) (Figure 3.11C). Downstream of the Caronal avulsion point,
meander deposit widths range from 43.32 m to 712.69 m, with a median of
233.43 m, a mean of 233.3 m, and a standard deviation of 134.95 m (Table 3.8).
There is a steady decrease in meander deposit widths downstream of the
avulsion point as demonstrated by a linear trendline with a strong negative
correlation (R? = -0.61) (Figure 3.11C).
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Figure 3.11. Active meander deposit width across the whole system (A), in proximal, medial,
and distal zones (B), and upstream and downstream of the Caronal avulsion point (C). Each

graph displays R? values and equations of the line.
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Table 3.8. Active meander deposit area, length, and width data with statistics and R? values
over the whole system, in proximal, medial, and distal DFS zones, and upstream and
downstream of the Caronal avulsion point.

[¥]

Max Min Median Mean SD R
Active Deposit Area
) 2.29 0.00084 0.029 037 0.50 -0.5042
(km®)

Proximal Area 229 022 0.98 092 0.46 0.0693
Medial Area 1.17 0.0022 0.027 0.16 0.27 -0.4632
Distal Area 0.017 0.00084 0.0034 0.0063 0.0051 -0.4996

Area Upstream of 229 0.12 0.75 0.84 0.45 0.0125

Avulsion Point

Area Downstream of 0.049 0.00084 0.011 0.014 0.012 -0.5788
Avulsion Point
Active Difr?;ltl“engﬂl 191722 12.37 77.26 377.01 457.18 -0.5559
Proximal Length 1917.22 332.75 812.12 865.25 40555 0.0003
Medial Length 1196.94 25.91 71.77 207.92 28220 -0.4373
Distal Length 75.64 1237 3431 35.15 16.63 203703
Length Upstream of 1917.22 26631 693.93 810.52 39458 0.0414
Awulsion Point
Length Downstream of -, o, o/ 12.37 44.24 5022 2741 04674
Awulsion Point
Active Deposit Widtl
chve ‘2;0;1 R 050015 43.32 383.67 692.54 631.06 -0.5670
Proximal Width 2522.15 384.03 1269.68 1343.08 528.74 0.0681

Medial Width 176136 75.56 364.19 536.10 420.68 -0.6394

Distal Width 319.01 4332 102.96 147.29 81.73 -0.4813
Ts -
Width Upstream of 2522.15 384.03 1267.12 1301.75 501.43 0.0003

Avulsion Point

Tq .
Width Downstream of 712.69 4332 233.43 23330 134.95 -0.6138

Avulsion Point

3.2.7 Abandoned Meander Deposit Dimensions

Abandoned meander deposits are differentiated from active meander deposits as
they are not attached to the active channel (the 2022 channel) and are not
influenced by the Caronal avulsion as they are much larger than active deposits.
As such, abandoned meander deposits are not compared upstream and
downstream of the Caronal avulsion point. Further details on the differentiation
between active and abandoned deposits, and information on how these deposit

measurements were collected can be found in methods section 2.4.
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3.2.7.1 Meander Deposit Area

Across the whole 2022 system abandoned meander deposit areas range in size
from 0.024 km? to 1.24 km?, with a median of 0.24 km?2, a mean of 0.30 kmZ2, and
a standard deviation of 0.21 km? (Table 3.9). There is a slight downstream
decrease in meander deposit area as demonstrated by a linear trendline with a

very weak negative correlation (R? = -0.13) (Figure 3.12A).
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Figure 3.12. Abandoned meander deposit area across the whole system (A), and in
proximal, medial, and distal DFS zones (B). Each graph displays R? values and equations of
the line. The Zé Da Costa avulsion point is also marked by a grey dashed line. Red dashed-
lines are used to delineate the three DFS zones as a cluster of data points between the
medial and distal zones makes it more difficult to identify the boundary between these
zones.
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In the proximal DFS zone, abandoned meander deposit areas range in size from
0.092 km? to 1.24 km?, with a median of 0.38 km?, a mean of 0.40 km?, and a
standard deviation of 0.26 km? (Table 3.9). There is no correlation in area in the
proximal zone, as demonstrated by the R? value (R? < 0.01) (Figure 3.12B). In the
medial zone, meander deposit areas range in size from 0.024 km?2 to 0.73 km?,
with a median of 0.23 km?, a mean of 0.24 km?, and a standard deviation of 0.16
km? (Table 3.9). There is no correlation in deposits as demonstrated by the R?
value (R? = 0.04) (Figure 3.12B). In the distal zone, meander deposit areas range
in size from 0.033 km?2 to 0.66 kmZ, with a median of 0.22 km?2, a mean of 0.25
km?, and a standard deviation of 0.14 km? (Table 3.9). There is also no
correlation in meander deposit size demonstrated by the R? value (R? = 0.01)
(Figure 3.12B).

3.2.7.2 Meander Deposit Length

Across the whole 2022 system abandoned meander deposit lengths range from
166.29 m to 1306.71 m, with a median of 498.08 m, a mean of 542.58 m, and a
standard deviation of 259.21 m (Table 3.9). There is no correlation in meander
length data across the 2022 system as demonstrated by the R? value (R? = 0.02)
(Figure 3.13A).

In the proximal DFS zone, abandoned meander deposit lengths range from
218.21 m to 1306.71 m, with a median of 671.79 m, a mean of 696.64 m, and a
standard deviation of 286.77 m (Table 3.9). There is no correlation in meander
deposit length data as demonstrated by the R? value (R% = 0.01) (Figure 3.13B).
In the medial zone, meander deposit lengths range from 168.95 m to 979.17 m,
with a median of 480.76 m, a mean of 460.82 m, and a standard deviation of
205.34 m (Table 3.9). There is also no correlation in the medial zone as
demonstrated by the R? value (R? = 0.02) (Figure 3.13B). In the distal zone,
meander deposit lengths range from 166.29 m to 735.31 m, with a median of
412.71 m, a mean of 445.63 m, and a standard deviation of 171.38 m (Table
3.9). Meander deposit lengths decrease slightly downstream in the distal zone as
demonstrated by a linear trendline with a very weak negative correlation (R? = -
0.16) (Figure 3.13B).
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Figure 3.13. Abandoned meander deposit length across the whole system (A), and in
proximal, medial, and distal DFS zones (B). Each graph displays R? values and equations of
the line. The Zé Da Costa avulsion point is also marked by a grey dashed line. Red dashed-
lines are used to delineate the three DFS zones as a cluster of data points between the
medial and distal zones makes it more difficult to identify the boundary between these
zones.

3.2.7.3 Meander Deposit Width

Across the whole 2022 system abandoned meander deposit widths range from
142.86 m to 1355.22 m, with a median of 615.95 m, a mean of 638.80 m, and a
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Figure 3.14. Abandoned meander deposit width across the whole system (A), and in
proximal, medial, and distal DFS zones (B). Each graph displays R? values and equations of
the line. The Zé Da Costa avulsion point is also marked by a grey dashed line. Red dashed-
lines are used to delineate the three DFS zones as a cluster of data points between the
medial and distal zones makes it more difficult to identify the boundary between these
zones.

standard deviation of 267.82 m (Table 3.9). There is no correlation in meander
deposit width data across the system as demonstrated by the R? value (R? = 0.01)
(Figure 3.14A).

In the proximal DFS zone, abandoned meander deposit widths range from 238.58
m to 1355.22 m, with a median of 680.13 m, a mean of 676.63 m, and a standard

deviation of 241.20 m (Table 3.9). There is no correlation in meander deposit
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width data in the proximal zone, as demonstrated by the R? value (R? < 0.01)
(Figure 3.14B). In the medial zone, meander deposit widths range from 142.86 m
to 1281.96 m, with a median of 559.80 m, a mean of 579.46 m, and a standard
deviation of 263.68 m (Table 3.9). There is no correlation in width data in the
medial zone as demonstrated by the R? value (R? = 0.05) (Figure 3.14B). In the
distal zone, meander deposit widths range from 203.81 m to 1307.38 m, with a
median of 675.95 m, a mean of 685.24 m, and a standard deviation of 293.86 m
(Table 3.9). There is no correlation in meander deposit width data in the distal

zone as demonstrated by the R? value (R% < 0.01) (Figure 3.14B).

Table 3.9. Abandoned meander deposit data for area, length, and width with statistics and
R? values over the whole system and in proximal, medial, and distal DFS zones.

Max Min Median Mean SD R”

Abandoned Deposit
Area (k) 1.24 0.024 0.24 030 021 -0.1325
Proximal Area 1.24 0.092 0.38 0.40 0.26 0.0082
Medial Area 0.73 0.024 0.23 0.24 0.16 0.0451
Distal Area 0.66 0.033 0.22 0.25 0.14 -0.1044
Abm’f;;ﬁ EEI;OS“ 1306.71 166.29 498.08 542.58 259.21 -0.2130
Proximal Length 1306.71 218.21 671.79 696.64 286.77 0.0133
Medial Length 979.17 168.95 480.76 460.82 205.34 0.0215
Distal Length 73531 166.29 412.71 445.63 171.38 -0.1648
Abm::\lf’ig;? (I:r;pom 1355.22 142.86 615.95 638.80 169.56 0.0107
Proximal Width 1355.22 238.58 680.13 676.63 241.20 0.0056
Medial Width 1281.96 142.86 559.80 579.46 263.68 0.0458
Distal Width 130738 203.81 675.95 685.24 293.86 0.0013

3.2.8 Summary of 2022 Taquari DFS (During Avulsion)

Within the 2022 system, there are many downstream trends present across
variables. Firstly, the elevation of the 2022 channel decreases downstream
steadily with no obvious convex or concave profile except for a slight concave
profile in the distal zone where the Taquari DFS reaches the axial Paraguay
Fluvial System. The slope gradient is highest in the proximal zone (-0.00027
m/m; Figure 3.4, Table 3.3) and upstream of the Caronal avulsion point (-
0.00028 m/m) and lowest in the distal zone (-0.00018 m/m), and downstream of

the Caronal avulsion point (-0.00022 m/m).
72



For 2022 channel width, there is also a steady decrease in channel width
downstream across the whole system (R? = -0.76; Figure 3.5A, Table 3.4) with no
correlation in the proximal zone (R% < 0.01; Figure 3.5B, Table 3.4) and a steady
decrease in width in medial (R? = -0.61) and distal zones (R? = -0.60). The largest
channel width values are found in the proximal zone (maximum width = 309.88
m; Table 3.4) with the lowest width values found in the distal zone (minimum
width = 15.26 m) as the channel experiences a significant decrease in width
downstream of the Caronal avulsion point. Compared upstream and downstream
of the avulsion point, there is a slight decrease in channel width upstream of the
avulsion point (R% = -0.14 Figure 3.5C, Table 3.4) and only a general decrease in
channel width downstream of the avulsion point (R? = -0.30) which differs from
the steady decrease in channel width observed in medial and distal zones.
Upstream and downstream of the avulsion point there is also a large difference
in mean 2022 channel width as mean width changes from 217.75 m upstream of

the avulsion point to 34.11 m downstream of the avulsion point (Table 3.4).

Active channel belt width also steadily decreases in width downstream (R? = -
0.77; Figure 3.6A, Table 3.5), with a general decrease in width in proximal,
medial and distal zones (R? = -0.59, -0.54, and -0.46, respectively; Figure 3.6B,
Table 3.5). Downstream of the Caronal avulsion point, there is a more general
decrease in width downstream (R? = -0.26; Figure 3.6C, Table 3.5) compared to
upstream of the avulsion point (R? = -0.54). Similar to 2022 channel width, the
largest active channel belt width values are found in the proximal zone
(maximum width = 3693.40 m; Table 3.5) with the lowest width values in the
distal zone (minimum width = 47.32 m). There is also a large difference in mean
active channel belt width upstream and downstream and downstream of the
avulsion point as mean width upstream of the avulsion point is 2158.27 m

whereas downstream of the avulsion point mean width is 184.95 m (Table 3.5).

Channel belt width shares the same width dimensions as the active channel belt
width upstream of the Caronal avulsion point and downstream of the Zé da Costa
avulsion point. However, the general trends observed downstream for the
channel belt are different as there is only a general decrease in channel belt
width downstream (R? = -0.48; Figure 3.7A, Table 3.6). The proximal zone has
the same downstream trends as the active channel belt width (R? = -0.59; Figure

3.7B, Table 3.6). The medial zone shows a slight increase in channel belt width
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downstream (R? = 0.14), whereas the distal zone shows a steady decrease in
channel belt width downstream (R? = -0.73). This decrease in width in the distal
zone is similar to the decrease in width downstream of the Caronal avulsion
point (R? = -0.77; Figure 3.7C, Table 3.6). Upstream of the Caronal avulsion,
however, there is only a general decrease in width downstream (R% = -0.51). The
channel belt has the same maximum and minimum width values as the active
channel belt (3693.40 m and 47.32 m, respectively; Table 3.6).

For 2022 channel sinuosity, there is a slight decrease in sinuosity downstream (R?
= -0.12; Figure 3.8A, Table 3.7) and no correlation in proximal and medial zones
(RZ < 0.01 and 0.03, respectively (Figure 3.8B, Table 3.7)). The distal zone shows
a very slight increase in sinuosity downstream (R% = 0.13). There is also a slight
decrease in sinuosity upstream of the Caronal avulsion point (R = -0.19; Figure
3.8C, Table 3.7), contrasting the high variability in the proximal and medial
zones. Downstream of the avulsion point there is no correlation in sinuosity (R? =
-0.08). Similar to the previously described variables in the 2022 system, the
highest sinuosity values are found in the proximal zone (maximum sinuosity =
2.20; Table 3.7). However, the lowest sinuosity values are found in the medial
zone (minimum sinuosity = 1.11) instead of the distal zone (minimum sinuosity =
1.16).

For active meander deposit dimensions, there is a general decrease in meander
deposit area, length, and width (R = -0.50, -0.56, and -0.58, respectively
(Figure 3.9A, Figure 3.10A, Figure 3.11A, Table 3.8)). Within each DFS zone,
deposit area, length, and width show no correlation in the proximal zone (R? =
0.07, < 0.01, and 0.07, respectively (Figure 3.9B, Figure 3.10B, Figure 3.11B,
Table 3.8)). In the medial zone, there is a general decrease in deposit area and
length (R? = -0.46 and -0.44, respectively), and a steady decrease in deposit
width (R? = -0.64). Similarly, in the distal zone, there is a general decrease in
meander deposit area, length, and width (R? = -0.50, -0.37, -0.48, respectively).
Upstream of the Caronal avulsion point, there is no correlation in meander
dimensions (R? = 0.01 for area, 0.04 for length, and < 0.01 for width (Figure
3.9C, Figure 3.10C, Figure 3.11C, Table 3.8)) compared to downstream of the
avulsion point where there is a general decrease in meander deposit area and
length (R%Z = -0.58 and -0.47, respectively) and a steady decrease in deposit

width downstream (R? = -0.61). The largest deposit dimensions are found in the
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proximal zone (2.29 km? for area, 1917.22 m for length, and 2522.15 m for
width; Table 3.8) and the smallest deposit dimensions are found in the distal
zone (0.00084 km? for area, 12.37 m for length, and 319.01 m for width). The
active meander deposits are another example of an active variable that
experiences a large decrease in dimensions downstream of the Caronal avulsion
point. Upstream of the avulsion point the mean area of active deposits is 0.84

km? whereas downstream mean area is 0.014 km? (Table 3.8).

For abandoned meander deposit dimensions, there is only a slight decrease in
deposit area and length downstream (R? = -0.13 and -0.21, respectively (Figure
3.12A, Figure 3.13A, Table 3.9) and no correlation in deposit width downstream
(RZ = 0.01; Figure 3.14A, Table 3.9). For deposit area, length, and width, there
is no correlation in the proximal zone (R% < 0.01, 0.01, < 0.01, respectively
(Figure 3.12B, Figure 3.13B, Figure 3.14B, Table 3.9) and the medial zone (R? =
0.05, 0.02, and 0.05, respectively). There is a slight decrease in deposit area
and length in the distal zone (R? = -0.10 and -0.16, respectively) and no
correlation in deposit width in the distal zone (R? < 0.01). Similar to the active
deposits, the proximal zone has the highest values for area, length, and width
(maximum = 1.24 km?, 1306.71 m, and 1355.22 m, respectively (Table 3.9)).
However, for deposit area and width, the lowest values are in the medial zone
(minimum = 0.024 km? and 142.86 m, respectively) and for deposit length the
lowest value is in the distal zone (166.29 m) which is only slightly smaller than

the medial zone (168.95 m).

