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Abstract 

River deltas are home for ~300 million people worldwide and are hotspots for biodiversity. 

In recent decades, river deltas have been facing growing stressors due to dams and reservoirs, 

sand mining and sea-level rise, putting the human and natural systems that rely on river 

deltas at considerable risk to land subsidence, inland and coastal flooding, and other socially 

impactful geomorphological changes. The geomorphic response of river deltas to these 

growing stressors depends on the geomorphic controls on delta morphology and their scaling 

relationships. However, our current understanding of delta’s geomorphic response to these 

forcing is limited to local cases, fragmented physical and numerical delta experiments, and 

simplified global models. In this thesis, I explore the possibility of adopting scaling 

relationships originally developed for quantitative watershed analysis of fluvial systems to 

river delta systems to understand deltas’ morphodynamic response towards these stressors. 

Chapter 1 introduces the challenges faced by modern and ancient river deltas along with the 

scaling relationship theory. Chapter 2 details the methods used in this thesis, including 

modern delta observation, numerical modelling and characterisation of ancient delta 

deposits. Chapter 3 introduces a novel globally consistent scaling from 114 modern river 

deltas using satellite imageries observation, solving previously debated avulsion scaling. I 

found that slope break and avulsion location scale consistently, opens potential insights into 

how delta naturally respond to the growing stressors and how the avulsion mobility is closely 

tied with slope break, that are imperative for understanding delta flood risk. Chapter 4 

investigates the role of the novel scaling found in Chapter 3 in controlling avulsion-

bifurcation timescale and interaction in river deltas using numerical model. Avulsion is 

primarily controlled by delta topset slope, in which it occurs simultaneously with bifurcation 

process. In Chapter 5, novel palaeodischarge estimation models are proposed by correlating 

water discharge with delta channel widths and catchment areas from modern global deltas 

by adopting hydraulic geometry concept. These simple and rock-record focused correlations 

produce palaeodischarge estimates within the same order of magnitude as the 

palaeodischarge derived from existing, more complex approaches. In Chapter 6, I 

reclassified palaeodischarge models built in Chapter 5 based on the marine influence that 

affects the hydraulic geometry assumption used in earlier models. By establishing more 

detailed scaling relationships, I found that estimating discharge using hydraulic geometry 

concept is only applicable for river- and wave-dominated deltas, but not for tide-dominated 

deltas. Finally, Chapter 7 synthesises the previous chapters and proposes further works. 
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Notation 

The following symbols are used in this thesis 

A [L2] catchment area  

a, b, c, f, k, m,n,r 

γ, β, ᴪ, ς 
[-] constants 

B [-] bootstrap repetition number 

Ba [L] lobe width of each avulsion 

Bb [L] channel width upstream of the bifurcation 

Bc [L] channel width at avulsion node 

Cf [-] bed friction coefficient, Chezy friction coefficient 

D [L] delta lobe progradation distance 

d [L] channel depth 

D50 [L] 50% sieve diameter of sediment materials 

fa [T-1] avulsion frequency 

g [LT-2] gravitational acceleration 

Gd [-] elevation gradient 

H [L] aggradation thickness necessary for avulsion 

h [L] flow depth 

H* [-] avulsion threshold 

Hb [L] near shore water depth 

hc [L] characteristic or bankfull flow depth 

L [L] river distance along the longest distributary channel 

l [L] horizontal length used in calculating Gd 

La [L] avulsion length 

Lb [L] backwater length 

LD [L] 
distributary channel length in between bifurcated 

point 

Ls [L] slope break length 

Lv [L] valley-exit-to-shoreline distance 

N [-] number of samples 

p [-] statistical significance value 

Q [L3T-1] discharge 

Qb [L3T-1] bankfull discharge 

Qc [L3T-1] characteristic discharge 

Qs [L3T-1] sediment load 

Q2 [L3T-1] 2-year recurrence interval flood 

R [ML3] submerged grain density 

Rd [L-1] relative steepness 

S [-] slope, palaeoslope 

Stopset [-] delta topset slope 

s [L] river distance from the delta apex to the shoreline 

Sm [-] smoothness level used in lowess regression 

Sw* [-] standard error of dimensionless channel width 

T [Θ] temperature 

Ta [T] avulsion timescale 

Tb [T] bifurcation timescale 

u, V [LT-1] velocity 

vp [LT-1] delta progradation rate 
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w [L] channel width 

w* [-] dimensionless channel width 

Wav, Wa [L] channel width measured at avulsion node 

Wb [L] bankfull channel width 

Wmed [L] median channel width 

z [L] sea-level rise 

 [-] dimensionless constant 

∆ [L] mean bedform height 

 [L] bedform wavelength 

p [-] sediment porosity 

τ*b50 [-] 
dimensionless bankfull bed shear stress for D50 grain 

size 
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1 

Chapter 1 - Introduction 

Etymologically, the word ‘delta’ comes from the common triangle shape of this landform, 

firstly recognised from the Nile delta’s triangular ‘island’. Contrary to popular belief, 

Herodotus did not coin the term delta since the Oxford English Dictionary showed the first 

appearance of the word delta came from the English historian, Edward Gibbon, in the late-

eighteenth century (Celoria, 2015). However, there may well be earlier uses of delta in other 

languages that were not recorded in the literature. From a geological perspective, a river 

delta is defined as the sediment body accumulated beyond the lateral shoreline as the product 

of material delivered by a river system to a water body that can be either seawater or a lake. 

River deltas are built by repeating lobe deposition (Edmonds and Slingerland, 2007; 

Edmonds et al., 2011). When a river system containing water and sediment meets a relatively 

static water body, the decrease in longitudinal slope caused by the resulting backwater will 

reduce the river transport capacity. Sediment will consequently be deposited under water, 

producing a lobe-shaped mouth bar deposit. The deposition of this sediment body will then 

trigger the river flow to split into two (i.e. bifurcation) once the deposited sediment reaches 

a critical height of ~0.4 of the total water depth (Edmonds and Slingerland, 2007). The river 

bifurcation will continue to cause sediment deposition at this site until the mouth bar emerges 

subaerially, initiating the formation of a delta plain. Further offshore, sediment deposition 

then continues, leading to a repeating pattern of mouth bar deposition. This repeating cycle 

of mouth bar formation and channel bifurcation produces a delta plain containing a network 

of distributary channels with an overall triangular shape. Examples of deltas with such a 

triangular shape include the Nile, Niger and Mahakam deltas. All deltas would have this 

triangular shape if there were no other influences (e.g. waves, tides, sea-level change, 

changing sediment load) on this repeated process. However, not all rivers discharging into a 

relatively static water body build deltas into the water body since deposition is subject to 

sediment availability and marine forcing that may transport the sediments deposited in the 

water body away from the river mouth (Nienhuis et al., 2020). 

River deltas are hotspots for human populations, biodiversity and ecosystems that are 

experiencing growing stressors like dams (Wang et al., 2008; Yang et al., 2011; Li et al., 

2017), reservoirs and channel diversions (Aslan et al., 2005; Wang et al., 2008), sand mining 

(Brunier et al., 2014; Hackney et al., 2020), sea-level rise (Turner et al., 2017; Chadwick et 

al., 2020; Edmonds et al., 2020) and increasing human populations (Vörösmarty et al., 2000; 
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Szabo et al., 2016). Together, these lead to decreasing sediment loads of rivers, subsidence 

and intense coastal flooding due to relative sea-level rise (SLR), putting human populations 

and ecosystems relying on river deltas at considerable risk (Ericson et al., 2006; Syvitski and 

Saito, 2007; Loucks, 2019; Hackney et al., 2020). These growing pressures force millions 

of people to migrate from the Ganges-Brahmaputra-Meghna delta annually, 

disproportionately impact poorer people especially in developing economies (Edmonds et 

al., 2020) and, for example, only leave a small fraction of the Mississippi Delta being 

sustainable, along with other socially impactful geomorphological changes (Blum and 

Roberts, 2009; Nienhuis et al., 2015, 2018a; Chamberlain et al., 2018). As the home to half 

a billion people, river deltas are dynamic landscapes that continuously change, demanding 

human society to continuously adapt to mitigate its exposure to natural disaster. 

In the ancient system, river deltas have been found as prolific water, hydrogen and 

hydrocarbon reservoirs. As the focal point of sediment deposition, river deltas preserve 

relatively thick sand bodies that produce prolific reservoirs in the subsurface (Bhattacharya 

and Tye, 2004; Zhu et al., 2012; Eide et al., 2016; Rossi and Steel, 2016). As an important 

sink within the source-to-sink framework, river deltas also contain crucial information for 

decoding climatic signals in the rock record, by preserving sediment and precipitates from 

dissolved constituents that have passed through a connected suite of geomorphic settings. 