3.3 2022 Taquari DFS Comparisons: Ratios

On the 2022 Taquari DFS, 2022 channel width is compared to active channel belt
width to understand the change in width dimensions downstream across both of
these variables. Similarly, the active channel belt width is compared to the
channel belt width downstream to understand the difference in width between
these two channel belts. The width of each channel belt represents the change
in migration capacity of the active channel following a decrease in discharge in
the channel (as outlined in methods section 2.3). Therefore, this allows a better
understanding of the adjustment of a channel belt as channel discharge changes,

as will be discussed further in the following discussion chapter.
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3.3.1 2022 Channel Width and 2022 Active Channel Belt Width

Across the whole 2022 system, the ratio between 2022 channel width and active
channel belt width ranges from 0.05 to 0.41, with a median of 0.14, a mean of
0.16, and a standard deviation of 0.08 (Table 3.10). The ratio between active
channel width and active channel belt width generally increases downstream as
the active channel belt becomes closer in width to the active channel. This is
demonstrated by a linear trendline with a moderate positive correlation (R? =
0.41) (Figure 3.15A).

In the proximal DFS zone, the ratio between 2022 channel width and active
channel belt width ranges from 0.05 to 0.17, with a median of 0.09, a mean of
0.11, and a standard deviation of 0.04 (Table 3.10). The ratio increases
downstream as demonstrated by a linear trendline with a moderate positive
correlation (R% = 0.50) (Figure 3.15B). In the medial zone, the ratio between
2022 channel width and active channel belt width ranges from 0.09 to 0.35, with
a median of 0.17, a mean of 0.17, and a standard deviation of 0.07 (Table 3.10).

The ratio increases downstream as demonstrated by a linear trendline with a
moderate positive correlation (R? = 0.46) (Figure 3.15B). In the distal zone, the
ratio between 2022 channel width and active channel belt width ranges from
0.11 to 0.41, with a median of 0.19, a mean of 0.21, and a standard deviation of
0.09 (Table 3.10). The ratio shows no correlation in this zone as demonstrated
by the R? value (R? = 0.08) (Figure 3.15B).

Upstream of the Caronal avulsion point, the ratios range from 0.05 to 0.17, with
a median of 0.10, a mean of 0.11, and a standard deviation of 0.03 (Table 3.10).
The ratio increases slightly downstream as demonstrated by a linear trendline
with a weak positive correlation (R? = 0.20) (Figure 3.15C). Downstream of the
Caronal avulsion point, the ratios range from 0.10 to 0.41, with a median of
0.19, a mean of 0.21, and a standard deviation of 0.08 (Table 3.10). The ratio
shows no correlation downstream of the avulsion point as demonstrated by the
RZ value (R? = 0.05) (Figure 3.15C).
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Figure 3.15. Ratio between 2022 channel width and 2022 active channel belt width across
the whole system (A), in proximal, medial, and distal DFS zones (B), and upstream and
downstream of the Caronal avulsion point (C). Each graph displays R? values and equations

of the line.
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3.3.2 2022 Active Channel Belt Width and 2022 Channel Belt
Width

Across the whole 2022 system, the ratio between active channel belt width and
channel belt width ranges from 0.04 to 1.00, with a median of 1.00, a mean of
0.68, and a standard deviation of 0.42 (Table 3.10). The active channel belt and
the channel belt are the same width upstream of the Caronal avulsion point and
downstream of the Zé da Costa avulsion point making the ratio in these reaches
1:1 (Figure 3.16A). Between both avulsion points the channel belts differ in
width, however, there are slight negative and positive skews in the medial and
distal DFS zones, respectively, where these zones include areas where the ratio
is 1.00. Across the whole 2022 system, the ratio between active channel belt
width and channel belt width decreases slightly downstream due to the negative
skew in data upstream of the Caronal avulsion point and the positive skew in the
data downstream of the Zé da Costa avulsion point. This is demonstrated by a
linear trendline with a very weak negative correlation (R% = -0.11) (Figure
3.16A).

In the proximal DFS zone, the ratio between active channel belt width and
channel belt width is 1.00 across the whole zone (Table 3.10). In the medial
zone, the ratio ranges from 0.04 to 1.00, with a median of 0.11, a mean of 0.39,
and a standard deviation of 0.42 (Table 3.10). As outlined previously, the active
channel belt and the channel belt separate into two separate channel belts in
the medial zone. This results in a slight negative skew in data as the ratio starts
at 1.00 and decreases downstream as the width of both of the channel belts
change. As the active channel belt becomes smaller than the channel belt
downstream, the ratio shows a sharp decrease from 1.00 (upstream of the
avulsion point) to being fairly consistently below ~0.20 (downstream of the
avulsion point). This sharp decrease in ratio is demonstrated by a linear
trendline with a strong negative correlation (R% = -0.72), and the low ratio
downstream of the avulsion point is demonstrated by the low median value
(0.11) (Figure 3.16B). In the distal zone, the ratio ranges from 0.17 to 1.00, with
a median of 1.00, a mean of 0.65, and a standard deviation of 0.40 (Table 3.10).
In the distal zone, the channel belts combine again downstream of the Zé da
Costa avulsion point as the ratio becomes 1.00 therefore causing a slight positive

skew in data (Figure 3.16B). Due to the skew in data, there is a sharp increase in
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Figure 3.16. Ratio between 2022 active channel belt width and 2022 channel belt width
across the whole system (A), in proximal, medial, and distal DFS zones (B), and upstream
and downstream of the Caronal avulsion point (C). Each graph displays R? values and
equations of the line.

ratio downstream as the channel belts become closer in width again. This is
demonstrated by a linear trendline with a strong positive correlation (R? = 0.74)
(Figure 3.16B).
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Upstream of the Caronal avulsion point, both channel belts are the same width.
However, one outlying data point with a ratio ~0.60 marks where the channel
belts split into two separate channel belts resulting in slightly negatively skewed
data. As such, the ratio between active channel belt width and channel belt
width ranges from 0.64 to 1.00, with a median of 1.00, a mean of 0.98, and a
standard deviation of 0.07 (Table 3.10). As a result of the outlying datapoint,
there is a slight downstream decrease in ratio demonstrated by a linear
trendline with a weak negative correlation (R? = -0.15) (Figure 3.16C).
Downstream of the Caronal avulsion point, both channel belts become the same
width again downstream of the Zé da Costa avulsion point resulting in positively
skewed data (Figure 3.16C). Downstream of the Caronal avulsion point, ratios
range from 0.04 to 1.00, with a median of 0.18, a mean of 0.42, and a standard
deviation of 0.41 (Table 3.10). As a result of the positively skewed data, the
ratio increases sharply downstream as demonstrated by a linear trendline with a

strong positive correlation (R? = 0.73) (Figure 3.16C).

Table 3.10. Ratio and statistics data for 2022 channel width and 2022 active channel belt
width, and 2022 active channel belt width and 2022 channel belt width across the whole
system, in proximal, medial, and distal DFS zones and upstream and downstream of the
Caronal avulsion point with R? and p-values.

Mann-
. . 2
Max Min Median Mean SD R Whitney
2022 Channel Width/
2022 Active Channel 041 0.05 0.14 0.16 0.08 0.4051 p<0.01
Belt Width Ratio
Proximal Ratio 0.17 0.05 0.09 0.11 0.04 05040  p<0.01
Medial Ratio 035 0.09 0.17 0.17 0.07 04621 p<0.01
Distal Ratio 0.41 0.11 0.19 021 0.09 00802  p<0.0l
Ratio Upstream of 0.17 0.05 0.10 0.1 0.03 0.1964  p<001
Awulsion Point
Ratio Downstream of
el Doint 0.41 0.10 0.19 021 0.08 00480  p<0.01
2022 Active Channel
Belt Width/ 2022
Chanol Belt Widh 1.00 0.04 1.00 0.68 042 01110  p=0.01
Ratio
Proximal Ratio 1.00 1.00 1.00 1.00 0.00 #N/A p=1.00
Medial Ratio 1.00 0.04 0.11 039 042 207175 p<001
Distal Ratio 1.00 0.17 1.00 0.65 0.40 07379  p=031
Ratio Upstream of 1.00 0.64 1.00 0.98 0.07 20.1521  p=1.00
Awulsion Point
Ratio Downstream of 1.00 0.04 0.18 0.42 0.41 00480  p<0.01

Awulsion Point
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3.4 2022 Taquari DFS Comparisons: Statistics

Statistical analyses of data were carried out to look for relationships between
variables. The non-parametric Mann-Whitney test was used due to the non-
normal distribution of data for each variable. This test calculates a p-value
which indicates whether the difference in medians between each dataset is
statistically significant (Minitab, 2024). For all variables compared, the Mann-
Whitney test was carried out at a 95% confidence interval. A p-value of < 0.05
indicates a statistically significant relationship where there is a 5% chance that
this relationship is random or there is in fact no difference in variables. The
lower the p-value (p < 0.05) the less likely it is that the relationship between the

variables is random (Minitab, 2024).

3.4.1 2022 Channel Width and 2022 Active Channel Belt Width

2022 channel width and active channel belt width were compared to test for a
statistically significant relationship with the null hypothesis stating that the two
datasets belong to the same population. The p-value is < 0.01 therefore the
difference between the medians of these two datasets is statistically significant
and the null hypothesis can be rejected. The result of this statistical test reveals

that as 2022 channel width changes downstream, active channel belt width also

Channel Width (2022) and Active Channel Belt Width (2022)
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Figure 3.17. Comparison between 2022 channel width and 2022 active channel belt width
with the p-value. Red dashed-lines delineate proximal, medial, and distal DFS zones. The
location of the Caronal avulsion point and the Zé da Costa avulsion point are also marked
by grey dashed-lines.
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changes in relation to the channel. 2022 channel width and active channel belt
width were also compared between proximal, medial, and distal DFS zones, and
upstream and downstream of the Caronal avulsion point. For each of these
comparisons the p-value is < 0.01 which indicates a statistically significant

relationship is present in each area downstream (Figure 3.17; Table 3.10).

3.4.2 Active Channel Belt Width and 2022 Channel Belt Width

Active channel belt width and channel belt width were compared with the null
hypothesis stating that the two datasets belong to the same population. The p-
value is 0.01 therefore the difference between the medians of these two
datasets is statistically significant and the null hypothesis can be rejected. The
result of this statistical test reveals that as active channel belt width changes
downstream the difference in width between these channel belts remains
significant. Analyses were done across proximal, medial, and distal DFS zones for
each, and upstream and downstream of the Caronal avulsion point. These
analyses revealed that there is only a statistically significant relationship in the
medial zone (p < 0.01) and downstream of the avulsion point (p < 0.01). The
proximal and distal DFS zones, and the reach of the system upstream of the
avulsion point have p-values greater than the 0.05 confidence interval (p = 1.00,
p = 0.31, and p = 1.00, respectively). In the proximal zone, and upstream of the
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Figure 3.18. Comparison between 2022 active channel belt width and 2022 channel belt
width with the p-value. Red dashed-lines delineate proximal, medial, and distal DFS zones.
The location of the Caronal avulsion point and the Zé da Costa avulsion point are also
marked by grey dashed-lines.
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avulsion point the ratio is 1:1 so there is no difference in width observed.
However, in the distal zone the two channel belts are separated initially before
combining downstream of the Zé da Costa avulsion point, as previously
mentioned (Figure 3.18; Table 3.10). Figure 3.18 is useful in visualising the
difference in width between the active channel belt and the channel belt
between the Caronal avulsion point and the Zé da Costa avulsion point where
there is a large difference in width.

3.5 Summary of 2022 Taquari DFS Comparisons: Ratios
and Statistics

The ratio between 2022 channel width and active channel belt width generally
increases downstream across the whole system (R? = 0.41; Figure 3.15A, Table
3.10), and in proximal and medial DFS zones (R? = 0.50 and 0.46, respectively
(Figure 3.15B, Table 3.10)). In the distal zone, however, there is high variability
in the ratio (R? = 0.08). The 2022 channel is closest in width to the active
channel belt in the distal zone (ratio = 0.41; Table 3.10) with the largest
difference in width in the proximal zone (ratio = 0.05). Upstream of the Caronal
avulsion point, there is a general increase in ratio downstream (R? = 0.20; Figure
3.15C, Table 3.10) compared to downstream of the avulsion point where there is
no correlation in ratio (R? = 0.05). A statistically significant relationship is
present between 2022 channel width and active channel belt width across the
whole system, as well as in each DFS zone, and upstream and downstream

reaches of the Caronal avulsion point (p < 0.01; Table 3.10).

The ratio between active channel belt width and channel belt width has a very
slight decrease in ratio downstream (R? = -0.11; Figure 3.16A, Table 3.10) across
the whole system. In the proximal zone the ratio is 1.00 across the whole zone.
In the medial zone, there is a slight negative skew in data where the ratio is 1.00
upstream of the Caronal avulsion point and results in a sharp decrease in ratio
downstream (R? = -0.72; Figure 3.16B, Table 3.10). In the distal zone there is a
slight positive skew in data as the ratio is 1.00 downstream of the Zé da Costa
avulsion point and results in a sharp increase in ratio downstream (R? = 0.74).
The maximum ratio between active channel belt width and channel belt width is
found where both channel belts have the same width and the ratio is 1.00 (Table

3.10). The minimum ratio, however, is found in the medial zone (0.04) where
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active channel belt width is significantly smaller than channel belt width.
Upstream of the Caronal avulsion point there is a similar slight negative skew in
data (R% = -0.15; Figure 3.16C, Table 3.10) as the ratio starts at 1.00 upstream of
the avulsion point then decreases slightly where the channel belt polygons are
split into separate polygons at the avulsion point. Downstream of the avulsion
point, where there is a slight positive skew in data, the ratio shows a sharp
increase downstream (R% = 0.73). There is a statistically significant relationship
between active channel belt width and channel belt width in the medial DFS
zone and downstream of the Caronal avulsion point. However, there is no
relationship in the proximal zone (p = 1.00; Table 3.10), the distal zone (p =
0.31), or upstream of the Caronal avulsion point (p = 1.00) as there is too much

similarity in width in these reaches.

3.6 Comparison Between the 1985 Taquari DFS (Pre-
avulsion) and the 2022 Taquari DFS (During
Avulsion)

This section will compare 1985 DFS data to 2022 DFS data to compare DFS
dimensions before the initiation of the Caronal avulsion (which initiated between
1996 to 1997) to DFS dimensions during the Caronal avulsion. The only two
variables measured across both the 1985 and 2022 systems are channel width
and sinuosity. However, a comparison between 1985 channel width and 2022
channel belt width was carried out to understand whether a relationship exists
between the larger 1985 channel and the 2022 channel belt which has a much
larger width than the 2022 active channel belt downstream of the Caronal

avulsion point.

3.6.1 Ratios
3.6.1.1 2022 Channel Width and 1985 Channel Width

Across the whole system, the ratio between 2022 channel width and 1985
channel width ranges from 0.08 to 1.01, with a median of 0.38, a mean of 0.51,
and a standard deviation of 0.29 (Table 3.11). The ratio steadily decreases
downstream as the difference in width between the 2022 channel width and the
1985 channel width increases, as demonstrated by a linear trendline with a
strong negative correlation (R? = -0.65) (Figure 3.19A).
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Figure 3.19. Ratio between 2022 channel width and 1985 channel width across the whole
system (A), in proximal, medial, and distal DFS zones (B), and upstream and downstream of
the Caronal avulsion point (C).

In the proximal DFS zone, the ratio between 2022 channel width and 1985

channel width ranges from 0.66 to 1.01, with a median of 0.85, a mean of 0.84,
and a standard deviation of 0.09 (Table 3.11). There is no correlation in ratio in
the proximal zone as demonstrated by the R? value (R% < 0.01) (Figure 3.19B). In

the medial zone, the ratio ranges from 0.08 to 0.90, with a median of 0.31, a

85



mean of 0.40, and a standard deviation of 0.24 (Table 3.11). There is slight
decrease in ratio downstream as the difference in channel width increases, this
is demonstrated by a linear trendline with a moderate negative correlation (R? =
-0.28) (Figure 3.19B). In the distal zone, the ratio ranges from 0.12 to 0.42, with
a median of 0.28, a mean of 0.27, and a standard deviation of 0.08 (Table 3.11).
The ratio shows no correlation in the distal zone as demonstrated by the R? value
(R? < 0.01) (Figure 3.19B).

Upstream of the Caronal avulsion point, the ratio between 2022 channel width
and 1985 channel width ranges from 0.28 to 1.01, with a median of 0.84, a mean
of 0.79, and a standard deviation of 0.15 (Table 3.11). There is a slight decrease
in ratio downstream as demonstrated by a linear trendline with a weak negative
correlation (R% = -0.20) (Figure 3.19C). Downstream of the Caronal avulsion
point, the ratio ranges from 0.08 to 0.46, with a median of 0.27, a mean of 0.27,
and a standard deviation of 0.09 (Table 3.11). The ratio shows no correlation
downstream of the avulsion point as demonstrated by the R? value (R% = 0.04)
(Figure 3.19C).