However, the lack of quantitative rock-record-focused methodology to decode climate 

signals from deltaic deposits motivates this study. Quantifying the water discharge 

transported through a delta system in a deep geological time has always been challenged by 

the limited exposure of deltaic outcrop or subsurface data. Also, the currently available 

methods for discharge estimation are more suitable for fluvial systems that have 

unidirectional river flow, than for river deltas that have bidirectional and backwater-

influenced flows. Moreover, the currently available methodology uses parameters that are 

challenging to extract from the rock record (Holbrook and Wanas, 2014) or are climate-

specific (Syvitski and Milliman, 2007; Nyberg et al., 2021). This study aims to fill this gap 

by creating a methodology to decode palaeodischarge from deltaic deposits that is not 

climate-limited and that is rock-record-focused.  

In the following sections of this chapter, the challenges of understanding scaling 

relationships, in which geomorphic response of modern and ancient global river deltas 

depend on them, are discussed in more detail. 
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1.1. Challenges in modern river deltas 

Avulsion is the sudden shift in the course of a single river channel that may typically occur 

on a delta every 101-103 years (Slingerland and Smith, 2004; Jerolmack, 2009). Avulsions 

have caused some of the deadliest floods in human history due to unexpected floods 

occurring inland in areas often not mapped as at risk (Slingerland and Smith, 2004; Sinha, 

2009; Kidder and Liu, 2017; Chadwick et al., 2020). Given the challenges faced by global 

river deltas, understanding the physical phenomena of channel avulsions is critical yet 

remains mechanically less well understood than other mechanisms of landform change in 

river deltas. 

Geomorphologically, avulsions in river deltas have been considered to have a direct scaling 

relationship with backwater length, the length along which there is a marine influence on the 

delta plain (Paola and Mohrig, 1996; Parker, 2004; Chatanantavet et al., 2012). The scaling 

relationship between avulsion and backwater length has been found to be consistent in a 

small number of natural deltas and a physical model (Ganti et al., 2016a, 2016b; Moodie et 

al., 2019; Li et al., 2022a). However, another study has found that avulsion scales more 

strongly with the valley exit point instead of the backwater length; note that this study has a 

larger sample size (Hartley et al., 2017). Another study from the Yellow river delta (Ganti 

et al., 2014) also found that the more active avulsions in its delta plain are clustered 

downstream and exhibit a direct relationship with backwater lengths. However, in the further 

upstream area of the delta, avulsion occurs consistently at the same location due to its 

relationship with bedslope change at the valley exit site, supporting Hartley et al’s (2017) 

finding. The fragmented understanding of the avulsion scaling relationship requires a more 

comprehensive dataset to achieve a complete view of how avulsion scales and works in 

natural river deltas. 

1.2. Challenges in ancient river deltas 

In decoding the climate forcing that occurred in ancient river deltas, palaeohydrology has 

served as a helpful tool for sedimentologists. Palaeohydrology is the study of constructing 

hydrology from deposits (Leopold and Miller, 1954; Baker et al., 2022). The constructed 

hydrology is helpful in reconstructing climatic events, such as changing discharge, 

precipitation, or temperature, from the rock record. Along with its ability to reconstruct the 

hydrology of the ancient system, palaeohydrological methods can also be used to estimate 
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the sediment load entering a delta that may assist in predicting reservoir volume and 

palaeogeography. 

Unfortunately, palaeohydrological reconstruction of river deltas usually adopts methods 

developed from fluvial systems, even though fluvial and river delta systems have distinct 

geomorphic processes (Brewer et al., 2020). In fluvial systems, water flow is unidirectional. 

This assumption is only partially true in river deltas that are directly influenced by marine 

forcing. In river deltas, the downstream end of the system has a direct contact with marine 

processes such as backwater, waves, tides, longshore currents and/or sea-level rise that 

influence the unidirectionality of water flow in parts of the system. An example of this is the 

influence of tides on river deltas that lead to stabilising and widening of delta distributary 

channels (Plink-Björklund, 2012; van Cappelle et al., 2016; Hoitink et al., 2017; Lentsch et 

al., 2018). Thus, adopting palaeohydrological reconstruction from rivers for river deltas may 

lead to under- or over-estimation of palaeohydrological parameters. Consequently, there is 

a need to establish a new palaeohydrology tool specific for river deltas. 

1.3. Scaling relationships in river deltas 

A scaling relationship for geomorphic units was originally derived from dimensional 

analysis and geometrical similarity concepts proposed by Strahler (1957). Assuming 

similarity between systems of various sizes, all dimensionally equivalent parameters (e.g. 

width, length, relief, basin area) of different sizes of river basins are postulated to be in a 

fixed ratio. Conversely, the non-dimensional parameters (e.g. bifurcation angle, stream 

junction angle, ground slope angle) will have consistent values if the ratio of dimensionally 

equivalent parameters is the same. 

Strahler’s (1957) original concept has been developed into a set of diverse scaling 

relationships that have been applied across sedimentary environments. It has also influenced 

a mix of empirical observations. In its contribution to palaeohydrology, several types of 

scaling relationships can be identified, including empirical-based scaling (e.g. BQART 

(Syvitski and Milliman, 2007), hydraulic geometry (Leopold and Maddock, 1953), 

downstream hydraulic geometry of tidally influenced river deltas (Sassi et al., 2012)), 

sedimentary characteristic-based scaling (e.g. Fulcrum (Holbrook and Wanas, 2014), 

regional hydraulic geometry scaling (Davidson and North, 2009)), and geomorphic scaling 

(e.g. bifurcation length-channel width scaling (Edmonds and Slingerland, 2007), avulsion-
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backwater length scaling (Chatanantavet et al., 2012; Ganti et al., 2016a), avulsion-delta 

apex length (Hartley et al., 2017)), and other scaling relationships such as 2D analysis of 

clinoforms and clinothems sedimentation rates (Fig. 1). 

 
Figure 1.1 Schematic diagrams showing different classifications of scaling relationships. a) Source-to-sink 

diagram with notation of parameters being used in BQART model. Boxes in the diagram refer to more 

detailed picture shown in b) and e). b) River channel coming into an unconfined valley along with the 

channel-belt deposit produced underneath the surface. Inset boxes represent scaling explained in c) and 

sedimentary characteristic-based scaling in d). e) Geomorphic scaling produced by measuring the 

geomorphic elements of river deltas (e.g. backwater, apex, avulsion length) that commonly form power-law 

relationships. 

The most recent empirical-based scaling is the ‘BQART’ model in which utilises catchment-

scale parameters. Using global relationship between discharge Q and drainage area A, 

Syvitski and Milliman (2007) showed that B (human factor such as glacier erosion, trapping 

efficiency of lakes and man-made reservoirs), R (basin relief), T (temperature), also scale 

with sediment flux (Qs), hence it is called the ‘BQART’ model. However, this model is quite 

challenging to be applied to the rock record due its parameters that can often be partially 

constrained. For example, estimating palaeotemperature, T requires 

palaeosols/mineralogy/biomes of flora and fauna combined with plate tectonic 

reconstructions that cumulatively adds uncertainty in relying to this model.  
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One of the most used scaling approaches is hydraulic geometry; a set of observationally 

derived, although theoretically justified (Ferguson, 1986), power law relationships produced 

to account for the inevitable consequence of channel size adjusting to the volume of water 

being conveyed. Leopold and Maddock’s (1953) findings on the strong log-log trends 

relating water discharge to channel width, depth and velocity of numerous rivers in the 

western United States have been considered as the basis of the on-going studies of hydraulic 

geometry (Gleason, 2015a). Hydraulic geometry focuses on direct scaling relationships 

between the hydraulic properties of a river and its geometry (Fig. 1.2). When a river is at a 

low stage, the width of the river will be relatively smaller than when the river is at its high 

stage as the river discharge is a function of the channel width (Eq. 1.1), channel depth (h) 

and velocity (u) (Fig. 1.2; Eq. 1.1-1.3 (Leopold and Maddock, 1953). Since discharge (Q) is 

also directly related to the size of the catchment area contributing to the river system (A) 

(Eq. 1.4), channel width (w) also scales with catchment area (A). 

𝑤 = 𝑎𝑄𝑏 (1.1) 

ℎ = 𝑐𝑄𝑓 (1.2) 

𝑢 = 𝑘𝑄𝑚 (1.3) 

𝐴 = 𝛾𝑄𝛽 (1.4) 

with the coefficients (a, c, k, γ) and exponents (b, f, m, β) derived empirically from repeat 

measurements (Leopold & Maddock, 1953). From the continuity equation Q = W.h.u, it 

follows that a.c.k = (b+f+m) = 1. The values of b, f and m are constrained by the hydraulics 

of water flow (Ferguson, 1986). 

 

 
Figure 1.2 Schematic diagram showing the cross section of a river with different flow stages. Q represents 

river discharge; w represents the river width with notation number represents different flow stages. 

Sedimentary characteristic-based scaling relationships (i.e. Fulcrum method; Holbrook and 

Wanas, 2014) estimate channel dimensions and palaeohydrology from sedimentary 
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characteristics found in the rock record. Fulcrum method assumes dynamic equilibrium 

between volume of sediment transported through a trunk channel with the eroded and 

deposited sediment upstream and downstream of a trunk channel. Bankfull flow depths are 

measured from the thickness of fully preserved fining-upward facies successions or from 

average thickness of dune-scale cross-sets. While the bankfull widths are estimated from the 

empirical relationship or from point bars (Bhattacharya et al., 2016; Brewer et al., 2020). 