3.6.1.2 2022 Sinuosity and 1985 Sinuosity

Across the whole system, the ratio between 2022 sinuosity and 1985 sinuosity
ranges from 0.75 to 1.48, with a median of 1.05, a mean of 1.07, and standard
deviation of 0.16 (Table 3.11). Across the system the ratio shows no correlation

downstream, as demonstrated by the R? value (R? = 0.03) (Figure 3.20A).

In the proximal DFS zone, the ratio between 2022 sinuosity and 1985 sinuosity
ranges from 0.75 to 1.40, with a median of 1.04, a mean of 1.06, and a standard
deviation of 0.14 (Table 3.11). The ratio shows no correlation in the proximal
zone, as demonstrated by the R? value (R? < 0.01) (Figure 3.20B). In the medial
zone, the ratio ranges from 0.78 to 1.32, with a median of 1.04, a mean of 1.05,
and a standard deviation of 0.12 (Table 3.11). The ratio continues to show no
correlation, as demonstrated by the R? value (R? = 0.03) (Figure 3.20B). In the
distal zone, the ratio ranges from 0.81 to 1.47, with a median of 1.09, a mean of
1.11, and a standard deviation of 0.19 (Table 3.11). There is a general increase

in ratio in the distal zone as the 2022 channel becomes more sinuous than the
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Figure 3.20. Ratio between 2022 channel sinuosity and 1985 channel sinuosity across the
whole system (A), in proximal, medial, and distal DFS zones (B), and upstream and
downstream of the Caronal avulsion point (C).

1985 channel. This is demonstrated by a more moderate positive correlation in
data (R% = 0.40) (Figure 3.20B).

Upstream of the Caronal avulsion point, the ratio between 2022 sinuosity and

1985 sinuosity ranges from 0.75 to 1.40, with a median of 1.04, a mean of 1.06,
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and a standard deviation of 0.13. The ratio shows no correlation upstream of the
avulsion point (R? < 0.01) (Figure 3.20C). Downstream of the avulsion point the
ratio ranges from 0.78 to 1.48, with a median of 1.05, a mean of 1.09, and a
standard deviation of 0.17. Ratio continues to show no correlation downstream
of the avulsion point, as demonstrated by the R? value (R? = 0.09) (Figure 3.20C).

3.6.1.3 1985 Channel Width and 2022 Channel Belt Width

There is a large positive skew in this data as the 1985 channel becomes larger
than the 2022 channel belt downstream of the Zé da Costa avulsion point in the
distal DFS zone (Figure 3.21A). The 1985 channel was compared to the 2022
channel belt to explore the relationship between a larger pre-avulsion channel
(from 1985) and the channel belt, which generally has a greater width than the
active channel belt width. However, as outlined in methods section 2.3, the
channel belt and the active channel belt are the same width downstream of the
Zé da Costa avulsion point resulting in the channel belt becoming smaller than
the 1985 channel downstream of this point. Due to the lack of evidence of a
larger channel belt existing alongside the currently active channel belt, which is
created by the smaller active channel, the channel belt is mapped to be the
same extent as the active channel belt downstream of the Zé da Costa avulsion

point (Figure 2.3E).

Across the whole system, the ratio between 1985 channel width and 2022
channel belt width ranges from 0.03 to 1.73, with a median of 0.13, a mean of
0.28, and a standard deviation of 0.39 (Table 3.11). The ratio remains relatively
low downstream until the Zé da Costa avulsion point, where there is a sharp
increase in ratio as the difference in size between the channel and the channel
belt reduces and the 1985 channel eventually becomes larger than the 2022
channel belt. The positive skew in the data downstream results in a linear

trendline with a weak positive correlation (R? = 0.29) (Figure 3.21A).

In the proximal DFS zone, the ratio between 1985 channel width and 2022
channel belt width ranges from 0.06 to 0.24, with a median of 0.11, a mean of
0.13, and a standard deviation of 0.04 (Table 3.11). The ratio remains low but
generally increases downstream as demonstrated by a linear trendline with a

moderate positive correlation (R? = 0.47) (Figure 3.21B). In the medial zone, the
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Figure 3.21. Ratio between 1985 channel width and 2022 channel belt width across the
whole system (A) and in proximal, medial, and distal DFS zones (B).

ratio ranges from 0.03 to 0.26, with a median of 0.09, a mean of 0.11, and a
standard deviation of 0.06 (Table 3.11). The ratio also remains low but shows a
steady decrease downstream as demonstrated by a linear trendline with a strong
negative correlation (R? = -0.64) (Figure 3.21B). In the distal zone, the ratio
ranges from 0.07 to 1.73, with a median of 0.40, a mean of 0.62, and a standard
deviation of 0.55 (Table 3.11). As outlined above, the 1985 channel becomes
larger in width than the 2022 channel belt downstream of the Zé da Costa
avulsion point. As such, there is an increase in ratio downstream in the distal
zone demonstrated by a linear trendline with a weak positive correlation (RZ =
0.28) (Figure 3.21B).
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3.6.2 Statistics
3.6.2.1 2022 Channel Width and 1985 Channel Width

2022 channel width and 1985 channel width are compared to understand the
change in channel width on the Taquari DFS since initiation of the Caronal
avulsion (1996 to 1997). As outlined in methods section 2.2, the 1985 channel
represents a channel which existed before the initiation of the avulsion whereas
the 2022 channel represents a channel which is currently experiencing the
avulsion and, as a result, a decrease in discharge downstream as flow is diverted
to the avulsion channel. A Mann-Whitney test was carried out with a null
hypothesis that there is no significant difference in width between both
channels. The p-value is < 0.01 therefore the difference between the medians of
each dataset is statistically significant and the null hypothesis can be rejected.
2022 channel width and 1985 channel width were then compared between
proximal, medial and distal DFS zones, and in DFS reaches upstream and
downstream of the Caronal avulsion point. The p-value is < 0.01 for each DFS
reach compared, indicating that the widths of both channels are statistically

different and there has been a clear change in channel width following the
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Figure 3.22. Comparison between 2022 channel width and 1985 channel width across the
whole system with the p-value. Red dashed-lines delineate proximal, medial, and distal DFS
zones. The location of the Caronal avulsion point and the Zé da Costa avulsion point are
also marked by grey dashed-lines.
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avulsion (Figure 3.22; Table 3.11). This result indicates that there has been a

significant change in channel width on the Taquari DFS between 1985 and 2022.

3.6.2.2 2022 Sinuosity and 1985 Sinuosity

2022 channel sinuosity and 1985 channel sinuosity were compared using a Mann-
Whitney test with a null hypothesis stating that the two datasets belong to the
same population. The p-value is 0.08 which is greater than the 5% confidence
interval (> 0.05), therefore it can be concluded that the two datasets have no
statistically significant differences, and the null hypothesis cannot be rejected.
This indicates that between 1985 and 2022 no significant changes in channel
sinuosity have occurred (Figure 3.23; Table 3.11).
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Figure 3.23. Comparison between 2022 channel sinuosity and 1985 channel sinuosity
across the whole system with the p-value. Red dashed-lines delineate proximal, medial, and
distal DFS zones. The location of the Caronal avulsion point and the Zé da Costa avulsion
point are also marked by grey dashed-lines.

3.6.2.3 1985 Channel Width and 2022 Channel Belt Width

As previously outlined, 1985 channel width and 2022 channel belt width were
compared to understand whether a relationship exists between two variables
which have not been influenced by the Caronal avulsion. A Mann-Whitney test
was carried out with a null hypothesis that there is no significant difference in
width between the 1985 channel and the 2022 channel belt. The p-value is <
0.01 therefore the relationship between these variables is statistically significant

and the null hypothesis can be rejected. 1985 channel width and 2022 channel
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belt width were then compared between proximal, medial and distal DFS zones.
In the proximal and medial DFS zones the p-value is < 0.01, indicating a
statistically significant relationship as 1985 channel width decreases downstream
along with 2022 channel belt width. However, in the distal zone, the p-value is
0.17 as the 1985 channel width becomes larger than the 2022 channel belt
width, as previously outlined. There is no statistically significant relationship in
the distal zone as the 1985 channel cannot be compared to the 2022 channel
belt in this locality (Figure 3.24; Table 3.11).
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Figure 3.24. Comparison between 1985 channel width and 2022 channel belt width across
the whole system with the p-value. Red dashed-lines delineate proximal, medial, and distal
DFS zones. The location of the Caronal avulsion point and the Zé da Costa avulsion point
are also marked by grey dashed-lines.

3.6.3 Summary of the Comparison Between the 1985 Taquari DFS
and 2022 Taquari DFS: Ratios and Statistics

The ratio between 2022 channel width and 1985 channel width decreases
steadily downstream across the whole system (R% = -0.65; Figure 3.19A, Table
3.11) with no correlation in ratio in proximal and distal zones (R? < 0.01 for each
DFS zone (Figure 3.19B, Table 3.11)). The medial zone has a slight decrease in
ratio downstream (R? = -0.28). The ratio is lowest in the medial zone (0.08;
Table 3.11), followed closely by the distal zone (0.12). The highest ratio is in the
proximal zone (1.01) where the 2022 channel width is slightly larger than the
1985 channel width. Upstream of the Caronal avulsion point, there is a slight
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decrease in ratio downstream (R? = -0.20; Figure 3.19C, Table 3.11) and
downstream of the avulsion point there is no correlation in data (R? = 0.04).
There is a statistically significant relationship between 2022 channel width and
1985 channel width across the whole system, including each DFS zone, and
upstream and downstream reaches of the Caronal avulsion point (p < 0.01;
Figure 3.22; Table 3.11).

Table 3.11. Ratios and statistics data for the 2022 DFS and 1985 DFS comparison where
2022 channel width is compared to 1985 channel width; 2022 sinuosity is compared to 1985
sinuosity; and 1985 channel width is compared to 2022 channel belt width. Variables are
compared across the whole system, in proximal, medial, and distal DFS zones, and
upstream and downstream reaches of the Caronal avulsion point.

Max Min Median Mean SD R’ Ma}nn-
Whitney
2022 Channel Width/
1985 Channel Width 1.01 0.08 038 051 0.29 06538 p<0.01
Ratio
Proximal Ratio 1.01 0.66 0.85 0.84 0.09 00019  p<0.01
Medial Ratio 0.90 0.08 031 0.40 0.24 02755  p<0.01
Distal Ratio 0.42 0.12 028 027 0.08 00017  p<0.01
Ratio Upstream of 1.01 028 0.84 0.79 0.15 202019 p<0.01
Awulsion Point
Ratio Dovmstream of 0.46 0.08 027 027 0.09 00423  p<0.0l
Awulsion Point
2022 Sinuosity/ 1985 1.48 0.75 1.05 1.07 0.16 00327  p=008
Sinuosity Ratio
Proximal Ratio 1.40 0.75 1.04 1.06 0.14 00051  p=047
Medial Ratio 132 0.78 1.04 1.05 0.12 00210  p=039
Distal Ratio 1.48 0.81 1.09 111 0.19 03956 p=0.07
Ratio Upstream of 1.40 0.75 1.04 1.06 0.13 00016  p=042
Awulsion Point
Ratio Dovmstream of 1.48 0.78 1.05 1.09 0.17 00854  p=004
Awulsion Point
1985 Channel Width/
2022 Channel Belt 1.73 0.03 0.13 0.28 039 02917  p<0.01
Width Ratio
Proximal Ratio 0.24 0.06 0.11 0.13 0.04 04718  p<0.01
Medial Ratio 0.26 0.03 0.09 0.11 0.06 20.6374  p<0.0l
Distal Ratio 1.73 0.07 0.40 0.62 0.55 02833  p=0.11

The ratio between 2022 sinuosity and 1985 sinuosity shows no correlation
downstream (RZ = 0.03; Figure 3.20A, Table 3.11) and in proximal and medial
DFS zones (R < 0.01 and 0.03, respectively (Figure 3.20B, Table 3.11). In the
distal zone there is a general increase in ratio (R? = 0.40) as the 2022 channel
becomes more sinuous than the 1985 channel downstream. Although the ratio is
lowest in the proximal zone (0.75; Table 3.11), these channels still have a very
similar sinuosity. The ratio is highest in the distal zone (1.48) where the 2022
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channel is much more sinuous than the 1985 channel. In both upstream and
downstream reaches of the Caronal avulsion point, the ratio between 2022
sinuosity and 1985 sinuosity shows no correlation (R2 < 0.01 and 0.09,
respectively (Figure 3.20C, Table 3.11). There is no statistically significant
relationship present across the whole system (p = 0.08; Figure 3.23, Table 3.11),
in proximal, medial, and distal DFS zones (p = 0.47, 0.39, and 0.07,
respectively), or upstream of the Caronal avulsion point (p = 0.42). However,
downstream of the avulsion point, there is a slightly more statistically significant
relationship (p = 0.04) as this is where there is the largest difference observed

between sinuosity values.

The ratio between 1985 channel width and 2022 channel belt width is slightly
positively skewed and shows a slight increase downstream (R? = 0.29; Figure
3.21A, Table 3.11). In the proximal zone, the ratio remains low but shows a
general increase downstream (R? = 0.47; Figure 3.21B, Table 3.11). In the medial
zone the ratio also remains low but steadily decreases downstream (R? = -0.64).
In the distal zone, where a slight positive skew in data exists as the 1985 channel
width becomes larger than the 2022 channel belt width downstream of the Zé da
Costa avulsion point, there is a weak increase in ratio downstream (R? = 0.28).
The ratio is lowest in the medial zone (0.03; Table 3.11) and highest in the distal
zone (1.73) where the 1985 channel width is significantly larger than the 2022
channel belt width. A statistically significant relationship is present between
1985 channel width and 2022 channel belt across the whole system, and in
proximal and medial DFS zones (p < 0.01; Figure 3.24, Table 3.11). However, in
the distal zone there is no statistically significant relationship (p = 0.11) as these

variables cannot be compared downstream of the Zé da Costa avulsion point.

3.7 Additional Statistical Analyses

Additional statistical tests were carried out between variables which were
hypothesised to have significant relationships such as 2022 channel sinuosity and
active channel belt width; 1985 channel sinuosity and channel belt width; 2022
sinuosity and active meander deposit area; and 1985 sinuosity and abandoned
meander deposit area. Due to the difference in dataset size between certain
variables (i.e., larger dataset for meander deposit dimensions than channel
width), each variable could not be compared to each other to create an overall
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p-value heatmap showing every relationship between variables. Therefore, these

four comparisons were done instead.

3.7.1 Sinuosity and Channel Belt Width

Sinuosity was compared to channel belt width to understand whether a
relationship existed between the sinuosity of the channel and the channel belt
width. 2022 channel sinuosity was firstly compared to 2022 active channel belt
width then 1985 channel sinuosity was compared to 2022 channel belt width. A
Mann-Whitney test was carried out for each comparison with a null hypothesis
that there is no relationship between variables. For 2022 channel sinuosity and
2022 active channel belt width, the p-value < 0.01 (Table 3.12) therefore the
relationship is statistically significant, and the null hypothesis can be rejected.
For 1985 channel sinuosity and 2022 channel belt width, the p-value < 0.01
(Table 3.12) therefore the relationship is statistically significant, and the null
hypothesis can be rejected. These results indicate that where sinuosity is higher,

channel belt width is also larger.

3.7.2 Sinuosity and Meander Deposit Area

Sinuosity was compared to active and abandoned meander deposit area to
understand whether a relationship existed between the size of meander deposits
and the sinuosity of the channel. 2022 channel sinuosity was firstly compared to
active meander deposit area then 1985 channel sinuosity was compared to
abandoned meander deposit area. A Mann-Whitney test was carried out with a
null hypothesis that there is no relationship between these variables. For both
tests carried out, the p-value < 0.01 (Table 3.12) therefore the relationship is
statistically significant, and the null hypothesis can be rejected. This result
shows that in areas of higher sinuosity, both active and abandoned meander

deposits are larger in size (area).

3.7.3 Summary of Additional Statistical Analyses

Several statistically significant relationships were identified through additional
statistical analyses of data collected on the 1985 and 2022 DFSs. Firstly, a
statistically significant relationship was identified between 2022 channel
sinuosity and 2022 active channel belt width and between 1985 channel sinuosity
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and 2022 channel belt width. These relationships show that the channel belt
width is larger where the sinuosity of the channel is higher. Secondly, a
statistically significant relationship was identified between 2022 channel
sinuosity and active meander deposit area and between 1985 channel sinuosity
and abandoned meander deposit area. These relationships show that where the
sinuosity of the channel is higher, larger active and abandoned meander deposits

are present.