The sedimentary characteristics (e.g. grain size, sorting, bedforms) are used to quantify the 

bed shear stress and to infer flow regimes and consequently the palaeoslope. Integrating the 

bankfull depth, width, and bed shear stress, bankfull discharge could then be estimated using 

a suspended sediment transport equation (e.g. van Rijn (1984)). Similarly, regional hydraulic 

geometry curves (Davidson and North, 2009) estimate bankfull channel depth and width 

from the thickness of palaeochannel fill and point bars measurement, respectively. 

Afterwards, bankfull discharge is estimated through estimating the catchment area (A) from 

the bankfull flow depth (hc) due to hc = nAr and Q = ᴪAς direct scaling relationships. 

Geomorphic scaling in river deltas has been considered as the crucial factor in defining the 

location of delta avulsions and how delta lobes grow through time (Chatanantavet et al., 

2012; Ganti et al., 2016a) due to the empirical finding of avulsion-backwater length scaling 

from 15 natural deltas. However, Hartley et al. (2017) argued that an avulsion node, that 

they referred to as the delta apex, is primarily controlled by processes at the valley mouth 

where unconfined deposition commences. The position of the valley mouth coincides with 

the location of a longitudinal slope break that triggers the onset of delta construction in an 

unconfined setting, due to sediment transport capacity being reduced downstream from this 

location to the shoreline. Thus, there should be spatial correlation between valley mouth 

locations and avulsion node positions. However, valley mouth location is not necessarily the 

upstream limit of the coastal backwater length, the length of which depends directly on sea-

level and inversely on bed slope. Hence, for deltas in equilibrium with external controls, 

Hartley et al.’s (2017) results suggest 1:1 scaling relationships between both the avulsion 

(La) and slope break (Ls) lengths measured from the shoreline and the valley-exit-to-

shoreline distance (Lv). 

In mitigating the challenges of understanding geomorphic response of modern and ancient 

river deltas, scaling relationships have been considered as one of the most useful approaches 

to understanding complex hydrographic patterns (Seekell et al., 2021). Despite numerous 

applications in river systems, to date very few river delta studies have benefited from this 
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scaling relationship concept (Sassi et al., 2012; Edmonds & Slingerland, 2007), despite its 

potential effectiveness in predicting a system’s growth. Adopting empirical-based scaling 

concepts to river deltas should, however, maintain assumptions associated with the hydraulic 

geometry concept, namely rectangular channel cross section and is in a dynamic equilibrium 

state. Directly adopting the hydraulic geometry concept from river systems for deltas is not 

straightforward due to the different geomorphic processes that occur in river deltas, as 

explained above. 

In a river delta, hydraulic geometry relationships may not be as straightforward as in a fluvial 

system because of these two factors: distributary/multiple channels pattern and flow 

bidirectionality. Multiple channels on delta plain parallelly transport water and sediment 

downstream. From the continuity equation, the total discharge of a channel feeding into a 

delta plain should be equal to the sum of discharges of each individual distributary channel 

(Fig. 1.3). Due to the interaction of a river delta with a standing body of water, there is a 

backwater influence that create morphological complications in applying hydraulic 

geometry concept to a river delta (Fig. 1.3). In this backwater-influenced region, downslope 

discharge may not be perfectly correlated with the hydraulic geometry like in a fluvial 

system. 

 
Figure 1.3 Schematic diagram of discharge partition in a river delta. 

1.4. Aims and research questions 

The aim of this thesis is to achieve a globally consistent scaling relationship between 

avulsion and backwater length, discharge-catchment area and discharge-distributary channel 



 

9 

width and investigate its implication for the modern and ancient deltaic deposits. In detail, 

the research questions (RQ) to be addressed in this thesis are: 

RQ1. Can a globally consistent avulsion-backwater length scaling relationship be 

derived for river deltas?  

RQ2. What are the implications of the scaling relationships found from modern river 

deltas for our understanding of the growth and internal dynamics of river deltas? 

RQ3. To what extent is the scaling relationship found from the modern river deltas 

applicable to deltaic deposits? 

To address these questions, morphometric parameters were collected from 114 modern river 

deltas distributed across five climate regions. The scaling relationships found from the 

modern river deltas are then tested to the rock record by compiling the palaeodischarge 

values from three Cretaceous deltaic deposits. 

1.5. Thesis structure 

The goal of this thesis is to fill the gap in our existing knowledge about morphometric scaling 

relationships in river deltas, from both modern and ancient systems. Morphometric variables 

were measured to build scaling relationships that could progress the debate about backwater-

avulsion length or slope-break-avulsion length by using a large global dataset. Based on the 

findings from modern deltas, a suite of numerical model scenarios to understand the scaling 

relationships found from the modern system is built. The mechanics of avulsions and 

bifurcations on river deltas affected by this scaling relationship is investigated in this thesis. 

I tested the discharge-channel width and discharge-catchment area scaling relationships 

which I found in the modern river deltas to the rock record by comparing the palaeodischarge 

estimated using my scaling relationships to the palaeodischarge estimated from the Fulcrum 

method. This rock-record focused approach aims to produce a practical method for 

palaeodischarge estimation from the rock record, to complement previous approaches such 

as BQART and Fulcrum. After a methodological overview, the thesis is structured as the 

compilation of the manuscripts submitted or published in scientific journals that answer each 

research question proposed earlier.  
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Chapter 3 addresses research question (RQ) 1, to investigate the consistency of the 

backwater-avulsion length scaling relationship using a large global river delta dataset. 

Chapter 4 discusses the implications of the findings of globally consistent scaling 

relationship from Chapter 3 for understanding of how river deltas grow and autogenically 

interact (RQ2). From a compilation of distributary channel widths, delta catchment areas 

and river discharges from modern deltas, novel channel width-discharge and catchment area-

discharge scaling relationships are developed specifically for river deltas in Chapter 5, along 

with discussion of their implications for understanding ancient deltaic deposits (RQ3). 

Chapter 6 discusses the limitations and practical sampling criteria deriving from the findings 

in Chapter 5 to other delta types such as wave- and tide-dominated deltas (RQ3). Afterwards, 

findings from each chapter are synthesised in Chapter 7 along with an assessment of their 

contribution, evaluation and suggestions for further work. 

In chapter 3, avulsion lengths from global river deltas are found to consistently scale with 

slope break lengths measured from the delta shoreline. Other scaling relationships are 

determined that are consistent with previous findings of Hartley et al. (2017) and Ganti et 

al. (2016). However, the slope break-avulsion length scaling relationships preside over the 

previously found scaling relationships in all climate settings and all valley types. This 

finding in Chapter 3 opens the opportunity to explore alternative hypotheses for the controls 

on delta development. Along with the possible processes that produce these scaling 

relationships, a framework is proposed for understanding delta lobe building by dividing a 

delta into bedslope- and backwater-mediated zones. The proposed framework allows 

potential insights into how delta systems will respond to changing boundary conditions. This 

framework also contributes to our understanding of the location of avulsion nodes in a delta 

system that has potential significance for the large populations that live on the world’s delta 

plains. 

Chapter 4 focuses on the influence of slope break-avulsion length scaling relationships in 

the mechanics of avulsion and bifurcation in river deltas. A suite of morphodynamic 

numerical experiments was undertaken using scenarios that had various slopes upstream of 

the delta plain that cover the magnitude of natural river delta slopes. The numerical models 

allow calculation of avulsion and bifurcation timescales during the growth of a delta. The 

experiments used a static water level boundary condition to isolate the allogenic sea-level 

forcing that acts on river deltas. By eliminating this allogenic forcing, the model results 

produce a novel understanding of autogenically-controlled avulsion and bifurcation. From 
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the numerical model, delta topset slope serves as the first-order control of autogenic 

avulsion. Furthermore, by correlating the delta topset slope and avulsion timescale from the 

model with that in natural deltas, consistent agreement is found, justifying the reliability of 

the model built in this study.  

Chapter 5 moves the focus from the modern system and numerical modelling to deltaic 

deposits. From the compilation of distributary channel widths, delta catchment area and river 

discharges from modern systems, novel channel width-discharge and catchment area-

discharge scaling relationships are calculated specifically for river deltas. These scaling 

relationships were determined for individual climatic regions and were applied to examples 

of deltaic deposits from the rock record to estimate palaeodischarges of these deltaic 

deposits. By comparing these results with previous palaeodischarge estimates using the 

Fulcrum method, the scaling relationships proposed here produce the same order of 

magnitude of estimated palaeodischarge but based on significantly fewer input parameters 

that need to be estimated from the rock record. These rock-record focused scaling 

relationships will benefit sedimentologists working on decoding palaeodischarge values 

from ancient delta deposits. 

In Chapter 6, the assumptions used in building scaling relationships in river deltas that are 

based on the hydraulic geometry concept are considered. The assumption of unidirectional 

flow needs the scaling relationships from Chapter 5 to be sub-divided to take account of the 

marine influence that can reduce the dominance of the unidirectional river current. Hence, 

distributary channels measured along the delta plain are divided into ‘upstream’ and 

‘downstream’ parts for each river-, wave- and tide-dominated delta to establish more 

detailed scaling relationships based on the influence of marine forcing reflected in the 

distributary channel width patterns. The calculation of discharge/palaeodischarge of a river 

delta could benefit from applying the hydraulic geometry concept for river- and wave-

dominated deltas, but not for tide-dominated deltas since there is no statistically significant 

discharge-channel width relationship found in tide-dominated deltas. 

Chapter 7 summarises the findings presented in Chapters 3 to 6 and then syntheses the 

overall contribution of this study to the scientific community working with the rock record, 

numerical models, or modern river deltas. The study is then evaluated and suggestions for 

further work are presented. 
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Chapter 2 – Methods 

Investigations conducted to understand river delta morphodynamics can use data from three 

different approaches: modern ‘natural’ river deltas, synthetic river deltas produced by 

numerical or laboratory simulation model, and deposits of ancient river deltas. Even though 

each of the following chapters has associated methods presented, Chapter 2 contextualises 

methods for the whole thesis. The chapter is presented based on these three perspectives of 

river deltas, with the section on synthetic river deltas coming from numerical simulation. 

From the modern deltas, the next sub-section ‘Modern river deltas observation’ is linked to 

Chapters 3, 5 and 6, to answer the first research question about the consistency of backwater-

avulsion length scaling relationship and the third research question about the extent of the 

scaling relationship found from the modern river deltas applicable to deltaic deposits. I give 

an overview of satellite imagery that was used to observe modern river deltas and the 

morphometric measurements I acquired. Afterwards, the following sub-section ‘Synthetic 

river delta observation’ is linked to Chapter 4. It answers the second research question about 

the implications of the scaling relationships found from modern river deltas to our 

understanding of how river deltas grow, by presenting an overview of the numerical 

modelling and morphometric measurements that was subsequently acquired. The last section 

‘Ancient river deltas observation’ of this chapter discusses the methods I used to collect the 

dataset from the ancient river deltas to answer the third research question, linked to Chapter 

5 and 6. 

I cover 114 river deltas located across arid, cold, polar, temperate, and tropical climate 

regions to cover the global distribution of river deltas (Fig. 2.1). Criteria for selecting the 

modern river deltas include any channel mouth that intersects with the open seawater 

depositing sediment that protrudes beyond the lateral shoreline, with or without the 

characteristic morphology of river-dominated deltas (e.g. subaerial mouth-bar deposit, 

elongate distributary channels) (Olariu and Bhattacharya, 2006). A sub-set of ten deltas, 

defined as wave-dominated by Nienhuis et al. (2020) and 7 tide-dominated deltas, are also 

investigated. 
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Figure 2.1 Global distribution of the 114 studied deltas. Different colour shades represent the coverage of 

satellite imageries used in this study. 

2.1. Modern river deltas observation 

2.1.1. Satellite data overview 

Landsat 5 and digital elevation models (DEMs) from the Shuttle Radar Topographic Mission 

(SRTM) and ArcticDEM were used to acquire morphometric measurements from modern 

river deltas. I used Landsat 5 Thematic Mapper (TM) with calibrated top-of-atmosphere 

(TOA) reflectance to accommodate the oldest satellite image available (i.e. 1984) to 

minimise the anthropogenic effects such as channel diversion, dams, levee protection and 

bridges that may directly influence the river delta geometry. Eventhough I acknowledge that 

the boom in large dam construction was mainly around 1950s globally (Wang et al., 2022). 

The TM sensor offered better spatial, spectral, radiometric and geometric performance than 

the earlier Multispectral Scanner (MSS) sensor as in Landsat 1, 2 or 3 (Chander et al., 2009). 

The spatial resolution of Landsat 5 is 30 m (Table 2.1) for the six reflective bands and 120 

m of the thermal band (Markham et al., 2018). The short-wave infrared (1.55 - 1.75 µm), 

near infrared (0.76 - 0.90 µm) and blue band (0.45 - 0.52 µm) from the Landsat 5 were 

extracted from those satellite imageries to better distinguish the water from the land and to 

increase the confidence in morphometric measurement. By choosing the near- and short-

wave-infrared, water will look darker due to all light at these wavelengths being absorbed 

by water. 

A DEM is a generic name for topographic information that describes the Earth surface. DEM 

can be a Digital Surface Model (DSM) that describes topographic information that includes 

surface features such as vegetation and built structures (Mudd, 2020) or a Digital Terrain 
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Model (DTM) that describes the representation of the Earth’s surface with the built and 

natural surface features removed; also referred to bare-earth. The DEMs used in this study 

consist of the Shuttle Radar Topography Mission (SRTM) and ArcticDEM. SRTM was 

launched in February 2000 and covered the land surface between latitudes of 60 degrees 

North and 58 degrees South with approximately 90 m resolution near the equator (Farr et 

al., 2007) (Fig. 2.1; Table 2.1). The SRTM dataset was verified with over 2 million ground 

check points producing 90% absolute linear errors between 5-9 m with the greater 10% 

errors likely be concentrated in mountainous regions (Rodríguez et al., 2006). To cover area 

beyond 60 degrees North, ArcticDEM covers the North of 60 degrees latitude Earth’s surface 

with the spatial resolution of 2 meters (Fig. 2.1; Table 2.1) (Morin et al., 2016; Mudd, 2020). 

The average accuracy of ArcticDEM is 0.1 ± 0.07 meter when being compared to ICESat 

data (Mudd, 2020). 

Dataset 
Spatial 

resolution 

Visit 

interval 

Temporal 

coverage 
Spatial coverage 

Landsat 5 TM 30 m 16 days 1984-2012 Global 

SRTM 30-90 m Single 2000 60°N-54°S 

ArcticDEM 2 m Single 2016-2018 North of 60°N 

Table 2.1 Dataset used in this study (modified from Gorelick et al., 2017) 

The Landsat and DEMs dataset were extracted using Google Earth Engine (GEE), a cloud-

based platform with a multi-petabyte geospatial dataset provided by Google (Fig. 2.2) 

(Gorelick et al., 2017). The code was written in this platform to extract the desired data 

(Appendix 1). Firstly, a polygon was manually drawn around each delta (N=114 river 

deltas). The polygon covered the delta region up to the first exit valley of the fluvial region. 

The oldest available images were then chosen to avoid anthropogenic impacts such as sand 

mining that reduces sediment delivery to the ocean, dike building, riverbank construction. I 

do not use globally available delta dataset due to their exclusion of single channel delta 

(Caldwell et al., 2019) and equivocal delta definition that includes all rivers mouths without 

any delta deposit (N=10.848 deltas) (Nienhuis et al., 2020). The stacked imageries were then 

sorted based on the cloud cover. The least cloud cover was mosaicked and extracted to the 

Google drive platform to be analysed locally in ArcMap software. Since the oldest composite 

images (1984) rarely satisfy the cloud cover defined in the code, relatively wide variance of 

images taken dates must be compromised in this study. 
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Figure 2.2 Flow diagram showing the process of extracting Landsat and Digital Elevation Model (SRTM 

and ArcticDEM) rasters from the Google Earth Engine (GEE) platform. This method was run using 

JavaScript within GEE. 

2.1.2. Morphometric measurements from the modern river deltas 

Several morphometric parameters are measured in this study to answer the research 

questions about the consistency of avulsion-backwater lengths scaling relationships and 

about the applicability of the scaling relationship found from the modern river deltas to 

deltaic deposits. Morphometric measurements were manually digitised using ArcMap 

software. All the Landsat and DEMs data were projected using WGS84 reference system 

and processed in the ArcMap software (10.6.1). Using the Landsat data, avulsion length was 

measured as the river distance from the longest distributary channel to the first avulsion 

node. When there is only a single distributary channel with no bifurcation, avulsion length 

is measured up to the farthest upstream valley exit identified from its DEM, following the 

method from Hartley et al., 2017. Like the avulsion length, valley-exit-to-shoreline length 

was measured as the river distance from the shoreline to the valley exit point identified from 

the DEMs (Hartley et al., 2017). Please refer to Fig. 3.6 to see examples of the measured 

avulsion length, valley-exit-to-shoreline length and calculated backwater length produced 

from this study. 

Backwater length (Lb) was calculated (Chatanantavet et al., 2012) as: 

𝐿𝑏 =  
ℎ𝑐

𝑆
 (2.1) 

Landsat 5 SRTM and ArcticDEM

Choose the oldest stacked imageries

Choose the least cloudy imagery

Mosaicked

Extract

Define region Define region

Clouds cover 
the river 
courses?