Table 3.12. Mann-Whitney data for the comparison of: 2022 Sinuosity and Active Channel
Belt Width, 1985 Sinuosity and Channel Belt Width, 2022 Sinuosity and Active Meander
Deposit Area, and 1985 Sinuosity and Abandoned Meander Deposit Area.

2022 Sinuosity / 1985 Sinuosity / 2022 Sinuosity / o0 Sinuosity/

Active Channel Channel Belt Active Meander MeiE;:f;Zei it
Belt Width Width Deposit Area P
Area
Mann-Whitney p<0.01 p<0.01 p<0.01 p<0.01
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4 Discussion

This chapter will discuss the causes and implications of the results recorded in
the previous chapter. Initially, the system scale trends associated with the river
channel for the 1985 and 2022 systems will be outlined to understand general
trends across the whole system. Then for the 2022 system, the changes in fluvial
character upstream and downstream of the Caronal avulsion are discussed.
Following this, there will be a particular focus on the spatial variability in fluvial
characteristics within the modern Taquari DFS (2022) to understand relationships
between variables in each DFS zone (proximal, medial, and distal). Thereafter,
the temporal change in meander characteristics on the Taquari DFS between
1985 (pre-Caronal avulsion) and 2022 (during Caronal avulsion) are explored to
understand the impact of the Caronal avulsion on the DFS. Finally, the

implications of these results are considered.

All variables measured using the 1985 imagery are representative of the pre-
avulsion system, however, some variables measured on the 2022 system are also
interpreted to be representative of the pre-avulsion system (Table 4.1). These
include channel belt width, hereafter referred to as pre-avulsion channel belt
width, and abandoned meander deposit dimensions. Table 4.1 summarises each
variable measured across 1985 and 2022 imagery outlining whether each variable
is representative of the active or pre-avulsion system. As previously outlined in
the methods section, 2.3, two separate channel belts were identified in satellite
imagery: one representing the migration of the active channel (active channel
belt); and the other representing the migration of the pre-avulsion channel (pre-
avulsion channel belt). The differentiation between these two channel belts was
aided by the presence of active and abandoned meander deposits found within
each channel belt, respectively. Interpretations and characteristics of the active

and pre-avulsion systems are outlined further below.

4.1 Interpretation of Results: System Scale

Distributive Fluvial Systems (DFS) are understood to distribute material in a
radial manner due to their unconfined nature and frequent avulsion processes
that occur on the DFS surface (Bull, 1968; Nichols and Fisher, 2007; Hartley et

al., 2010). Common DFS characteristics associated with this radial dispersion of
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flow include downstream channel bifurcations; a reduction in channel size;
channel presence; grain size; and discharge downstream (as a result of
infiltration, evaporation, and bifurcation of channels) (Weissmann et al., 2010;
Davidson et al., 2013; Weissmann et al., 2015; Owen et al., 2015; Martin et al.,
2021); and an increase in floodplain presence (Weissmann et al., 2010; Hartley
et al., 2010). The DFS trends observed in the pre-avulsion and active systems are

outlined below.

Table 4.1. Summary table of each variable measured across 1985 and 2022 satellite imagery
including: a brief summary of how the data was collected, the general downstream trends
(or overall gradient), and whether the variable represents the active or pre-avulsion system.

Year of Satellite 0 WREVal Representative of
Variable Imagery Used for Brief Description of Variable verz di atue Active or Pre-
Measurements orGradien avulsion System
. Elevation and slope gradient data S
Elevat(':: de:::tSlope 2022 extracted from a DTM from 2022 Oeggg;esn;]_/% Active
using the 2022 channel centreline ’
202? Cha.nnel 2022 Extracted. centreline from the 2022 R2=.0.12 Active
Sinuosity active channel polygon
1985 Channel Extracted centreline from the 1985 5 .
. . 1985 . R"=-0.22 Pre-avulsion
Sinuosity active channel polygon
Mapped polygon of the active
2022 Channel Width 2022 Ppec polyg . R%=-0.76 Active
channelin 2022
Mapped polygon of the active
1985 Channel Width 1985 channelin 1985 (pre-Caronal R*=-0.77 Pre-avulsion
avulsio)
Active Channel Belt Mapped polygon representing the 2 .
Width 2022 channel belt of the active channel R°=-0.76 Active
Channel Belt Width Mapped polygon representing the
(Pre-avulsion 2022 channel belt of the pre-avulsion R%=-0.48 Pre-avulsion
Channel Belt Width) channel
Active Meander Mappgd polygons or mean(.jer , ‘
. 2022 deposits formed by the active R"=-0.5 Active
Deposit Area
channel
Mapped polygons of meander
deposits formed by the pre-avulsion
Abandonefj Meander 2022 channeland deposns' which are R2=-0.13 Pre-avulsion
Deposit Area unattached to the active channel
upstream of the Caronal avulsion
point
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4.1.1 1985 DFS (Pre-avulsion)

In the 1985 system, only active channel width (mapped using Landsat5 imagery
from 1985) and sinuosity (extracted centreline from the 1985 channel polygon)
are measured due to the limited resolution of the Landsat5 imagery. The 1985
active channel shows recognisable DFS characteristics downstream, such as a
steady decrease in channel width (RZ = -0.76; Figure 3.2A, Table 3.1). Channel
width is expected to decrease downstream within a DFS as the flow disperses
across a sedimentary basin due to bifurcation of the channel occurring
downstream and avulsion (Weissmann et al., 2010; Davidson et al., 2013;
Weissmann et al., 2015; Owen et al., 2015; Martin et al., 2021). There are weak
trends in sinuosity across the 1985 channel with only a slight decrease in
sinuosity downstream (R? = -0.22; Figure 3.3A, Table 3.2). This variability in
sinuosity was found to be common in sinuous DFS, as noted by Davidson et al.
(2013) and highlighted further below.

Schumm (1963) identified that a degree of variability in the sinuosity of a
channel can exist in any channel experiencing meander cut-offs (Figure 2.6) or
the development of new bends along the river. Davidson et al. (2013) identified
that within a DFS, sinuosity can become more variable downstream due to an
increase in channel bifurcations or when various anabranches develop along a
channel. Sinuosity is understood to be higher where sediment load increases
(i.e., due to the increased migration of point bars (Ahmed et al., 2019)). This
relationship will be explored further in regards to DFS zone trends in section
4.2.1. It is also understood that meandering rivers (i.e., sinuous rivers) develop
on lower gradient slopes, than braided systems, for example (Leopold and
Wolman, 1957; Hartley et al., 2010), which will also be discussed further in

section 4.2.1.

4.1.2 2022 DFS (Active)

The modern Taquari DFS is experiencing a large avulsion ~100 km down-DFS from
the apex known as the Caronal avulsion (initiation between August 1996 to March
1997 (Assine, 2005; Buehler et al., 2011)). The parent channel of the avulsion
(2022 active channel) is experiencing a significant decrease in discharge as flow

is almost entirely diverted to the newly avulsed channel. This significant

99



reduction in discharge and sediment supply downstream of the avulsion point has
significantly influenced the dimensions of the active system variables on the
Taquari DFS such as active channel width, active channel belt width, and active
meander deposit dimensions, as will be detailed further below. Although
variables such as pre-avulsion channel belt width, abandoned meander deposit
dimensions, and sinuosity are not influenced by the Caronal avulsion, these
features are all present within the 2022 system (as seen in satellite imagery
from 2022) and give insights into the influences on meander characteristics

downstream (Table 4.1).

41.21 2022 DFS: Gradient

In the 2022 system, the channel elevation decreases steadily downstream with a
low gradient of -0.00025 m/m (Figure 3.4, Table 3.3) which is typical for a large
DFS such as the Taquari. Hartley et al. (2010) identified a relationship between
the length of the DFS and the gradient, for example, a DFS with a length > 100
km typically has a gradient < 0.005 m/m with larger DFS typically having much
lower gradients. The Taquari DFS has an apex to toe length of ~250 km, which is
considered to be a large DFS (megafan), thus the very low overall gradient of -
0.00025 m/m can be explained by this relationship. Assine (2005) found a very
similar decrease in elevation along the DFS from apex to toe (190 m to 85 m) to
that found in this study (-187 m to 85 m). However, a slightly steeper gradient
was observed by both Assine and Porsani et al. (2005) (-0.00036 m/m) than in
this study (-0.00025 m/m). It is not understood whether this represents a change
in gradient along the active channel as it is unclear where Assine and Porsani
(2005) have measured this gradient from, or if it is due to data source

differences.

In addition, this study observed a change in gradient on the DFS between the
zone upstream of the Caronal avulsion point (-0.00028 m/m; Table 3.3) and
downstream of the avulsion point (-0.00022 m/m). Upstream of the avulsion
point, the active channel is incised into the DFS surface causing confinement of
the active channel belt; this incision is interpreted to be the result of a drop in
base level (Assine 2005; Buehler et al., 2011). The Caronal avulsion point marks
the boundary between the confined portion of the DFS (upstream) and the

unconfined portion of the DFS (downstream) (Figure 1.7). The point at which
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there is a change from the confined to unconfined setting on the Taquari DFS is
referred to as the ‘intersection point’ (Assine, 2005; Porsani, 2005; Weissmann
et al., 2010; and Buehler et al., 2011). Upstream of the intersection point, in
the confined DFS reach, deposition on the DFS is limited by the confined active
channel belt. Downstream of the intersection point, where flow is unconfined,
channel migration is no longer restricted and frequent avulsion processes are
able to build DFS stratigraphy (Assine, 2005; Buehler et al., 2011). Where the
channel is confined, it has a steeper gradient as the river tries to reach its new
equilibrium profile through incision into the DFS surface. However, where the
channel becomes unconfined, avulsion processes are able to spread the sediment
load further across the DFS surface therefore showing a slightly lower gradient

downstream of the avulsion point.

41.2.2 2022 DFS: Active Channel Width

The 2022 active channel width decreases downstream (RZ = -0.76; Figure 3.5A,
Table 3.4) as is hypothesised to occur on a DFS (e.g., Weissmann et al. 2010).
However, there is a significant decrease in the 2022 channel width downstream
of the Caronal avulsion point as a result of the diversion of flow from the parent
channel to the new Caronal avulsion channel (Figure 2.1). It is surprising that the
2022 channel has the same R? value as the 1985 channel (R? = -0.76; Figure 3.2,
Table 3.1) considering the significant decrease in width experienced in the 2022
channel. However, this further highlights how a DFS can still experience a
decrease in channel width downstream as a result of different conditions (i.e.,
while experiencing an avulsion). It is also important to note that meandering
rivers can experience variability in width due to different localised factors (i.e.,
erosion and deposition of channel banks with different cohesive properties)
(Hooke, 2023). For example, a channel bank may be stabilised due to vegetation
and by consequence may experience less erosion than a less cohesive bank that
is more vulnerable to erosion processes. It is therefore more likely to experience

a change in channel width due to this (Hooke, 2023).

Buehler et al. (2011) studied the evolution of the Caronal avulsion on the
Taquari DFS using satellite imagery and observed a clear decrease in channel
width in the parent channel as discharge and sediment was diverted from the

parent channel to the newly avulsed channel. Buehler et al. (2011) observed
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that the average width of the parent channel downstream of the avulsion point
decreased from 168 m in 1988 (pre-avulsion) to 88 m in 2008 (around 11 years
after the initiation of the Caronal avulsion). This study recognises a further
decrease in the mean width of the parent channel (active channel) downstream
of the avulsion point to ~34 m in 2022 (around 25 years after the initiation of the
avulsion) (Table 3.4). If flow continues to be diverted to the new avulsion
channel then channel width will continue to decrease downstream in the parent
channel. This may have further implications on the active channel belt width

and meander deposit dimensions, as will be explored further in this chapter.

Despite the clear overall decrease in active channel width downstream, when
the active channel is split upstream and downstream of the Caronal avulsion
point there is a much weaker correlation in channel width in both upstream and
downstream reaches of the channel. Upstream of the Caronal avulsion point,
active channel width has a degree of variability (SD = 47.94 m; Table 3.4) and
shows a very slight decrease in width downstream (R? = -0.14; Figure 3.5C, Table
3.4). Channel width would be expected to decrease downstream on a DFS as a
result of infiltration, evaporation and channel bifurcations which distribute flow
and sediment across a DFS. However, due to the confinement of the channel belt
upstream of the avulsion point, bifurcation and sediment distribution processes
cannot occur the same way they do when unconfined. This results in the
retention of high volumes of discharge and sediment within the channel belt and
may contribute to the variability in channel width as channel morphology

changes frequently as a result of the constant sediment load.

Where the channel becomes unconfined downstream of the avulsion point, a
much steadier decrease in channel width would be expected as typical DFS
distribution patterns resume, however, there is still only a general decrease in
active channel width downstream with some variability (R? = -0.30; Figure 3.5C,
Table 3.4). This suggests that there are further fluctuations in channel width
downstream, however, the low standard deviation (13.18 m; Table 3.4) suggests
that the width of the active channel does not vary widely. It is unknown why
there is no clear decrease in channel width downstream of the avulsion point,
however, trends in channel width will be explored further in section 4.2.1.2

where active channel width is observed for each DFS zone.
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41.2.3 2022 DFS: Active Channel Belt Width

A decrease in 2022 active channel belt width is observed (R? = -0.77; Figure
3.6A, Table 3.5) with a similar significant decrease in width downstream of the
Caronal avulsion point to the 2022 active channel. It is clear that the avulsion
has diverted flow from the active channel resulting in a reduction in the channel
size and power, therefore as the migration rate of the channel decreases, so too
does active channel belt width. Observations of satellite imagery show that
active meander deposits are created over a smaller area downstream within the
active channel belt reflecting the decrease in discharge, sediment supply, and,

in turn, stream power.

Despite the degree of variability in active channel width upstream of the
avulsion point, active channel belt width generally decreases downstream in this
reach of the DFS (R? = -0.54; Figure 3.6C, Table 3.5). Although channel belt
width is expected to decrease on a DFS, this is understood to be associated with
a decrease in channel width and therefore migration rate downstream which
would reduce the size of the channel belt. Since this is not the case however,
further analysis of satellite imagery was conducted to understand whether there

was an additional control on active channel belt width.

It was observed on satellite imagery that the sinuosity of the active channel
decreases slightly towards the Caronal avulsion point resulting in a straighter
section of channel in this location. This was backed using the data collected in
this study which shows a decrease in sinuosity downstream towards the avulsion
point. This slight decrease in sinuosity then results in a decrease in the migration

of the channel and smaller channel belt downstream.

In addition, the agricultural activity which is primarily restricted to the terraces
above the confined active channel belt, often cultivates land very close to the
active channel. This results in some parts of the mapped active channel belt
polygon being straighter to reflect the boundary between the channel belt and
the cultivated land (Figure 2.3B). Most of the confined active channel belt
extent remains undisturbed by this agricultural activity, however, it is clear that

in some portions of the active channel belt that the boundary between the
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confined channel belt and the terraces above the channel belt is hidden by

farmland which overlaps with both areas (Figure 2.3B).

Despite the observed downstream trends in active channel belt width upstream
of the Caronal avulsion point, downstream of the avulsion point there is a less
obvious downstream decrease in active channel belt width (R? = -0.26; Figure
3.6C, Table 3.5). As outlined in 4.1.2.2, the active channel width remains fairly
consistent downstream of the avulsion point without any obvious downstream
trends. As there is no significant decrease in active width downstream then
there is no clear decrease in the migration rate of the channel which is reflected

in the active channel belt width.

41.2.4 2022 DFS: Pre-avulsion Channel Belt Width

From satellite imagery analysis, it is clear that a separate channel belt exists
downstream of the Caronal avulsion point which is the product of a much bigger
river with a much higher discharge and a greater migration rate (Figure 2.3). It is
worth noting again (as initially outlined in methods section 2.3), that the active
channel belt and pre-avulsion channel belt are the same width upstream of the
Caronal avulsion point and downstream of the Zé da Costa avulsion point (Figure
2.3; Figure 3.18). The pre-avulsion channel belt was seen to be a misfit with
regards to the modern active channel and active channel belt system
downstream of the avulsion point, with little recent fluvial activity being
observed. This prompted the interpretation of this channel belt as belonging to a
channel that was present pre-avulsion. It is clear that the pre-avulsion channel
belt has not been influenced by the change in discharge in the 2022 active
channel as a result of the Caronal avulsion, this reveals that this is a clear
product of a higher discharge river that existed on the DFS (pre-avulsion

channel) previously.