NO

YES

Choose 

other dates

Morphometric 
measurement 
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ℎ𝑐 =  (
𝐶𝑓𝑄𝑐

2

𝑔𝑊𝑎𝑣
2𝑆

)

1
3

 (2.2) 

where hc is the characteristic flow depth (m) and S is water surface slope (m/m) (Eq. 2.1). 

Characteristic flow depth (Eq. 2.2) was calculated using the bed friction coefficient Cf = 

0.002 for large lowland rivers (Parker et al., 2007). Qc is the characteristic water discharge 

(m3/s), g is gravitational acceleration (m/s2) and Wav is the channel width (m) at the avulsion 

node at the time of the image (Parker et al., 2007). Characteristic water discharge (Qc) is 

taken as the 2-year recurrence interval flood (Q2) as close to the upstream limit of the delta 

as data availability allows, to provide an indicator of the dominant channel-forming flow 

(Wolman and Miller, 1960; Ganti et al., 2016a). Q2 was calculated from daily river discharge 

data available from the Global Runoff Data Centre (GRDC; 

https://www.bafg.de/GRDC/EN/Home/homepage_node.html). Channel width (Wav) was 

measured on the Landsat imagery at the avulsion node to avoid influence by wave or tidal 

processes. Slope (S) was calculated from the water elevation profile along the centreline of 

each river. 

Measuring the slope break lengths involved pre-processing the DEMs. ArcMap’s 3D analyst 

toolbox was used to build the elevation profile along one active and longest distributary 

channel course from the shoreline up to the valley exit point identified earlier (Hartley et al., 

2017). Since SRTM and ArcticDEM data consist of scattered error values caused by various 

factors like speckle noise, vegetation, man-made objects, water surface, filtering and 

smoothing techniques were needed to build a ‘clean’ elevation profile. Locally weighted 

polynomial regression (lowess) was found to be an ideal technique to effectively removing 

outlier values, while maintaining the shape of the longitudinal river long profile, including 

major breaks in slope and knickpoints (Aiken & Brierley, 2013).  

Lowess is a method for smoothing the scatterplot data (i.e. elevation) using the fitted value 

that comes from a polynomial fit to the raw data using weighted least squares (Cleveland, 

1979). The weight is a function of a distance between data points, with the decrease in weight 

representing the increase in distance. Lowess was undertaken in R software, where the user 

needs to input the weight value Sm in which 0<Sm≤1. By choosing the bigger value, the 

variability in the smoothed points will be minimised without distorting the pattern in the data 

(Cleveland, 1979). 

https://www.bafg.de/GRDC/EN/Home/homepage_node.html
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Filtering the raw data involved finding the most conformable lowess curve and removing 

the values bigger than 1- or 2-times standard deviation in every 100 data points from this 

fitted curve (Fig. 2.3a). The fittest curve was then iterated again using the same lowess 

method from the filtered data to find the best smoothed curve (Fig. 2.3b). The best smoothed 

curves using the same Sm-value could either come from the raw or the filtered data and the 

lowess smoothed curve from the filtered data mostly faced difficulty in preserving the 

overall data especially in the start and end points because of the nature of the method. To 

mitigate this, the lowess smoothed curves from the raw data which showed a better fit most 

of the time, used in this study as the final elevation profile (Fig. 2.3c). The final filtered and 

smoothed data were then used to identify the location of the slope breaks. 

 
Figure 2.3 Filtering and smoothing elevation profile from the Nile Delta (a) raw elevation profile extracted 

from the SRTM data with lowess curve using Sm = 0.035 fits the raw data (b) filtering the elevation profile 

by removing elevation values beyond 2-times standard deviation from the smoothed curve and choosing the 

best fitted lowess curve with Sm = 0.035 (c) result of the filtering and smoothing process. 

The slope break locations were identified using semi-automated slope break extraction 

method coupled with Hack Stream-Length (SL-index) to justify the location of the slope 

break (Hayakawa & Oguchi, 2006; Hack, 1973). Hayakawa and Oguchi (2006) used long 

profile geometry to isolate slope breaks based on their gradient (Gd) values. I defined l as 

the horizontal length used in calculating Gd (Eq. 2.3). The l value should be at least two 

times the distance between two adjacent measurement points to accommodate local gradient 

changes. As an example, the averages of two adjacent measurement points in Nile delta are 

~90 m, and ~30 m for the Comal delta, thus using l = 180 m for the Nile and l = 60 m for 

the Comal would be appropriate. The l value was then multiplied by 2, 3, 4, and so on to test 

the sensitivity of the gradient measurement towards the l value (Fig. 2.4). 

The gradient (Gd) is then: 

𝐺𝑑 =  
𝐸1 − 𝐸2

𝑙
 

(2.3) 
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where E1 and E2 are the elevations of upstream and downstream points l/2 away from the 

measured elevation obtained from the DEMs (Fig 2. on Hayakawa and Oguchi, 2006). I then 

calculated the relative steepness (Rd) as: 

𝑅𝑑 =  
𝐺𝑑

𝑙
 

(2.4) 

and plotted this against distance from shoreline from different l values (Fig. 2.4). The slope 

break location is defined by Rd > SD(Rd), with the standard deviation of Rd being SD(Rd). 

I then measured the distance from the delta shoreline to the first slope break across our global 

dataset. To justify the location of the first slope break, I calculated the Hack SL-index from 

above and below the slope breaks (e.g. represented as values in parentheses in Fig. 2.4) 

(Hack, 1973; Zaprowski, et al., 2001). Higher SL-index values indicate steeper longitudinal 

profiles. 

The above method gave consistent results across different delta sizes and gradients. Since 

this method is very sensitive to elevation change, it is suited to extracting slope breaks in 

lowland deltaic rivers which have very low slopes (up to 3 orders of magnitude lower than 

in typical fluvial systems) and over long distances (3 orders of magnitude longer than the 

rivers investigated by Bishop et al. (2005) and Hayakawa and Oguchi, (2006). Fig. 2.4a-c 

and Fig. 2.4d-e show the reliability of this method in detecting the first slope breaks from 

both cases with visibly sharp (e.g. Nile delta) and very gentle changes in channel gradient in 

small delta (e.g. Comal delta). Nonetheless, manual visual inspection is still needed to 

supervise the location of the first slope break in sub-vertical resolution changes of channel 

gradient (~5-8 meter absolute vertical accuracy for the SRTM globally) (Rodríguez et al., 

2006). 
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Figure 2.4 Elevation profile filtering and slope break detection process from the Nile (a-c) and Comal (d-f) 

deltas. (a,d) Raw elevation profile with spikes of error (~5-15 meter) from the Nile and Comal deltas; slope 

breaks were difficult to define from the raw data. (b,e) Filtered elevation profile using lowess method with 

Hack SL-index value in parentheses. (c,f) Relative steepness (Rd) against distance from shoreline plots from 

Nile and Comal delta respectively. Colour represents different Rd plot using different l values with the 

horizontal dashed lines represented each standard deviation for each l value. The point where Rd values that 

are larger than the standard deviation (SD) Rd are considered as slope breaks. We focus only on the detection 

of the first slope break. Thus, slope breaks detected upstream of the first slope break will be neglected, as in 

Nile delta. The slope break length (Ls) was then measured as the distance from the shoreline to the first slope 

break as seen from the filtered elevation profile (B,E). 

Using Landsat imagery, I measured channel width across 114 global river deltas from the 

shoreline to the delta apex assuming that the first delta avulsion is a delta apex (Jerolmack 

& Swenson, 2007). I adopted channel width measurements from Sassi et al. (2012), in which 

a semicircular grid s/L is used to define a dimensionless distance from the delta apex point 

to the shoreline, where s represents along river distance from the delta apex to the shoreline 

and L is the channelized distance along the longest distributary channel (Fig. 2.5). This grid 

allows the measurement of the widths of multiple distributary channels located at the same 

dimensionless distance from the apex point, allowing comparison across different sizes of 

deltas. The semicircular grid has a resolution of ~10 times the width of the river channel at 

the first avulsion point to maintain consistent dimensionless distance and data frequency 

across deltas of varying size. Only channel widths along distributary channels were included, 
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excluding tidal creeks and any other non-riverine channels. Please refer to the Chapter 5 and 

6 for details of the channel measurement method. 

 
Figure 2.5 a) Semicircular grid s/L method to measure the channel widths from Mahakam delta, Indonesia 

(0°34'58.9"S, 117°16'39.7"E). b) Inset image shows the more detailed semicircular grid used for measuring 

one of the northeast distributary channels. Measured channel widths are red lines shown across wetted 

distributary channels. The spacing of the circular grid is ~10 times the channel width at the upstream limit 

of the delta. Stitched Landsat 5 images were taken from January 1994 via Google Earth Engine (GEE). 

2.1.3. Global dataset used from the modern river deltas 

To build the scaling relationships from modern river deltas, I compiled the morphometric 

measurements explained before with other global datasets. The first global dataset I used 

was the global river discharge available from the Global Runoff Data Centre (GRDC) with 

the gauge located as close to the upstream limit of the delta as data availability allows, to 

provide an indicator of the dominant channel-forming flow (Ganti et al., 2016; Wolman & 

Miller, 1960). Q2 was calculated from daily river discharge data available from the Global 

Runoff Data Center (GRDC) using ‘fasstr’ package in R. Compiled table is available in the 

Table S1 of Prasojo et al. (2022). 

Daily discharge across multiple years available from the GRDC is plotted along with their 

percentiles in Fig. 2.6a. From this data, ‘fasstr’ will then extract the dominant flow for 

specific recurrence interval as the input (Fig. 2.6b). This R package works by finding the 

correlation between the recurrence intervals (or probability of the return period) with their 

consecutive discharges. The correlations were then approached by producing several 

empirical functions that are based on the event intervals (e.g. 1-day, 3-day up to 30-day). I 

used the 1-day interval empirical function to define the discharge value that has 50% 

probability or 2-year recurrence interval as the dominant channel-forming flow (Wolman 

and Miller, 1960; Ganti et al., 2016a). 
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Figure 2.6 a) Hydrographs representing the whole dataset of daily discharge values from Rufiji River delta 

using the ‘fasstr’ package in R. b) Return period-discharge empirical functions built using the daily 

discharge dataset from the same river delta. The computed empirical functions were built automatically 

using several event intervals (e.g. 1-day, 3-day, 7-day and 30-day). 

From 75 sites, 56 of these sites have daily mean discharge. However, at the other 19 sites, 

only monthly means were provided. To ensure comparability between the sites with daily 

and monthly flow data I then calculated transfer functions. As flow duration characteristics 

are climate-dependent, I adopted the Köppen-Geiger climate classification for this 

transformation (Fig. 2.7; Beck et al., 2018). 

For both the daily and monthly discharge data sets, I calculated the 2-year recurrence interval 

flows (Q2daily & Q2monthly) using The Flow Analysis Summary Statistics Tool for R (‘fasstr’ 

package) as explained before. Q2daily and Q2monthly were used to generate transfer functions 

using ordinary least square (OLS) regression for each climate zone (Fig. 2.7; Burgers et al., 

2014). For the 19 sites where only the monthly discharge data are available, I obtained the 

2-year recurrence interval or bankfull water discharge from these transfer functions. 



 

24 

 
Figure 2.7 Transform function between monthly and daily discharge per climate. When only the monthly 

discharge data are available, 2-year recurrence interval (Q2) or bankfull water discharge is obtained from 

the transform function applied separately to sites from each climate zone. 

I also gathered another global dataset available from the HydroSHEDS that is freely 

available in https://www.hydrosheds.org/page/hydrobasins. I extracted the catchment area 

of 114 modern river deltas using the Pfafstetter Level 6 that allows sub-catchment 

delineation that contribute to the flow of river deltas. I then used these catchment area 

datasets to be used in ArcGIS by integrating it with other morphometric measurements (e.g. 

avulsion lengths, channel widths, slope-break lengths, etc). Please refer to the HydroSHEDS 

website for further details about Pfafstetter sub-basin delineation. 

The last global dataset I used was the global river width that also covers the global 

distributary channel width studied here (Pavelsky et al., 2018). The Landsat-derived river 

width dataset is freely available from https://zenodo.org/record/1297434#.YfAwAfXP2dY. 

I used both the distribution of fluvial and delta channel widths measured in Pavelsky et al’s 

(2018) study to be compared with channel width measured manually in this study. The detail 

comparison of these datasets is explained in the Chapter 5. 

https://www.hydrosheds.org/page/hydrobasins
https://zenodo.org/record/1297434#.YfAwAfXP2dY
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2.2. Synthetic river deltas observation 

2.2.1. Delft3D overview 

I modeled several scenarios of deltaic processes using Delft3D software provided freely 

from the Deltares. Delft3D is a physics-based model that simulates the hydrodynamics and 

also morphodynamics of diverse environments such as rivers, estuaries, tidal and also river 

deltas (Edmonds and Slingerland, 2010; Caldwell and Edmonds, 2014; Nienhuis et al., 

2018b, 2018a). The software has been validated for a wide range of hydrodynamic-

morphodynamic environments, including self-formed rivers deltas (Edmonds and 

Slingerland, 2007, 2008; Geleynse et al., 2011; Nijhuis et al., 2015; Rossi et al., 2016; 

Williams et al., 2016; Nienhuis et al., 2018b; Morgan et al., 2020). The flow simulation is 

calculated through the depth-averaged, nonlinear, shallow-water equation from three-

dimensional Reynolds-averaged Navier-Stokes equations (Edmonds and Slingerland, 2010). 

The velocity distribution in the model is then used to compute suspended and bed load 

transport (only suspended load is applied in the my model) and to update the bed elevation 

(or bathymetry) according to divergences in sediment transport (Caldwell and Edmonds, 

2014). Please refer to Deltares (2021) for more detail of hydro-morphodynamic calculations. 

2.2.2. Model design 

The design of synthetic river deltas is based on the findings from the modern river deltas 

explained in Chapter 3. In the modern system, I have found that the avulsion nodes from 105 

river deltas are more strongly correlated to the slope breaks locations in comparison to the 

previously known avulsion-backwater length and avulsion-valley exit length scaling 

relationships (Chatanantavet et al., 2012; Ganti et al., 2016a; Hartley et al., 2017). Since the 

location of the first avulsion or the first site of the delta first built is correlated with the slope 

break location, the model was designed to observe how the morphometric properties of river 

deltas also strongly correlate to the slope break location. This effort is to prove if the growth 

of river deltas is strongly correlated with the slope break as suggested from the modern river 

deltas observations (Prasojo et al., 2022; Chapter 3). 

I extracted the slope values of upstream and downstream of the slope breaks identified in 

Chapter 3. I then calculated the ratio of upstream-downstream slopes from the 105 river 

deltas and extracted the representative percentiles values of the upstream-downstream slope 
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ratios (Fig. 2.8) to cover the overall distribution of upstream-downstream slopes from natural 

river deltas. The representative percentiles from the upstream-downstream slope distribution 

were then used to represent a range of upstream slope values in the model (Fig. 2.9).  

 
Figure 2.8 Distribution of the upstream (US) – downstream (DS) slope ratio from 114 modern river deltas 

distributed across five climate regions. The vertical line represents the median value with the dashed vertical 

line shows the mean value, respectively. 

I adopted the geometry and parameters from a synthetic model (‘scenario o’) from Edmonds 

and Slingerland (2010) and Caldwell and Edmonds (2014). However, I modified the extent 

of the model to represent 7.5 km x 7.5 km area to accommodate the upstream slope break 

and slope-avulsion length scaling relationship that I found from the modern deltas (Fig. 

2.10). Hence, I created 6 scenarios that represent models with 6 different upstream slopes 

that are comparable with the modern fluvial slopes (Cohen et al., 2018). I maintained other 

physical and numerical parameters constant across these 6 scenarios. 

 
Figure 2.9 Schematic diagram of the model’s design. The upstream slopes of the river delta models are from 

the representative percentiles from the upstream-downstream slope ratios from the modern river deltas 

shown in Fig. 2.8. The downstream is kept constant at 0.000375 adopted from the downstream slope of the 

modern Mississippi delta. 
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Figure 2.10 The map view of the model’s design with La and Ls are avulsion length and slope break length, 

respectively. The avulsion-slope break length ratio is adopted from the modern system scaling relationship 

explained in the Chapter 3 (La:Ls = 6:10). DS and US are abbreviation for downstream and upstream. The 

non-erodible bed at 5 meter above sea level is assumed to represent non-erodible bed rock of natural delta. 

2.2.3. Morphometric measurements from synthetic river deltas 

Avulsion timescale has been analysed in river delta deposits using various approaches. 

Previously, the simplified avulsion frequency was calculated by harnessing the ratio between 

the aggradation rate over a single channel aggradation thickness necessary for avulsion 

(Jerolmack & Mohrig, 2007; Mohrig et al., 2000). However, this approach will only be 

useful in depicting avulsion timescale of a single channel that is not heavily influenced by 

the backwater such as in the fluvial system and does not take into account the role of multiple 

lobes and sediment partitioning between lobe aggradation and progradation. Hence, this 

approach will not fit to calculate the avulsion timescale in the region that is influenced by 

the backwater phenomenon with changing deposited lobes such as in river deltas. 

Other approaches that consider the 2-dimensional expansion of river deltas are radially 

averaged model and channel-averaged model. The radially averaged model assumes the 

delta apex as a fixed point with sea-level rise causes delta radius to shrink until the sediment 

load is sufficient to keep delta top aggradation at pace with sea level. Consequently, 

aggradation rate in this model is enhanced during marine transgression because with a fixed 

delta apex, the delta land is reduced (Muto & Steel, 1997; Muto, 2001). Radially averaged 

model fits to calculate the avulsion timescale in a steep experimental fan delta with fixed 
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apex, but lowland deltas’ apexes are not geographically fixed (backwater-scaled) 

(Chatanantavet et al., 2012; Ganti et al., 2016, 2014; Jerolmack & Swenson, 2007). 