A statistically significant relationship was found between pre-avulsion channel
belt width and 1985 channel width (which is a pre-avulsion channel) as p < 0.01
(Figure 3.24; Table 3.11). This shows that where there is a decrease in 1985
channel width then the pre-avulsion channel belt width also decreases
downstream. This would suggest that as the migration rate of the 1985 channel

reduces, it creates a smaller pre-avulsion channel belt. The 1985 active channel
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is much larger than the 2022 active channel as it did not experience an avulsion,
therefore it is a good example of a pre-avulsion channel which would have had
the migration capacity to create a larger channel belt. It is worth noting
however, that the pre-avulsion channel may have experienced changes in flow
regime over long time periods (i.e., in response to larger climatic changes or
hydrological events) which may have impacted the migration capacity of the
pre-avulsion channel. For example, in the Powder River (USA), an extreme flood
in 1923 reduced the migration rate of the channel in the two decades following
the event (Schook et al., 2017; Hooke, 2023). Similarly, a 1978 flood in the
Powder River reduced the peak annual flows by 48% and contributed to a
reduction in channel width by 53% between the years of 1939 to 2013 (Schook et
al., 2017; Hooke, 2023). This is why it is important to note that the 1985 channel
shows fluvial characteristics from one point in time and that the pre-avulsion
channel belt that is present in the 2022 system may have been created by many

previous versions of the river (i.e., with different discharge).

Evidence of the frequent migration of this larger pre-avulsion channel is
observed through the vast preservation of abandoned meander deposits within
the pre-avulsion channel belt (Figure 2.4). Due to the frequent migration of the
pre-avulsion channel over a larger unconfined area, preservation potential is
increased thus showing the extent of the pre-avulsion channel belt. It is
important to note that the preserved abandoned deposits within the pre-avulsion
channel belt are the deposits of a system that could be influenced by much
longer time scale controls (i.e., temporal changes in hydrological conditions as

mentioned in the previous paragraph).

Although the pre-avulsion channel belt would be expected to decrease steadily
downstream as pre-avulsion channel width and migration rate decrease
downstream, there is only a general decrease in channel belt width observed
downstream across the whole system (R? = -0.48; Figure 3.7A, Table 3.6). This
may be the result of the change from the confined to unconfined portion of the
DFS as there is a general decrease in pre-avulsion channel belt width upstream
of the avulsion point then a very slight increase in pre-avulsion channel belt
width downstream of the avulsion point before there is a further decrease in
channel belt width downstream. The decrease in pre-avulsion channel belt width

upstream of the avulsion point (where the pre-avulsion channel belt is the same
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width as the active channel belt) has been previously outlined in section 4.1.2.3.
Downstream of the avulsion point, the pre-avulsion channel belt experiences a
slight increase in width due to the channel becoming unconfined and free to
migrate across the DFS surface. Then, downstream of this point, there is a clear
decrease in pre-avulsion channel belt width (R? = -0.77; Figure 3.7C, Table 3.6)
which is likely due to the decrease in discharge and migration rate of the pre-
avulsion channel, in line with processes that operate on DFS. Downstream trends
in pre-avulsion channel belt width are explored further in section 4.2.1.4 where

the trends in each DFS zone are discussed.

41.2.5 2022 DFS: Sinuosity

Sinuosity shows very weak downstream trends in the 2022 channel, which is
common in DFS (Davidson et al., 2013), as a very slight decrease in sinuosity is
observed downstream (RZ = -0.12; Figure 3.8, Table 3.7). The sinuosity of a
channel can change frequently as meander cut-offs straighten sections of the
river which then begin to re-meander over time, for example (Schumm, 1963;
Hooke, 2023). However, the 2022 active channel experienced a significant
decrease in discharge and sediment supply following the initiation of the Caronal
avulsion, which reduces the migration capacity of the active channel. This
should result in very little change in sinuosity over time as active migration is
reduced. This is apparent when the overall sinuosity of the 1985 channel (1.55;
Table 3.2) is compared to overall sinuosity of the 2022 channel (1.56; Table 3.7)
and very little change in sinuosity is observed (Figure 3.23). This temporal

change is explored further in section 4.3.2.

The sinuosity of the 2022 channel upstream of the Caronal avulsion point shows a
slight downstream decrease in sinuosity (R% = -0.19; Figure 3.8, Table 3.7) which
may reflect an increase in meander cutoffs towards the Caronal avulsion point
where the channel is observed to be straighter in satellite imagery. Downstream
of the avulsion point, sinuosity shows no correlation (R? = -0.08) which also
reflects the typical lack of downstream trends in sinuosity observed where
meander cutoffs occur and the channel re-meanders over time. Buehler et al.
(2011) found that the sinuosity of the active channel in 2008 did not change
following the Caronal avulsion, remaining 1.28 for the overall channel reach

downstream of the avulsion point. Similarly, this study found that there has not
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been a large increase in sinuosity in the active channel in 2022 as the sinuosity
increased to 1.39 (Table 3.7).

41.2.6 2022 DFS: Active Meander Deposit Dimensions

There is a general decrease in active meander deposit area (R? = -0.5; Figure
3.9; Table 3.8), deposit length (R? = -0.56; Figure 3.10; Table 3.8), and deposit
width (R? = -0.57; Figure 3.11; Table 3.8) downstream in the 2022 system which
this study hypothesised would occur due to the decrease in fluvial channel
dimensions typical to a DFS. A significant decrease in active meander deposit
dimensions is also observed in response to the decrease in discharge, and
therefore sediment supply, downstream of the Caronal avulsion point. Davidson
et al. (2013) observed a similar downstream decrease in active point bar
dimensions on a sinuous DFS in Uzbekistan (Amudar’ya DFS), representing a
decrease in lateral channel migration downstream. As the channel width
decreased downstream, the point bar dimensions also decreased downstream
(Davidson et al., 2013).

Ahmed et al. (2019) found that the growth of point bar deposits has a direct
influence on channel sinuosity as an increase in sediment supply in a channel
increases the growth rate of point bar deposits and therefore increases the
sinuosity of a channel as point bars grow through channel migration. The
relationship between changes in sinuosity and the size of active meander
deposits downstream is explored further in section 4.2.1. This study found a
statistically significant relationship between active meander deposit area and
2022 active channel sinuosity (p < 0.01; Table 3.12) showing that the sinuosity is
directly influenced by the size of the meander deposit on the inside bend of the
meander. This shows that as channel migration occurs (processes driven by
erosion and deposition) that the resulting growth of deposits then increases the

channel sinuosity.

There is a very clear decrease in active meander deposit dimensions between
DFS reaches upstream and downstream of the Caronal avulsion point with
significantly larger deposits observed upstream, as compared to downstream of
the avulsion point (Figure 3.9, Table 3.8). Upstream of the avulsion point active

meander deposits are largest, due to the high discharge and sediment supply
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downstream of the DFS apex. These deposits also show no correlation in deposit
area, length, and width downstream (R = 0.01, 0.04, and < 0.01, respectively
(Figure 3.9; Figure 3.10; Figure 3.11; Table 3.8)) as deposits preserved within

the confined active channel belt experience frequent reworking.

Downstream of the avulsion point however, there is a clear decrease in active
meander deposit dimensions as discharge and sediment supply decrease
downstream on the DFS (R? = -0.58 for area, -0.47 for length, and -0.61 for width
(Figure 3.9; Figure 3.10; Figure 3.11; Table 3.8)). This clear decrease in
dimensions downstream shows the impact of decreasing discharge downstream
on a DFS as the flow has a lower sediment transport capacity downstream and
therefore deposits smaller point bars. Upstream of the Caronal avulsion point
mean area of the active meander deposits is 0.84 km? whereas downstream of
the avulsion point mean area is 0.014 km? (Table 3.8). This is due to the
decrease in sediment deposition downstream which results in a reduction in

point bar growth.

41.2.7 2022 DFS: Abandoned Meander Deposit Dimensions

There is a clear difference between active meander deposits and abandoned
meander deposits in the 2022 system, as the abandoned meander deposits have
no significant downstream trends in area, length, or width. Abandoned meander
deposit area and length have a slight downstream decrease in dimensions (R? = -
0.13 and -0.21, respectively (Figure 3.12; Figure 3.13; Table 3.9)) and meander
deposit width shows no correlation downstream (R% = 0.01; Figure 3.14; Table
3.9). Similar to the pre-avulsion channel belt, the abandoned meander deposits
have not been influenced by the downstream decrease in discharge in the active
channel as a result of the Caronal avulsion, as the abandoned deposits are
unattached to the 2022 active channel. Therefore there is no significant
decrease in abandoned meander deposit dimensions downstream of the avulsion

point.

As the abandoned meander deposits do not represent a specific point in time
like the active meander deposits do; they are representative of deposits which
were formed before the initiation of the Caronal avulsion when the channel had

a much higher discharge and sediment supply downstream. Larger abandoned
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meander deposits are seen to be preserved within the pre-avulsion channel belt
as the larger pre-avulsion channel had the capacity to migrate further across the
DFS surface and thus occupy the same area less frequently. This resulted in less

reworking of deposits and an increase in preservation potential.

4.1.3 Summary of the 2022 DFS: System Scale

System scale trends within the 2022 Taquari DFS include:

e A decrease in elevation and slope gradient downstream similar to what
would be expected on a DFS the size of the Taquari. A slight decrease in
gradient is observed downstream of the Caronal avulsion point where the
channel is no longer incised/ confined and is able to migrate further
across the DFS surface and distribute sediment through increasingly

frequent avulsion processes (Figure 3.4).

e A decrease in active channel width downstream, which is expected on a
DFS, and a significant decrease in channel width downstream of the
Caronal avulsion point as flow is diverted into the new avulsion channel
(Figure 3.5).

e A decrease in active channel belt width as active channel width
decreases, and a significant decrease in active channel belt width
downstream of the Caronal avulsion point as the active channel loses

discharge and migration capacity reduces (Figure 3.6).

e A general decrease in pre-avulsion channel belt width and a significant
difference in size between the active channel belt and the pre-avulsion
channel belt (Figure 3.7; Figure 3.18). The pre-avulsion channel belt was
clearly formed by a much larger pre-avulsion channel with a much higher
discharge and migration capacity and therefore is significantly larger in

size than the active channel belt.

e A decrease in the dimensions of active meander deposits downstream,
with a significant decrease in dimensions downstream of the Caronal

avulsion point where the migration and deposition of the active channel
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is reduced (Figure 3.9). There is a clear difference between the active
and abandoned meander deposit dimensions as they are associated with
the active system (experiencing the avulsion) and the pre-avulsion system

(where channel dimensions were much larger), respectively.

A lack of overall downstream trends for the abandoned meander deposits
as they are associated with the migration history of a pre-avulsion
channel where discharge and sediment supply in the channel were much
higher (Figure 3.12). This allowed for the deposition and increased
preservation of abandoned meander deposits over a large area on the DFS
surface. The lack of downstream trends also confirms that the abandoned
meander deposits are not influenced by the Caronal avulsion, as they
show no significant change in size downstream of the avulsion point and

have clearly been deposited before the avulsion occurred.

No correlation in the sinuosity of the 2022 active channel downstream,
which is expected on a DFS as: meander cut-offs, channel bifurcations,
and anabranches occur downstream (Figure 3.8). Sinuosity is higher in
areas where larger active meander deposits are present, as channel
migration controls the growth of meander deposits (which are larger

where discharge and sediment supply is higher).

A clear difference between DFS reaches upstream and downstream of the
Caronal avulsion point as the largest dimensions in active variables (active
channel width, active channel belt width, and active meander deposit
dimensions) are found where discharge and sediment supply is highest on

the system (upstream of the avulsion point).

No correlation downstream in active channel width and active meander
deposit dimensions upstream of the avulsion point due to the high
discharge and sediment supply causing frequent channel migration and

reworking of deposits (Figure 3.5C; Figure 3.9C).

A general decrease in active channel belt width upstream of the avulsion
point due to a slight decrease in sinuosity downstream which brings the

active channel belt closer to the active channel (Figure 3.6C).
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e Asignificant decrease in the dimensions of the active variables (active
channel width, active channel belt width, and active meander deposit
dimensions) downstream of the avulsion point, as discharge and sediment
supply decrease significantly as a result of flow being almost entirely

diverted to the newly avulsed channel.

¢ No influence from the Caronal avulsion point on the pre-avulsion variables
(pre-avulsion channel belt width and abandoned meander deposit
dimensions) downstream of the avulsion point (Figure 3.7; Figure 3.12).
The dimensions of these variables are much larger than the active
variables and are not influenced by the decrease in discharge and

sediment supply downstream of the avulsion point.

e A clear downstream decrease in pre-avulsion channel belt width
downstream of the avulsion point which may be associated with the

decrease in migration capacity of the pre-avulsion channel.

¢ No influence of the Caronal avulsion on sinuosity, either upstream or

downstream of the avulsion point.

4.2 Spatial Variability Patterns in Fluvial Characteristics
in the Modern Taquari DFS

4.2.1 DFS Zone Trends

DFS have been previously quantified by splitting the DFS into recognisable zones
(proximal, medial, and distal) (i.e., Hirst 1991, Weissmann et al., 2013; Davidson
et al., 2013; Owen et al., 2015; and Martin et al., 2021). These studies provide a
model/ framework for further DFS quantification (i.e., the modern DFS model).
In this study, proximal, medial, and distal DFS zones are split into equal thirds to
observe changes across each zone, as to date no other method is proposed to be
used to define each zone on modern systems (Williams, 2023). When creating a
DFS model it is important to consider that larger scale trends do not show the
spatial variations that exist at smaller scales (i.e., between bends in a reach of a

river (Hooke, 2023)). Due to the highly sensitive nature of meandering systems,
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quantifying changes in meander characteristics within each DFS zone enables
greater understanding of trends that occur downstream across a DFS. It is
important to note that these systems are highly sensitive to erosion and

deposition processes, which are influenced by changes in discharge and sediment

supply.

4211 DFS Zone Trends: Gradient

Gradient decreases downstream in each DFS zone with the highest gradient in
the proximal zone (-0.00027 m/m), decreasing in the medial zone (-0.00025
m/m), with the lowest gradient in the distal zone (-0.00018 m/m) (Table 3.3).
This decrease in gradient on a sinuous DFS has been previously observed by
Davidson et al. (2013) and Hartley et al. (2010) who identified that a low
gradient sinuous river is typically associated with low sediment supply. It can
therefore be assumed that as sediment supply and discharge decrease

downstream so too does gradient.

The high gradient in the proximal zone of the Taquari DFS is likely associated
with the high sediment supply typical to the proximal DFS zone, where high
volumes of the coarsest grained sediment are deposited when the flow from the
confined valley enters the sedimentary basin (Weissmann et al., 2013). Although
flow is typically unconfined on the DFS surface, the active channel of the
Taquari is incised for the first 100 km stretch downstream of the DFS apex (i.e.,
the proximal zone) until the Caronal avulsion point (Assine, 2005; Buehler et al.,
2011). This results in an increase in gradient in the confined portion of the DFS

as the channel adjusts to the change in base level (Assine, 2005).

In the medial zone, the DFS goes from confined to unconfined (Figure 3.1) as the
modern depositional lobe exists downstream of the Caronal avulsion point. This
change from confinement to unconfinement may result in a decrease in gradient
downstream as sediment load in the active channel decreases significantly
downstream of the Caronal avulsion point (i.e., where the DFS becomes

unconfined), and sedimentation processes reduce.

In the distal zone, the gradient is lowest due to a further decrease in discharge

and sediment supply downstream. Although the active channel did not display
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such a clear downstream decrease in channel width downstream of the avulsion
point, it is clear that channel width is lowest in the distal zone, therefore it can
be assumed that discharge and sediment load in the channel are also lowest in
this zone. The low gradient in the distal zone may also be a result of avulsion
processes (i.e., the Zé da Costa avulsion (1988 to 1999; Figure 1.7)), which can
result in the wider distribution of sediment across the DFS surface and reduce

sedimentation within the channel (Assine, 2005; Weissmann et al., 2013).

4.21.2 DFS Zone Trends: Active Channel Width (2022)

Active channel width shows no correlation in the proximal zone (R? < 0.01;
Figure 3.5B, Table 3.4), then shows a more steady decrease in width in medial
and distal zones (R? = -0.61 and -0.60, respectively (Figure 3.5B)). Active
channel width also shows a very weak correlation upstream of the Caronal
avulsion point (Figure 3.5B; Figure 3.5C). This is where the active channel belt is
confined due to the incision of the active channel and thus prevents typical DFS
bifurcation and sediment distribution processes, as outlined in section 4.1.2.2.
As a result of this channel belt confinement, high volumes of sediment remain
within the active channel belt and contribute to the frequent changes in channel

morphology due to constant erosion and deposition within the channel.