Similar to the simplified avulsion frequency harnessing the aggradation rate over a single 

channel, channel-averaged model constrains aggradation rate using sediment mass balance 

of a channel. It is based on the finding of Reitz et al. (2010) where they found the avulsions 

occurred in a fan-delta experiment to be at the rate sediment supply could fill the channel. 

Again, the discretisation of a single channel in this model could not take into account the 

backwater hydrodynamics, multiple lobes or sediment partitioning in delta plain. 

The most realistic and recent analytical approach to calculate the avulsion timescale used in 

this study is from Chadwick et al. (2020) who developed a generic framework to predict the 

response of avulsion frequency to different rates of sea-level rise and fall. However, since 

no sea-level change is introduced in this study, I kept the parameter for sea-level change as 

zero. Nevertheless, several assumptions are introduced in Chadwick et al’s model such as 

only one lobe is active at a given time, there is a distributive channel pattern instead of single 

channel as in previous models, sediment partitioning occurs between lobe topset and foreset, 

lobes are abandoned and reoccupied during avulsion cycle, and there is no other allogenic 

forcing (e.g. wave, ocean current, tide). 

Chadwick et al. (2020) derived the avulsion frequency as: 

𝑓𝑎 =
1

(1 − 𝜆𝑝)

𝑄𝑠

(𝐿𝑎 − 𝐷)𝐵𝑎𝐻 + 𝐷𝐵𝑎 (𝐻𝑏 + 𝑧 +
𝐷𝑆𝑡𝑜𝑝𝑠𝑒𝑡

2
)

 𝑖𝑓 𝐷 ≥ 0 
(2.5) 

𝑓𝑎 =
1

(1 − 𝜆𝑝)

𝑄𝑠

𝐿𝑎𝐵𝑎𝐻
 𝑖𝑓 𝐷 < 0 

(2.6) 

𝐷 = (𝐻 − 𝑧)/𝑆𝑡𝑜𝑝𝑠𝑒𝑡 (2.7) 

𝐻 = 𝐻∗ℎ𝑐 (2.8) 

with the bankfull depth is approached using Parker et al., 2007 method: 

ℎ𝑐 =  (
𝐶𝑓𝑄𝑐

2

𝑔𝐵𝑐
2𝑆𝑡𝑜𝑝𝑠𝑒𝑡

)

1
3

 (2.9) 
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with fA = avulsion frequency, Qs = sediment load, B = lobe width of each avulsion, La = 

avulsion length, λp = sediment porosity, H = aggradation thickness necessary for avulsion, 

H* = avulsion threshold = 0.2-1.4 in lowland deltas (Ganti et al., 2019), hc = bankfull depth, 

Cf = bed friction coefficient, Qc = bankfull discharge, Bc = channel width at avulsion node, 

S = topset slope, D = lobe-progradation distance, z = sea level rise. 

In using this analytical approach, I assume the avulsion threshold (H*) to be 0.5 that is 

realistic for lowland deltas (Ganti et al., 2019) and D > 0 since there is no allogenic forcing 

applied in my model that makes a delta to regress. Sediment porosity (λp) is assumed to be 

0.4 (Jerolmack, 2009), bed friction = 0.002 for lowland rivers (Parker et al., 2007), bankfull 

discharge = 1050 m3/s as the representative value of global river delta discharge (Edmonds 

& Slingerland, 2010; Caldwell & Slingerland, 2014) and sea level rise (z) to be 0 since I did 

not introduce sea-level change in my numerical models. Sediment load (Qs) is kept constant 

by measuring it from the inlet of the river delta once the model has reached a dynamic 

equilibrium phase. 

Parameters mentioned in the equations 2.5-2.9 such as Qs and Qc were extracted directly 

from DELFT3D-QUICKPLOT, a Delft3D visualisation and animation of numerical data in-

house software. Geomorphic parameters (B, La, Bc, and S) were measured manually in 

ArcGIS by extracting bathymetry of each simulation timestep during the delta building 

process from DELFT3D-QUICKPLOT. I also measured the foreset and bottomset slope of 

each simulation timestep even though they were not used for analyses. 

Bifurcation timescale is adopted from the fractality concept in mouth bar repeated deposition 

process. To build a river delta, a river containing water and sediment facing relatively 

standing body of water (e.g. lake or sea) will start to deposit the sediments as a mouth bar 

due to the decreasing sediment transport rate because of deceleration of the flow due to its 

rapid expansion in cross-sectional area (Edmonds & Slingerland, 2007; Olariu & 

Bhattacharya, 2006). This sediment-laden channelised flow will then be split to flow around 

the mouth bar deposit instead of on top the mouth bar deposit once the thickness of the mouth 

bar deposit reaches 0.4 of the total water depths (Edmonds & Slingerland, 2007). The mouth 

bar deposition process repeats until they form a branching-like delta plain that follows the 

fractality concept that opens the opportunity to predict the growth law of river delta plains. 
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Previously, Wright & Coleman (1971) discovered that a distributary channel length (LD) in 

between bifurcated points located in a delta plain scale with the channel width upstream of 

the bifurcation (Bb) (LD ≈ 10Bb). For a river delta without any wave or tide influence, a delta 

progradation rate (vp) can be written as: 

𝑣𝑝 =
𝑄𝑠

𝐵𝑏𝐻𝑏
 (2.10) 

Consequently, bifurcation timescale can be written as 

𝑇𝑏 =  
𝐿𝐷

𝑣𝑝
=

𝛼𝐵𝑏

𝑄𝑠
. 𝐵𝑏𝐻𝑏 =  

𝛼𝐵𝑏
2𝐻𝑏

𝑄𝑠
 (2.11) 

with  = dimensionless parameter ≈ 10 (Wright & Coleman, 1971), Qs = sediment load, Hb 

= near shore water depth (Swenson, 2005; Jerolmack & Swenson, 2007), B = channel width 

upstream of the bifurcation. As explained before, sediment load is measured at the model 

inlet during dynamic equilibrium phase. The near shore water depth (D) is kept constant at 

7.5 meter since the basin depth is constant across the scenarios (Edmonds & Slingerland, 

2010). Channel width upstream of the bifurcation (B) is manually measured in ArcGIS from 

the georeferenced images produced by the Delft3D at every timestep. 

Island size is measured automatically in Google Colab that uses Python language. In short, 

the island size is measured by exporting image from the Delft3D, cropping and binarisation 

process in Google Colab using Otsu’s thresholding, contour retrieval and exporting the 

island sizes out from the Google Colab to Microsoft Excel. The island size produced by this 

method is in pixel and since 1 pixel = 25 m x 25 m, I then multiplied the island size values 

produced by this method by 625 m2 to get the island size in square meter. 

I exported the bathymetry produced for each timestep from the Delft3D using a value classes 

colour code. The value classes colour code is defined as ‘white’ or ‘grey’ if the elevation is 

above the sea level (0 meter) and is defined as ‘black’ if the elevation is below the sea level. 

By having these value classes, binarisation process in Python can be done more accurately 

than by having continuous colour codes (e.g. blue-to-green colour code to represent land and 

water). 
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I begin the image binarisation by cropping the images produced by Delft3D in Google Colab. 

I then binarise the images using the Otsu’s thresholding (Jarriel et al., 2021). The binarised 

image will comprise of what I constitute as land or delta as ‘white’ or having 0 value and 

the water in the model as ‘black’ or having 1 value. The binarised image is then analysed 

using the contour retrieval and contour approximation algorithms. These algorithms 

calculate the number of pixels that constitute the ‘white’ colour from any binarised image. 

Since the land or delta plain is binarised as ‘white’ in the previous step, these algorithms will 

then directly calculate the number of pixels that constitute the delta plain in every timestep 

of the models (Fig. 2.11). By having the number of pixels, converting it to the island size in 

square meter will need the multiplication of 25 m x 25 m (as the pixel size) as explained 

earlier. The tabulated array of island size produced using this method will then be further 

analysed in R software. Refer to the Appendix 2 for the full written code. 

 
Figure 2.11 Binarisation and automated island size pixel calculation in Google Colab using the Python 

language. Orange numbers represented on the image on the right are the pixel size of each island that is then 

converted in square meter by multiplying the shown numbers with 625 m2. 

2.3. Ancient river deltas observation 

2.3.1. Scaling relationships in ancient river deltas 

In rock records, scaling relationship are found between sediment flux, water discharge, 

dimension of river systems, and the contributing drainage area (Milliken et al., 2018). In 

general, there will be a number of relationships that exist between various dimensional 

parameters across different sizes of the catchment (Strahler, 1952; Allen and Hovius, 1998; 

Dade, 2001; Castelltort and Simpson, 2006; Sømme et al., 2009a; Sassi et al., 2012; Frasson 

et al., 2019). Scaling relationships in the ancient river system generally follow power laws 

of catchment area to the corresponding sediment and water fluxes (Milliken et al., 2018). In 
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rock records, one of the most prominent scaling relationships comes from the empirical 

approach on estimating palaeodischarge and deep time sediment flux based on the modern 

system scaling relationships such as BQART model, regional hydraulic geometry curves, 

and the Fulcrum model (Syvitski and Milliman, 2007; Holbrook and Wanas, 2014; Eide et 

al., 2018a; Brewer et al., 2020; Nyberg et al., 2021). 