Discharge and sediment load on a DFS is highest in the proximal zone as flow
enters the sedimentary basin from the catchment area and deposits high
volumes of the coarsest material at the site where the flow becomes unconfined
(Weissmann et al., 2013). As the high sediment supply, importantly in
conjunction with the lateral confinement of the channel on the Taquari DFS,
prevents bifurcation and sediment distribution processes which would occur on a
typical unconfined DFS, this reduces the likelihood of the proximal zone of the

Taquari following conventional DFS models.

Despite the general consistency observed in active channel width downstream of
the Caronal avulsion point (section 4.1.2.2), the medial and distal zones show a
more steady decrease in width downstream in each zone. The channel reach
downstream of the avulsion point is a better indicator of overall trends in
channel width downstream, however, it is not known why there is not a more

steady decrease in width downstream. To better understand this downstream
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consistency in channel width, more information would be required on local
changes in erosion and deposition rates within the channel which influence the
channel morphology (Lane et al., 1996).

In the medial zone, active channel width shows a steadier decrease in width
downstream which would be typical to a DFS. However, as the Caronal avulsion
occurs in the medial zone this may result in a slightly negatively skewed
downstream trend as the channel width decreases significantly downstream of
the avulsion point (Figure 3.5B). The avulsion has had a significant impact on
active channel width as mean width reduces from 230.86 m in the proximal zone
to 89.6 m in the medial zone (Table 3.4). As flow is diverted to the avulsion
channel, the remaining discharge in the active channel decreases further
downstream resulting in the very low mean channel width of 30.08 m in the

distal zone (where the lowest width value is ~15 m).

As previously mentioned Buehler et al. (2011) also observed a significant
decrease in the width of the parent channel (active channel) downstream of the
Caronal avulsion point due to the partial diversion of flow to the newly avulsed
channel. Various bifurcations also occur downstream along the active channel
which further reduces discharge in the channel in medial and distal zones. The
decrease in width observed in the distal zone is most similar to a typical DFS
model as avulsions become more common (i.e., the Zé da Costa) and various

bifurcations reduce the channel width further downstream.

4.21.3 DFS Zone Trends: Active Channel Belt Width

The active channel belt shows a general decrease in width downstream in the
proximal, medial, and distal DFS zones (R? = -0.59, -0.50, -0.46, respectively
(Figure 3.6C; Table 3.5)). As outlined in section 4.2.1.3, active channel belt
width is expected to decrease downstream on a typical DFS as DFS bifurcation
processes reduce the active channel width downstream, resulting in a decrease
in migration capacity and therefore channel belt width. However, the active
channel does not show clear downstream trends in width in the proximal zone
(R%Z < 0.01, Figure 3.5B, Table 3.4), which would be associated with these typical
DFS bifurcation processes. Although the decrease in active channel belt width

cannot be explained by a decrease in active channel width, analysis of satellite
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imagery (initially outlined in section 4.1.2.3) revealed additional factors (i.e., a
decrease in sinuosity in the active channel and agricultural activity on the
terraces above the confined channel belt) which may have influenced the active

channel belt extent.

The fluctuations in sinuosity in addition to the difficulty outlining the confined
active channel belt, highlight variability in DFS characteristics which may need
to be considered in a modern DFS model. The proximal zone does however show
the largest active channel belt width across the whole DFS (despite the
confinement), which is a recognisable characteristic of the proximal DFS zone
(Weissmann et al., 2013). On a typical DFS, the proximal zone has the widest
channel belt reflecting the high discharge and sediment supply entering the DFS
from the catchment area where frequent avulsion processes create highly
amalgamated sandy channel bodies (Weissmann et al., 2010; Hartley et al.,
2010; Weissmann et al., 2013; Weissmann et al., 2015; Martin et al., 2021).

In medial and distal DFS zones active channel belt width continues to decrease
in size downstream with a significant decrease in active channel belt width
downstream from the proximal to medial, and distal zones (mean width =
2264.19 m, 580.56 m, 155.02 m, respectively (Figure 3.6B, Table 3.5)) showing
the decrease in discharge and sediment supply downstream. As the medial zone
includes the Caronal avulsion point (upstream of which, the active channel belt
width is significantly larger than the width downstream of this point), then this
may increase the mean width in this zone slightly as there is a negative skew in
data. The part of the medial zone downstream of the avulsion point and the
distal zone show the significant changes in active channel belt width once the
discharge reduces in the active channel as a result of the avulsion. As flow is
diverted to the new avulsion channel, the discharge in the channel is
significantly reduced and therefore has a much smaller migration capacity. The
reduction in size of the active channel belt width clearly shows the impact of
the reduction in channel width and stream power as a result of a decrease in

discharge and sediment supply.

Although there is a general decrease in active channel belt width in medial and
distal zones, this differs from the DFS reach downstream of the Caronal avulsion

point which shows a weaker negative correlation in active channel belt width (R?
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= -0.26; Figure 3.6C, Table 3.5) (as outlined in section 4.1.2.3). The DFS reach
downstream of the avulsion point is a better indicator of the overall trends in
the system, which likely shows weaker trends due to the weak negative
correlation observed in active channel width downstream of the avulsion point.
Despite the negative skew in data in the medial zone, the distal zone has no
skew and displays a downstream decrease in active channel belt width which is

most similar to typical DFS trends.

4.21.4 DFS Zone Trends: Pre-avulsion Channel Belt Width

As initially outlined in methods section 2.3, and subsequently in section 4.1.2.4,
the pre-avulsion channel belt and the active channel belt have the same width
upstream of the Caronal avulsion point, and downstream of the Zé da Costa
avulsion point. These two channel belts were identified (and differentiated)
within the 2022 satellite imagery, which showed that two distinct channel belts
were present, representing the migration capacity of different channels (pre-
avulsion channel and active channel). The migration of the active channel is
revealed by the active channel belt; a significant change in active channel belt
dimensions are seen downstream of the Caronal avulsion point, which is not
observed for the pre-avulsion channel belt. The pre-avulsion channel belt
reveals the migration history of the pre-avulsion channel, which had a much
higher discharge prior to the initiation of the Caronal avulsion. As previously
outlined (section 4.1.2.4), the active 2022 channel is a misfit in regards to the
pre-avulsion channel belt downstream of the Caronal avulsion point and could
not have created a channel belt of this size with such a low discharge (and

therefore migration capacity).

In the proximal zone, pre-avulsion channel belt width has a general decrease in
width downstream (R? = -0.59; Figure 3.7B, Table 3.6), in the medial zone there
is a weaker correlation (R? = 0.14) with a very slight increase in width
downstream, and in the distal zone there is steady decrease in width (R? = -
0.73). In the proximal DFS zone, the pre-avulsion channel belt is the same width
as the active channel belt therefore the interpretations for this zone are the

same, which was outlined earlier in section 4.2.1.3 above.
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The medial DFS zone contains part of the pre-avulsion channel belt, which is
located upstream of the Caronal avulsion point (where it is the same width as
the active channel belt) and downstream of the avulsion point (where it is much
larger than the active channel belt). There is a very slight increase in pre-
avulsion channel belt width in the medial zone which is unexpected on a DFS as
channel belt width is expected to decrease downstream (Weissmann et al.,
2013). However, this is due to the pre-avulsion river moving from confinement to
unconfinement, thus mimicking what would typically be observed in a proximal
zone where a river becomes unconfined downstream of the apex of the system.
The Caronal avulsion point marks the intersection point between the confined
portion of the DFS (upstream) and the unconfined portion (downstream) where
the modern lobe of deposition exists (Assine, 2005; Porsani et al., 2005;
Weissmann et al., 2010; Buehler et al., 2011). Where the pre-avulsion channel is
able to migrate freely across the DFS surface in the medial zone, recognisable
DFS trends are observed including evidence of avulsive behaviour (i.e.,
paleochannels observed in figure 1.1) and channel migration, as highlighted by
the vast preservation of abandoned meander deposits within the pre-avulsion
channel belt (Weissmann et al., 2013). Within a DFS, evidence of avulsion
processes are often preserved within a channel belt and its floodplains (Sahoo et
al., 2020; Martin et al., 2021).

In this study, the preservation of abandoned meander deposits in the medial
zone of the pre-avulsion channel belt demonstrates how frequent avulsions and
channel migration processes can form meander deposits over a wide area. These
deposits become preserved on the DFS surface as channel migration continues or
the river avulses to a new area on the DFS. Within the rock record, the medial
zone of a DFS is identified through isolated channel deposits which are
increasingly separated by floodplain deposits (i.e., finer grained overbank
deposits) downstream (Weissmann et al., 2013; Martin et al., 2021). As the
majority of the abandoned meander deposits are isolated within the channel
belt (and therefore separated by floodplain deposits) then it can be assumed
that this DFS zone would fit a typical DFS model.

In the distal zone, there is a much steadier decrease in pre-avulsion channel belt
width downstream which is more typical of a DFS model where the channel belt

width would decrease as channel width decreases (Weissmann et al., 2013).
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However, this may be due to a negative skew in the data where the pre-avulsion
channel belt width becomes the same size as the active channel belt width
downstream of the Zé da Costa avulsion point and therefore experiences a
further decrease in width. These channel belts are the same width downstream
of the avulsion point as there was no evidence in satellite imagery which
revealed a larger channel belt which showed the migration of the pre-avulsion
channel. This is likely because the avulsion occurred and shifted the position of
the channel on the DFS to its current location (i.e., 2022 active channel) and a
new channel belt was created for the active channel. The channel belt that
exists downstream of the Zé da Costa avulsion point (where the active channel
belt and pre-avulsion channel belt are the same width), is very close in width to
the active channel as it reflects the reduced migration capacity of the distal

channel once the discharge reduced following the Caronal avulsion.

4.21.5 DFS Zone Trends: Sinuosity

As previously outlined in section 4.1.2.5, sinuosity shows no downstream trends
across a DFS due to bifurcation processes and anabranches occurring downstream
(Davidson et al., 2013). In addition, the frequency of meander cutoffs and re-
meandering can change the sinuosity of a channel (Schumm, 1963) as well as the
growth of point bar deposits which can also increase the sinuosity of a channel
(Ahmed et al., 2019). In proximal, medial, and distal DFS zones, there is no
correlation in sinuosity downstream in each zone (R? < 0.01, = 0.03, and 0.13,

respectively (Figure 3.8B; Table 3.7)).

The proximal DFS zone has a higher variability in sinuosity in comparison to
medial and distal zones (SD = 0.30, 0.16, and 0.14, respectively (Table 3.7)),
which is likely associated with the large discharge and sediment supply in the
proximal zone which increases the migration capacity of the channel. The
proximal zone also has the highest sinuosity values across the whole DFS (overall
sinuosity is 1.82 in the proximal zone, 1.31 in the medial zone and 1.49 in the
distal zone (Table 3.7)), which is likely associated with the growth of large
active meander deposits, which are largest in size in the proximal zone (Table
3.8).
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Google Earth Timelapse Tool is used to visualise the growth of meanders over
time in the proximal zone to understand how sinuosity increases with meander
growth (Figure 4.1). Figure 4.1 shows the growth of three meander bends over
time in the active channel; the sinuosity of the channel can be seen to increase

between 1985 and 2021 as the meander deposits grow in size. Sinuosity and

active meander deposit data can be found in tables 3.7 and 3.8, respectively.

Figure 4.1. The growth of three separate meander bends between 1985 and 2022 showing
the increased distance between apex of each meander bend over time as the deposits
migrate and increase the sinuosity of the channel. The white dashed lines show the
direction of growth of each meander and the slight rotation of the top two meander bends
between image A and B. There is very little change observed between images B and C
despite the similar length in time between these images as between images A and B. Source
of images: Google Earth (Timelapse Tool).

Although there is a higher migration capacity of the channel in the proximal
zone, the active channel belt is still confined resulting in more frequent
meander cutoffs (both chute and neck cutoffs) occurring as the channel cannot
migrate freely across the DFS surface. As previously outlined, Ahmed et al.
(2019) found that sinuosity in a channel can increase more rapidly where point
bars are growing rapidly (i.e., where discharge and sediment supply are higher).
Thus the confined portion of the system is still receiving high sediment loads but
due to confinement is having to rapidly redistribute the sediment over a smaller

area.

In medial and distal DFS zones, the sinuosity of the channel is much lower than
in the proximal zone with the sinuosity in the distal zone being slightly higher
than in the medial zone (mean sinuosity = 1.64 in the proximal zone, 1.29 in the
medial zone, and 1.39 in the distal zone (Table 3.7)). It is clear from satellite

imagery that many meander cutoffs have occurred over time in the medial and
119



distal zones; this is also evidenced by the vast preservation of abandoned

meander deposits.

In the distal zone, sinuosity increases slightly from the medial zone which may
be the result of the further decreasing gradient of the DFS which is at its lowest
in the distal zone (-0.00018 m/m; Table 3.3). Changes in slope, discharge, and
sediment supply downstream can all influence sinuosity across a DFS, however
slope in particular is a key influence on sinuosity as higher sinuosity channels are
typically found on lower gradient slopes (Leopold and Wolman, 1957; Hartley et
al., 2010). On the Taquari DFS, it can be assumed that as sedimentation
decreases downstream (due to a reduction in discharge and sediment supply)
and is lowest in the distal zone, then the gradient also decreases resulting in
favourable conditions for the formation of a more sinuous channel (i.e., low

slope conditions).

4.21.6 DFS Zone Trends: Active Meander Deposit Dimensions

This study hypothesises that a decrease in channel width, and therefore
discharge and sediment supply, downstream would result in a decrease in
meander deposit dimensions downstream on the Taquari DFS. It is clear that
within each DFS zone, changes in deposit dimensions have occurred as a result of
a decrease in discharge and sediment supply downstream of the Caronal avulsion
point. In the proximal DFS zone, active meander deposit area, length, and width
show no correlation downstream (R% = 0.07, < 0.01, 0.07, respectively (Figure
3.9B; Figure 3.10B; Figure 3.11B; Table 3.8)). The lack of correlation in active
meander deposit dimensions is largely influenced by the high sediment supply in
the proximal zone which results in frequent deposition and reworking of
deposits. This is well understood on the DFS as large amalgamated sand deposits
are a common characteristic of the proximal DFS zones (Weissmann et al., 2013;
Owen et al., 2015; Hartley et al., 2018). This is due to the fact that high
volumes of sediment are deposited where the river becomes unconfined at the
apex of the DFS (Weissmann et al., 2010; Hartley et al., 2010; Weissmann et al.,
2013; Weissmann et al., 2015; Martin et al., 2021). The confinement of the
active channel belt in the proximal zone may increase the amount of reworking
of meander deposits as the channel migrates over a smaller area more

frequently. The largest meander deposit dimensions are also observed in the
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proximal zone due to this high sediment supply and the rapid deposition of

material downstream of the apex of the DFS.

In the medial DFS zone, active meander deposit dimensions generally decrease
downstream (R? = -0.46 for area, -0.44 for length and -0.64 for width (Figure
3.9B; Figure 3.10B; Figure 3.11B; Table 3.8)). The medial zone experiences a
significant decrease in active channel width downstream of the Caronal avulsion
point where discharge and sediment load decrease in the channel. This decrease
in discharge and sediment load in the medial zone results in a clear reduction in
meander deposit dimensions as sedimentation reduces, therefore showing the
influence of changing channel width on meander dimensions. When considering
the mean area of active meander deposits between proximal, medial, and distal
zones, mean area in the proximal zone is 0.92 km? whereas in the medial zone
and distal zones mean area decreases significantly to 0.16 km?2 and 0.00063 km?,
respectively (Table 3.8). The decrease in discharge and sediment supply in the
active channel downstream of the avulsion point has a very clear influence on
the size of meander dimensions due to the fact that the stream power decreases
and loses the capacity to carry higher volumes of sediment downstream, which,

in turn, form smaller deposits.

The distal zone also has a general decrease in meander dimensions downstream
as R? = -0.50 for area, -0.37 for length, and -0.48 for width (Figure 3.9B; Figure
3.10B; Figure 3.11B; Table 3.8). Meander dimensions are smallest in the distal
zone and clearly reflect the smaller volume of sediment carried to distal reaches
of the DFS where discharge is at its lowest. The downstream decrease in active
point bar (meander deposit) dimensions on a sinuous DFS was also noted by
Davidson et al. (2013) who recognised a relationship between declining channel

width and point bar size downstream.

Four examples of active meander deposit areas measured in ArcGIS are displayed
in Figure 4.2; changes in active meander dimensions (Table 3.8) are visualised
and reveal a relationship between deposit length and width. As deposits become
smaller downstream on the DFS they are observed to wrap more tightly around
the meander bend with less protrusion into the channel forming a more crescent
shaped deposit (Figure 4.2D and E). This likely reflects the decrease in migration

rate downstream as the point bar deposit is unable to grow further into the
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channel (through lateral migration processes) and instead the deposit is

observed to grow longer in the downstream direction.

These observations in satellite imagery are backed using data collected in this
study as they examine where meander deposit width (measured perpendicular to
deposit migration direction) becomes larger than deposit length (measured
parallel to deposit migration direction) downstream (Table 3.8). As active
meander deposits decrease in size downstream, they change shape from a more
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Figure 4.2. The change in active meander deposit shape downstream across the Taquari
DFS (A) as discharge and sediment load decrease. Images B and C show a proximal
meander deposit and a medial meander deposit (upstream of the Caronal avulsion point),
respectively, where deposit length is greater than deposit width and the deposit shape is
large and more rounded due to higher discharge and sediment supply upstream of the
avulsion point. Images D and E show a medial and distal meander deposit, respectively,
which are much thinner, crescent-shaped deposits which form more tightly round the
meander bend as discharge and sediment supply decrease downstream.
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rounded deposit (where deposit length and width are more similar) to a more
crescent shaped deposit (where deposit width becomes larger than length
downstream) (Figure 4.2). For active meander deposits in the proximal zone,
where deposit length is greater than width, this is interpreted to reflect the
higher migration rate of the channel as the deposit is able to increase in length

due to lateral migration.

Davidson et al. (2013), however, observed a different relationship in a sinuous
DFS where meander deposit length was larger than deposit width downstream
and the ratio of deposit length to width decreased downstream. This may be a
reflection of the higher migration rate downstream in the channel studied by
Davidson et al. (2013), where the point bar deposit is able to migrate further
through lateral migration. In this study, the significant decrease in discharge
downstream of the Caronal avulsion point has a large influence on the migration
capacity of the channel and prevents the rapid growth of point bars (active

meander deposits).

4.21.7 DFS Zone Trends: Abandoned Meander Deposit Dimensions

There is a significant difference in downstream trends between active and
abandoned meander deposit dimensions as the abandoned deposits have no
significant downstream trends in deposit area, length, and width in any DFS
zone. The proximal zone shows no correlation in abandoned meander deposit
area, length, and width downstream (R% < 0.01, = 0.01, < 0.01, respectively
(Figure 3.12B, Figure 3.13B, Figure 3.14B, Table 3.9)) similar to the lack of
correlation observed in active meander deposit dimensions in the proximal zone.
However, abandoned deposits show no downstream trends in medial and distal
zones in comparison to the downstream trends observed for the active deposit
dimensions in these DFS zones. Abandoned deposit area, length, and width show
no correlation downstream in the medial zone (R? = 0.05, 0.02, 0.05,
respectively) and in the distal zone (R? = 0.01, -0.16, < 0.01, respectively)
highlighting that these deposits are not associated with a single period of
deposition where general downstream trends would likely be observed. Instead,
the abandoned meander deposits represent a long period of deposition where
channel migration occurred over a wide area facilitating the preservation of

deposits within the channel belt.
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Abandoned meander deposits were interpreted to be the deposits of the pre-
avulsion channel (as outlined in section 4.1.6.2) as they showed no significant
change in dimensions downstream of the Caronal avulsion point. In addition,
abandoned meander dimensions are significantly larger than the active deposit
dimensions downstream of the avulsion point where it is clear that these are the
deposits of a channel with a much higher discharge and sediment load (the pre-
avulsion channel). The mean area of abandoned meander deposits in the
proximal zone are much smaller than the mean area of the active deposits in the
proximal zone (likely due to the frequent reworking of abandoned deposits due
to channel belt confinement). It is worth noting that in medial and distal zones
the abandoned deposit dimensions are often much larger than active deposit

dimensions.

Abandoned meander deposit dimensions are largest in the proximal zone (mean
area = 0.40 km? (Table 3.9)) where the discharge and sediment load is highest on
a DFS. However, due to the confinement of the active channel belt it is likely
that these deposits have experienced frequent reworking as the channel has a
much smaller area to migrate over. The medial and distal DFS zones have a very
similar mean area of abandoned meander deposits (0.24 km? and 0.25 km?,
respectively (Table 3.9)), with the distal zone having a slightly larger mean area.
This further highlights the lack of downstream trends in abandoned meander
deposit dimensions as there is no clear decrease in deposit dimensions
downstream, which was a notable characteristic that was observed in the active

meander deposit dimensions.

The slight difference in mean area between the medial and distal zones may
reflect the increase in preservation potential downstream as the migrating
channel has a greater area to migrate over in the distal zone. Where the channel
has a greater area to migrate, deposits are reworked less frequently and are
thus able to be preserved on the DFS surface. Additionally, the medial zone has
been found to show the highest variability in terms of channel to floodplain
ratio, as found in a study of the Huesca DFS, Spain by Martin et al. (2021). This
variability may be explained by the preservation of abandoned meander deposits
with a range in dimensions on the DFS surface alongside active meander deposits

within the active channel belt. In this case, the preservation of deposits on a

124



DFS is dependent on the frequency of channel migration and the migration

capacity.

4.2.2 Summary of DFS Trends in the 2022 Taquari DFS

The objectives of this study, initially set out in Chapter 1, section 1.2, were to
firstly quantify spatial changes in active and abandoned variables on the 2022
Taquari DFS at system scale and DFS zone scale using satellite imagery.
Secondly, to compare changes in channel width and sinuosity between 1985 and
2022 imagery to understand temporal changes which occurred following the
Caronal avulsion. Thirdly, to compare active and abandoned variables on the
2022 DFS upstream and downstream of the Caronal avulsion point to explore the
impact of the avulsion. Then finally, to create a database where active and

abandoned meander deposit dimensions are quantified spatially across a DFS.

4221 Proximal Zone

e The slope gradient is highest in the proximal zone (in comparison to
medial and distal zones) as this reflects where the discharge and sediment
supply is highest on the DFS as coarse grained sandy material is deposited
rapidly downstream of the DFS apex. The confinement of the active
channel belt also increases the gradient of the DFS in the proximal zone

as the active channel adjusts to a drop in base level.

e The high sediment supply which is common in the proximal zone results in
the largest dimensions for: active channel width, active channel belt
width, active meander deposit dimensions, and abandoned meander

deposit dimensions.

e The high sediment supply also results in a lack of downstream trends in
active channel width, active meander dimensions, and abandoned
meander dimensions due to frequent channel migration and reworking of

deposits within the confined active channel belt.

e Sinuosity also shows a lack of downstream trends in the proximal zone,
likely due to frequent meander cutoffs in the confined active channel

belt, however sinuosity is also highly variable across the whole DFS.
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e Active channel belt width is the only variable that shows a general
downstream decrease in dimensions in the proximal zone which is
assumed to be associated with a slight decrease in sinuosity towards the
medial zone where the migration rate, and therefore active channel belt

width, reduces.

4.2.2.2 Medial Zone

¢ In the medial zone, there is a further decrease in gradient downstream as
the active channel goes from a confined to an unconfined setting at the
Caronal avulsion point and sediment can be distributed across the DFS

surface through migration processes.

e There is a significant decrease in: active channel width, active channel
belt width, and active meander deposit dimensions downstream of the
avulsion point as a result of the diversion of flow from the parent channel
to the newly avulsed channel. This highlights the influence of discharge
and sediment supply on meander deposit dimensions as there is a general
decrease in dimensions downstream of the avulsion point as channel width

reduces.

e The large difference in active and abandoned meander deposit dimensions
is observed more clearly in the medial zone as abandoned meander
deposits are significantly larger than active deposits downstream of the

avulsion point.

e The abandoned deposits have no trends in dimensions downstream and
are clearly the deposits of a larger pre-avulsion channel, which was able
to migrate further across the DFS surface preserving deposits in the pre-

avulsion channel belt.

e The pre-avulsion channel belt is also much larger than the active channel
belt in the medial zone (downstream of the avulsion point) and does not
show a decrease in channel belt width which would be expected on a DFS.

This is due to the slight decrease in active/pre-avulsion channel belt
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width slightly upstream of the avulsion point then the growth of the pre-

avulsion channel belt once it becomes unconfined.

Sinuosity continues to be variable in the medial zone and has the lowest
sinuosity value across the whole DFS which may be a reflection of previous

meander cutoffs that did not re-meander.

4.2.2.3 Distal Zone

4.3

The distal zone has the lowest gradient on the DFS and this is evidenced
by the reduced sedimentation rate in these distal reaches and the
increase in avulsions (i.e., the Zé da Costa) which distribute finer grained

sediment further across the DFS surface.

There is a further decrease in: active channel width, active channel belt
width, active meander deposit dimensions as well as a decrease in the

pre-avulsion channel belt width in the distal zone.

Abandoned meander deposits continue to show no trends in dimensions
downstream. Abandoned meander deposits are also better preserved in
the distal zone than in the medial zone as the migrating channel has a
greater area to migrate over and thus reworks deposits less frequently;
this is highlighted by the slightly larger mean area of distal abandoned

deposits.

Sinuosity increases very slightly in the distal zone which may be due to
the lower gradient slope as this is understood to develop a more sinuous

planform.

Temporal Change in Fluvial Characteristics in the
Taquari DFS Between 1985 and 2022

4.3.1 Changes in Channel Width

There has been a clear decrease in channel width in the main channel of the

Taquari DFS between 1985 and 2022 as discharge in the channel continues to

decrease as flow is diverted to the newly avulsed channel at the Caronal
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avulsion point. Satellite imagery from 1985 shows the active channel in full flow
before the initiation of the Caronal avulsion (between 1996 and 1997); the 1985
channel is therefore referred to as a pre-avulsion channel. The 1985 channel is a
stable channel that does not have any active avulsions, therefore it can be
directly compared to the 2022 channel which experiences the avulsion to
quantify changes in channel width over time. The 1985 channel shows typical
DFS trends such as a decrease in channel width downstream (Figure 3.2A);
comparing the 2022 channel to the 1985 channel shows the impact of the

avulsion on the parent channel (2022 active channel) (Figure 3.22).

A statistically significant relationship was found between 2022 channel width
and 1985 channel width (p < 0.01; Figure 3.22, Table 3.11) showing that there
has been a significant decrease in channel width between 1985 and 2022. As the
Caronal avulsion continues to divert flow to the avulsed channel, the width of
the parent channel will continue to decrease. As initially outlined in section
4.1.2.2, a study on the Caronal avulsion by Buehler et al. (2011) found that the
average width in the parent channel downstream of the Caronal avulsion point
decreased around 80 m between 1988 to 2008 (from 168 m to 88 m). This study
found that between 1985 and 2022 the mean width of the parent channel
downstream of the avulsion point decreased around 104 m from 138.5 m to
34.11 m (Table 3.4). Although there may be slight differences, in the flow
regime, between the 1985 channel examined in this study and the 1988 channel
studied by Buehler et al. (2011), it is clear in both studies that the decrease in
width in the parent channel is significant and reflects the huge diversion of flow

from the parent channel to the avulsion channel.

Across the DFS, the change in channel width between 1985 and 2022 can be
understood by exploring the ratio between 2022 channel width and 1985 channel
width where a general decrease in the ratio is observed downstream (R? = -0.65;
Figure 3.19A; Table 3.11). This shows that the 2022 channel becomes smaller
than the 1985 channel downstream, which relates to the significant decrease in
discharge in the 2022 channel downstream of the Caronal avulsion point. The

ratio is explored further within each DFS zone below.

In the proximal zone there is no influence from the Caronal avulsion as this zone

is upstream of the avulsion point. There is similarity in width between the 1985
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and 2022 channels as the mean ratio is 0.84 (Table 3.11), showing that the 2022
channel is slightly smaller than the 1985 channel. A Mann-Whitney test which
was carried out to understand the relationship between channel width in 1985
and in 2022 in the proximal zone, outlined in Results section 3.6.2.1, reveals
that there is a significant change in channel width between 1985 and 2022 (p <
0.01; Figure 3.23, Table 3.11) despite the channels being of a similar size. This is
interesting as the slight decrease in channel width in 2022 can be seen to reflect
a change in flow regime over this 37-year-period, or may point to, for example,
hydrological differences in discharge from the catchment. However, both the
1985 and 2022 satellite images were filtered between July and September which
is outside the flooding season, which indicates that there has been a general

decrease in discharge from the catchment area since 1985.

Due to the lack of downstream trends in channel width in both the 1985 channel
(R? < 0.01; Figure 3.2B, Table 3.1) and 2022 channel (R? < 0.01; Figure 3.5B,
Table 3.4) in the proximal zone, the width ratio between these channels also
shows no correlation downstream (R? < 0.01; Figure 3.19B, Table 3.11). This
indicates that although there is only a small change in the mean width of the
channel in the proximal zone over time, there must be changes in channel shape
as the river migrates over time. This is observed on ArcGIS Pro where the 2022
channel polygon overlays the 1985 channel polygon and the evidence of channel
migration is visible. Hooke (2023) outlines that the high sensitivity of
meandering systems often results in changes in channel morphology and position
over relatively short time periods (i.e., 2 to 5 years) in response to frequent
hydrological events. Erosion and deposition processes widen and narrow channels
resulting in changes in channel width and shape, however, channels are often
more stable and less susceptible to erosion when vegetated channel bars and

channel banks are present (Hooke, 2023).

In the medial zone the 2022 channel experiences the Caronal avulsion resulting
in a wide range of ratio values from 0.08 to 0.90 with a mean of 0.40 (Table
3.11). This shows that on average, the 2022 channel width is less than half the
size of the 1985 channel width as the discharge in the channel has decreased
significantly. The distal zone shows a further decrease in 2022 channel width in
comparison to 1985 channel width as the mean ratio is 0.27. This shows that the

1985 channel is significantly larger than the 2022 channel in the distal zone, this
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is observed as the mean width of the 1985 channel in the distal zone is 113.03 m
(Table 3.1) whereas the mean width of the 2022 channel is 30.08 m (Table 3.4).
Additionally, The Zé da Costa avulsion, initiated in 1988 after the 1985 channel
was mapped, which changed the location of the active avulsion channel (which is
where the current active channel is located) may have experienced a further

decrease in discharge due to the flow dispersion processes of the avulsion.

4.3.2 Changes in Sinuosity

Although there are clear changes in channel width between 1985 and 2022,

there is no statistically significant change in sinuosity between 1985 and 2022
across the whole DFS except for the distal zone, at the site where the Zé da
Costa avulsion changed the position of the active channel. In the proximal and
medial DFS zones, the sinuosity values between the 1985 and 2022 channel are
very similar (as demonstrated by the p-values of p = 0.47 and 0.39, respectively
(Table 3.11)) showing that there has been very little change in sinuosity over this

37-year-period.

A slight increase in sinuosity is observed in the proximal zone as the mean
sinuosity of the active channel in 2022 is 1.64 (Table 3.7) compared to the 1985
channel, where the mean sinuosity is 1.54 (Table 3.2). This demonstrates that
the channel had the capacity to migrate in the proximal zone and thus erode and
deposit sediment to increase the sinuosity of the channel. As initially outlined in
section 4.1.1, in areas of the DFS where the sediment load is higher (i.e., in the
proximal zone), point bar migration increases and results in an increase in
sinuosity (Ahmed et al., 2019). The 2022 channel polygon was compared to the
1985 channel polygon in ArcGIS Pro where the increase in sinuosity is observed to
be related to the further erosion of meander bends and the deposition and

migration of point bar deposits.

In the medial zone, there is only a very slight increase in sinuosity between 1985
and 2022 as the mean sinuosity increases from 1.27 (Table 3.2) to 1.29 (Table
3.7) over this period. Further investigation of the 1985 versus 2022 channel
polygons in ArcGlIS reveals that a number of meander cutoffs have occurred over
this time period. This suggests that some parts of the medial zone have become

more sinuous despite the formation of straighter sections of the channel, which
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form following meander cutoffs (Figure 2.6). The increase in sinuosity over time
may not only relate to the growth of existing bends but also the formation of
new bends in straighter channel sections (Hooke, 2023). Hooke (2023) explains
that channel bank erosion can vary spatially and temporally due to the different
cohesive properties of the banks (i.e., due to vegetation), as outlined in section
4.1.2.2. This results in some reaches of the river not being able to migrate as
easily and as such, there is no increase in sinuosity. In the distal zone, the 2022
channel is more sinuous than the 1985 channel (increasing from 1.27 in 1985 to
1.39 in 2022). However, this is where the channel changed position on the DFS
following the Zé da Costa avulsion and created a new channel which cannot be
compared directly to the 1985 channel, which existed on a different location on
the DFS.

The sinuosity values in the medial and distal zones of the 1985 and 2022 channel
are very similar indicating that there has not been a significant change in
sinuosity following the Caronal avulsion. This was also found by Buehler et al.
(2011) who noted that the stretch of active channel downstream of the avulsion
point did not change over the avulsion process, remaining at a value of 1.28.
This study found that the overall sinuosity of the 2022 channel downstream of
the Caronal avulsion has increased slightly to 1.39 which is unexpected
considering the reduction in migration capacity of the 2022 channel. A potential
explanation for this increase in overall sinuosity downstream of the avulsion
point between 2008 (Buehler et al., 2011) and 2022 (this study) may be due to
the low gradient observed in the distal zone. A low gradient is understood to
provide conditions necessary for the development of a sinuous planform. As the
sedimentation rate remains low in the distal zone, then this will increase the

likelihood of the gradient also remaining low in this DFS reach.

In many other locations across the DFS, in particular the medial zone, the 2022
channel is observed to follow the meandering thalweg of the 1985 channel (as
observed in ArcGIS Pro through comparison of the 1985 and 2022 channel
polygon centrelines). In these locations, the 2022 channel is observed to follow
the parts of the 1985 channel which have been carved by the pre-avulsion
channel and are therefore deeper. This has resulted in the sinuosity of the pre-
avulsion channel being maintained in many locations as the 2022 channel does

not have the capacity to do further erosive work in the channel.
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4.3.3 Changes in Channel Belt Width

Although channel width and sinuosity are the only variables that can be
compared directly between 1985 and 2022 imagery, clear changes in channel
belt width were observed in satellite imagery from 2022. An active channel belt
and a pre-avulsion channel belt were identified on satellite imagery from 2022
showing that there has been a significant decrease in active channel belt size as
the Caronal avulsion reduced the channel width of the parent channel (active
channel). These two channel belts are only differentiated downstream of the
Caronal avulsion point and upstream of the Zé da Costa avulsion point where it is
clear that there is a change in the discharge and migration capacity of the active
channel over time (Figure 3.18). It is clear that as the Caronal avulsion diverts
flow from the parent channel to the avulsion channel that there is a significant
decrease in channel width in the active channel downstream of the avulsion
point. As channel width decreases downstream, the migration capacity of the
channel also decreases. This is due to a reduction in discharge and sediment
supply, and results in an active channel belt which is very close in width to the

active channel.

The pre-avulsion channel belt is clearly much larger than the active channel belt
downstream of the Caronal avulsion point and is the product of the migration of
a much bigger pre-avulsion channel (i.e., a channel like the 1985 channel). The
pre-avulsion channel belt shows that the pre-avulsion channel had a much higher
discharge and was able to migrate freely across the DFS surface preserving
evidence of this migration in the form of abandoned meander deposits. The
preservation of abandoned meander deposits within the pre-avulsion channel
belt shows how the pre-avulsion channel was able to migrate over a larger area
on the DFS surface, due to its greater migration capacity, and therefore preserve
meander deposits in areas of the DFS which were re-occupied by the active

channel less frequently.

When abandoned meander deposits are compared to active meander deposits,
they show the clear change in discharge and migration rate of the active Taquari
channel once the avulsion occurs as there is an obvious size difference. Active
meander deposits are formed within the active channel belt which has a

significant decrease in size downstream of the Caronal avulsion point and
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therefore results in a significant decrease in active deposit dimensions
downstream of the avulsion point. It is important to note that the active
meander deposits upstream of the avulsion point are much larger than the
abandoned deposits as this is where discharge and sediment load are highest in
the channel, resulting in the rapid growth of active deposits and the frequent
reworking of abandoned deposits. However, downstream of the avulsion point,
the abandoned meander deposits are much larger than the active deposits as the
decrease in discharge and sediment supply in the active channel results in very

small active meander deposit dimensions downstream.

As the active channel loses the capacity to transport higher volumes of sediment
into medial and distal reaches of the DFS, there is a clear decrease in the size of
active deposits formed in comparison to abandoned deposits in these reaches. In
the medial zone, the mean active meander deposit area is 0.16 km? whereas the
mean abandoned meander deposit area is 0.24 km? (Table 3.8; Table 3.9). The
medial zone includes some meander deposits which are situated upstream of the
Caronal avulsion point which may increase the mean area of deposits slightly.
The distal zone however, shows a much clearer decrease in active meander
deposit dimensions compared to abandoned deposit dimensions as the mean
active meander deposit area is 0.0063 km? compared to the mean abandoned
meander deposit area which is 0.25 kmZ2. This comparison between active and
abandoned meander deposits clearly shows the changes in discharge and
sediment supply on the Taquari DFS following the Caronal avulsion. If the
Caronal avulsion were to completely abandon the parent channel, then the
active meander deposits would no longer grow and the active channel belt would
also become abandoned as the avulsion channel continued to expand its own

active channel belt.

4.4 Implications

This study shows that the Caronal avulsion has caused significant geomorphic
change to the active channel (parent channel of the avulsion) and its active
channel belt, both of which experience a significant decrease in size
downstream of the avulsion point due to the diversion of discharge from the
parent channel to the avulsion channel. The understanding of the geomorphic
change which occurs within a river system as a result of an avulsion has
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important implications for the redistribution of sediment and water resources
across modern DFSs (Slingerland and Smith, 2004). For example, avulsions can
result in the displacement of water resources relied upon by many humans and
wildlife species, and cause wide redistribution of sediment and nutrients which
can impact available arable land.

In addition, the understanding of how large volumes of water and sediment are
displaced on a DFS is of great importance as avulsions can pose major hazards to
society. For example, avulsions can impact the availability of water resources,
cause damage to critical infrastructure, and most importantly result in mass
displacement of populations and loss of human life (Slingerland and Smith, 2004;
Sinha et al., 2014). In 2008, a major avulsion of the Kosi River (India/Nepal)
affected around 3 million people with widespread damage to villages and
farmland, and the displacement of much of the local population (Chakraborty et
al., 2010; Sinha et al., 2014).

Avulsions are common on DFS and are key processes in building stratigraphy as
sediment is distributed across the DFS surface (Slingerland and Smith, 2004)
changing the topography of the DFS and creating avulsion ridges which may
trigger future avulsions (Jones and Schumm, 1999; Assine, 2005). Many avulsions
have occurred on the Taquari DFS previously, as many paleochannels are
preserved on the DFS surface (Assine, 2005). Avulsions within the Taquari DFS
may also increase because of increased flooding and sediment generation in the
catchment. Intense agricultural activity in the catchment area of the Taquari
DFS removes vegetation that stabilises soil and sediment, which then becomes
mobilised and enters the DFS where it is then distributed (Assine, 2005). This
increase in sediment entering the DFS has the capacity to bring the river closer
to an avulsion threshold over shorter timeframes (Assine, 2005; Buehler et al.,
2011). On a DFS, an increase in sediment load can also change the planform type
to be more braided as higher sediment load rivers typically develop more
braided planforms (Leopold and Wolman, 1957; Hartley et al., 2010).

This study explores the spatial change in fluvial characteristics (i.e., channel
width) and meander characteristics (i.e., deposit dimensions) on the Taquari DFS
as discharge and sediment supply decrease significantly downstream of the

Caronal avulsion point. Spatial trends in DFS have previously been quantified in
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ancient systems (i.e., Salt Wash DFS; Owen et al., 2015 and Huesca DFS; Martin
et al., 2021), however, modern systems (in particular meandering DFSs) have not
been quantified in great detail. This study provides a dataset on a modern DFS
which shows that DFS trends including active channel width and active channel
belt width generally fit an established DFS model as they are seen to decrease
downstream as discharge and sediment supply decrease. There is however, a
degree of variability in each variable due to local influences such as high
sediment supply (i.e., where high variability in active channel width is observed
in the proximal zone), and channel belt confinement due to incision (preventing

typical DFS distribution processes in the proximal zone).

This study provides a unique dataset on the spatial variability of active and
abandoned meander deposits on a modern DFS by filling an important literature
gap, as meander characteristics have mainly been studied at reach scale (i.e.,
exhumed meander deposits and individual meanders across different river
systems). There is a clear difference in trends downstream when it comes to the
dimensions of both active and abandoned meander deposit dimensions. This is
due to the fact that active meander deposits show clear downstream trends in
dimensions, which are related to changes in discharge and sediment supply,
whereas conversely abandoned meander deposits show no change in dimensions
downstream. This occurs despite clear downstream trends being present in the
pre-avulsion system from the 1985 active channel width and pre-avulsion
channel belt width (downstream of the Caronal avulsion point). This is because
the abandoned meander deposits are interpreted to be representative of a long
period of deposition, which may encompass many changes in discharge and

sediment supply over time as a result of larger-scale hydrological changes.

Although there are no downstream trends observed for the abandoned meander
deposits, these deposits give a good indication of the size that an active deposit
could grow to if discharge and sediment supply did not reduce over time.
Therefore, where the size of abandoned meander deposits increases slightly
between medial and distal zones this could be a reflection of an increase in
channel sinuosity as the deposits continue to grow despite a decrease in channel
width downstream. This would suggest that where sinuosity is able to increase
downstream on a DFS then the decreasing channel width would not reduce

deposit size as these deposits continue to grow.
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The study of meander deposits (point bars) is important as these deposits have
been known to host various critical resources such as, uranium and organic-rich
siltstones (Berg 1968; Dalh and Hagmaier, 1976) as well as being ideal reservoirs
for carbon capture and storage (CCS) (Colombera et al., 2017; Sahoo et al.,
2020). This is due to the ideal geometry of meander deposits
(compartmentalisation of sandstone and mudstone). The results of this study
provide geologists with an idea of how subsurface reservoir dimensions (i.e.,
deposit shape) can vary spatially across a system. In addition, deposits of
meandering rivers have been previously misinterpreted in subsurface as braided
rivers. Further research such as a spatial grain size analysis of meandering
distributive fluvial systems will be able to use this study on spatial variability to

further constrain the dimensions of these deposits.

When considering meander deposits in the rock record as hydrocarbon
reservoirs, it is important to understand that these deposits are created under a
range of conditions (i.e., during an avulsion or while larger scale climatic
changes occur, which influence discharge and sediment supply). Comparing the
active meander deposits at one moment in time (2022) to the abandoned
meander deposits, which are created over much longer time periods, shows that
a range of deposit sizes can be preserved within the same zone of a DFS and
therefore will appear together stratigraphically in the rock record. For example,
in the medial zone, small-scale active deposits will sit stratigraphically above
larger-scale abandoned deposits in the subsurface (Figure 4.3) therefore
providing a range of reservoir dimensions. Frequent avulsion processes on the
Taquari DFS create fine-grained mudstone deposits which will sit
stratigraphically above and below sandstones in the rock record, therefore

surrounding the reservoir with an impermeable seal rock (Figure 4.3).

A model of the Taquari DFS (Figure 4.3) was created to compare the pre-avulsion
system to the modern system where the dimensions of active variables have
significantly decreased downstream of the Caronal avulsion point. This model is
useful as it shows the impact that a significant decrease in discharge and
sediment supply have had on meander characteristics. It is then inferred that
the subsurface dimensions of these channel deposits will decrease downstream

(Figure 4.3). This, in turn, will impact the connectivity of meander deposits in
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subsurface which, as outlined above, have important implications for the

reservoir potential of deposits (Colombera et al., 2017; Sahoo et al., 2020).
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Figure 4.3. A model of the Taquari DFS before the initiation of the Caronal avulsion (A) and
during the Caronal avulsion (B). Part A shows the pre-avulsion system which has a larger
channel downstream with a larger active channel belt and active meander deposits. Part B
shows the significant decrease in active channel width, active channel belt width, and active
meander deposit dimensions downstream of the Caronal avulsion point. Abandoned
meander deposits show a variability in dimensions downstream. Both models have
subsurface interpretations of the change in dimensions and connectivity of point bar
deposits following a change in channel width.
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5 Conclusions

This study has filled a critical literature gap with regards to quantifying the

spatial variability of meander characteristics within a modern DFS (i.e., from

apex to toe of the Taquari DFS using satellite imagery from 2022). In addition,

this study contributes to the understanding of the impact an avulsion event can

have on a parent channel and its associated channel belt and meander deposits.

The main findings of this study are outlined below.

There is a decrease in active channel width, active channel gradient,
active channel belt width, pre-avulsion channel belt width, and active
meander deposit dimensions downstream on the 2022 Taquari DFS. There
is a significant decrease in the dimensions of active variables downstream
of the Caronal avulsion point as discharge and sediment supply are

diverted to the avulsed channel.

Across proximal, medial, and distal DFS zones, the largest dimensions are
found in the proximal zone where there is also the highest variability
across most variables (i.e., active channel width, active meander deposit
dimensions, abandoned meander deposit dimensions, and active channel
sinuosity) due to the high discharge and sediment supply. In the medial
zone, the dimensions of active variables decrease significantly
downstream of the Caronal avulsion point and generally decrease
downstream. In the distal zone, the dimensions of most variables are
smallest and there is also a steady downstream decrease in dimensions for

most variables.

Pre-avulsion channel belt width, although not influenced by the Caronal
avulsion, does not display typical DFS characteristics at system scale due
to the confinement of this channel belt in the upper DFS. Where the pre-
avulsion channel belt is confined, it does not display typical DFS flow
distribution processes (i.e., bifurcation) and instead shows these trends
downstream of the confinement. Where the pre-avulsion channel belt is
unconfined, it shows a decrease in channel belt dimensions which would

be typical of a DFS.
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Active meander deposit dimensions decrease downstream with a
significant decrease in dimensions downstream of the Caronal avulsion
point. This shows the clear link between the decrease in discharge and
sediment supply and the growth of smaller meander deposits downstream.
This is an important finding as it will allow predictions to be made
regarding sandstone-body dimensions downstream on a DFS as channel

width decreases.

Active meander deposits also change shape downstream on the Taquari
DFS from more rounded deposits, where deposit length is often greater
than deposit width, to more crescent-shaped deposits, where deposit
width is often greater than deposit length. This also has important

implications for sandstone-body reservoir dimensions.

Abandoned meander deposits show no downstream trends, likely due to
the formation of these deposits over long timescales where deposits are
formed under a range of conditions. Abandoned deposits are also
preserved over a larger area as the pre-avulsion channel was able to

migrate further due to its high discharge.

The lack of downstream trends for abandoned meander deposits could
also indicate that there was an increase in sinuosity downstream in the
pre-avulsion channel which resulted in the continued growth of meander

deposits despite the reduction in channel width downstream.

Across proximal, medial, and distal DFS zones, important distinctions are
made between active and abandoned meander deposits. In the proximal
zone, active deposits are much larger than abandoned deposits as they
are still growing and are not reworked as frequently as abandoned
deposits. In the medial and distal zones, abandoned meander deposits are
significantly larger than active meander deposits. This is due to the
abandoned deposits being formed by a larger channel and being preserved
over a wider area, whereas the active deposits are formed by a smaller

channel which creates smaller deposits.
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e There is a clear decrease in active channel width between 1985 and 2022
on the Taquari DFS due to the Caronal avulsion. The pre-avulsion channel
width (1985 channel) is observed to be significantly larger than the active
channel width in 2022.

e The sinuosity of the active channel has not changed significantly between
1985 and 2022 and is variable downstream in both the 1985 and 2022
active channels. This variability in sinuosity is understood to be a typical
DFS characteristic due to meander cut-offs, re-meandering, and changes
in slope gradient. The only significant increase in sinuosity is observed in
the proximal DFS zone where discharge and sediment supply are largest,

and meander deposits grow more rapidly.

5.1 Limitations and Recommendations for Future
Research

There were no significant limitations encountered while conducting this
research, however, the use of satellite imagery (especially older imagery, such
as 1985 Landsat imagery) is often not a high enough resolution for mapping of
the system in great detail (especially in distal reaches). This was not a problem
within this study as the 1985 Landsat image quality was clear enough to extract
the active channel width which could then be compared to the active channel in
modern imagery. Details such as channel belt width and meander deposit
dimensions could not be identified however, and these were only identified in

modern imagery.

Future studies should build on the research presented in this study to conduct a
spatial grain size analysis of meander deposits within a meandering distributive
fluvial system. This will allow better understanding of sandstone-body reservoir
qualities such as porosity and permeability which are essential for hydrocarbon
storage or water storage. This will also provide greater insight into the spatial
subsurface connectivity of sandstone bodies which are able to convey pollutants.
In addition, the further quantification of the spatial variability of meander
deposits within a DFS which is not experiencing an avulsion, will give a better
indication of the dimensions active deposits which are able to grow larger

downstream.
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