In the application for the ancient system, the BQART model integrates the information about 

the palaeorelief and palaeocatchment area of a sedimentary system (Bhattacharya et al., 

2016). Estimating palaeodischarge using the BQART model needs dune-scale cross-sets or 

fully preserved fining-upward facies successions of the largest trunk associated with incised 

valleys above the regional sequence boundary. Bankfull channel dimension and sediment 

characteristics were then used to estimate the palaeoslope and palaeodischarge values later 

on using the Manning’s or Brownlie’s (1983) equations. Consequently, the reliance of 

estimated palaeodischarge value to the estimated palaeoslope value makes the estimated 

palaeodischarge sensitive to estimated palaeoslope value. Even though BQART model has 

been proven as the first-order estimates that could produce values within the same or two 

order of magnitudes (Sømme et al., 2009b), BQART model has limited applicability in cold-

warm temperate climate (Nyberg et al., 2021), innate uncertainty when various bedforms 

present in one channel trunk (Bhattacharya et al., 2016) and involves assumptions and non-

straightforward parameters that are challenging to be extracted from the rock records. 

Similar to the BQART model, regional hydraulic geometry curves (Davidson and North, 

2009) and Fulcrum model (Holbrook and Wanas, 2014) rely on the bankfull channel 

dimension and palaeoslope estimation to estimate the palaeodischarge value from the rock 

records. Consequently, robust palaeogeography interpretation from extensive fluvial outcrop 

or subsurface data is needed (Bhattacharya et al., 2016). 

This study takes a route to estimate palaeodischarge value specifically for river deltas by 

using the simplest scaling relationships (power laws) of channel width-bankfull discharge 

(w-Q) and catchment area-bankfull discharge (A-Q) that are gathered from the modern 

system. I collected 4459 distributary channel width measurements from 114 global modern 

deltas that are spread across 5 climate regions and 3 end members of river delta type (e.g. 

wave-, tide- and river-dominated) to build rock-record-focused Q-w and Q-A scaling 

relationships. These simplest scaling relationships will benefit the sedimentologists working 

with limited exposure of outcrops or subsurface dataset, which is the case most of the time. 

Instead of using the equation 1.1 and 1.2, I inverse the relationships assuming that causality 
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relationships exist between bankfull discharge, channel width and catchment area. The 

applicability of these scaling relationships was then tested towards palaeodischarge 

estimation using Fulcrum model from the Ferron, Dunvegan, McMurray and lower Mesa 

Rica Formation. Moreover, detailed along-axis exposure of lower Mesa Rica distributary 

channels motivates this study to run bootstrapping simulation to investigate the sensitivity 

of the scaling relationships towards limited number of samples being used to estimate the 

palaeodischarge values. 

2.3.2. Lower Mesa Rica Formation overview 

I test the reliability of the scaling relationship I found from the modern system to the ancient 

deltaic formation such as Ferron, Dunvegan and McMurray Formation explained in Chapter 

5. However, in Chapter 6, I focus on lower Mesa Rica Formation that has 13 downdip 

measurements of distributary channel widths. By having systematic downdip measurement, 

I can simulate the reliability of my scaling relationship found from the modern system if I 

have limited exposure of distributary channel widths from the rock record. The 13 

measurements could be reduced up to certain number using bootstrap method to mimic 

limited number of measurements that is common for geologists working with the rock 

records.  

Cenomanian lower Mesa Rica Formation was deposited in the Tucumcari foreland basin 

located in the northern tip of Western Interior Seaway (van Yperen et al., 2019). The early 

sedimentation of this formation was triggered by the subduction of the Farallon plate beneath 

the west coast of North America that triggered the Cordilleran orogeny (DeCelles, 2004). 

The lower Mesa Rica Fm., a part of the Dakota Group, lies unconformably on top of the 

Tucumcari marine shale along with middle-upper Mesa Rica, Pajarito and Romeroville 

sandstone formations (Scott et al., 2018). Regional sequence boundary SB3.1 underlies the 

base of the lower Mesa Rica Fm. is related to late Albian-early Cenomanian regression that 

triggered widespread erosion surface across southeast Colorado to northeast New Mexico 

(Holbrook and Dunbar, 1992; Holbrook, 1996; van Yperen et al., 2019). 

The lower Mesa Rica Fm. is estimated to be deposited as deltaic system on a low-gradient 

(10-6-10-4 m/km) depositional setting (Oboh-Ikuenobe et al., 2008). It is believed to be 

deposited as a prograding delta based on the evidence of a rapid transition both vertically 

and laterally from marine to fluvial or distributary channel deposits along ~400 km 
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depositional-dip profile (Gage and Asquith, 1977; van Yperen et al., 2020). Deposition took 

place on a location ~35°N latitude with a warm and humid climate condition during the 

Cretaceous time (Chumakov et al., 1995). The deltaic lower Mesa Rica represents low 

accommodation river-dominated delta with multiple distributary channels (van Yperen et 

al., 2019). Due to the long exposure of depositional-dip profile, the lower Mesa Rica 

formation serves as a perfect example to test the applicability of my palaeodischarge 

estimation and bootstrap simulation explained in the previous sub-chapter.  

2.3.3. Morphometric measurements from the ancient river deltas 

The COVID-19 pandemic halted my data collection in the USA that was initially planned at 

the beginning of my PhD. To tackle this issue, the methodology was redesigned by 

collaborating with Dr Anna van Yperen and Dr Ivar Midtkandal from the University of Oslo. 

This collaboration produced a data-sharing agreement that is very useful in testing the 

paleodischarge estimation I produced in this study. Dr van Yperen measured the distributary 

channel widths from the lower Mesa Rica Fm. from the proximal to distal direction of 

exposed outcrops along various locations around North-East of New Mexico, United States 

(Gage and Asquith, 1977). The measured channel widths were corrected based on the 

outcrop face orientation and palaeocurrent direction (Fabuel-Perez et al., 2009) to achieve 

the real distributary channel width values. Thirteen measurements of lower Mesa Rica 

distributary channels were then used for estimating the palaeodischarge values and bootstrap 

simulation discussed in Chapter 6. 
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Chapter 3 - Slope break and avulsion locations scale consistently 

in global deltas 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following chapter is adapted from Prasojo, O. A., Hoey, T. B., Owen, A., & Williams, 

R. D. (2022). Slope break and avulsion locations scale consistently in global deltas. 

Geophysical Research Letters, 49, e2021GL093656. 
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Abstract 

Understanding how deltas respond to changing sea level is crucial as deltas provide 

important ecosystems, are inhabited by ~500 million people, and are nexuses of food, energy 

and economic activity. The response of delta distributary channels to sea-level rise depends 

on the geomorphic controls on delta morphology and their scaling relationships. Our data 

from 105 deltas globally show strong scaling between the upstream distances to slope breaks 

and to avulsion nodes, and confirm the previously-known scaling between backwater and 

avulsion lengths. The break in slope is proposed to be the principal control on delta 

development, along with other proposed secondary controls. We identify and discuss the 

implications of this slope break-avulsion length scaling, leading to a conceptual model of 

delta morphology and sedimentology. This model suggests how deltas may respond to future 

sea level rise and guides interpretation of deltaic deposits in the rock record. 

3.1. Introduction 

Deltas, alluvial protrusions beyond lacustrine or marine shorelines, are one of Earth’s 

essential landscape types and provide a wide range of ecosystem services (Besset et al., 

2017); ~500 million people currently live on deltas which have been important locations in 

the development of human societies and are significant centers for biodiversity (Ericson et 

al., 2006; Syvitski and Saito, 2007; Nienhuis et al., 2020). However, deltas are particularly 

vulnerable to a combination of changing sea-levels, reduced sediment influx and subsidence, 

causing increasing flood risk and degradation of ecosystems (Yang, 2005; Syvitski et al., 

2009; Tessler et al., 2015; Hoitink et al., 2017; Mueller et al., 2017; Wang et al., 2017; Besset 

et al., 2019; Warrick et al., 2019; Wu et al., 2020). 

When a sediment-conveying river enters a water body, delta lobes start to develop from 

mouth bar deposition, forming a delta planform with distributary channel networks. 

Excepting many lake deltas, most open water deltas are exposed to marine energy in the 

form of tides, waves, and storm surges and are also affected by relative sea-level rise 

(Hoitink et al., 2017). The complexity of distributary channel networks depends on 

interactions between factors including sediment supply, slope, climate, channel bifurcation 

and avulsion, with delta morphology reflecting the balance of these factors (Jerolmack and 

Mohrig, 2007; Edmonds and Slingerland, 2008; Syvitski et al., 2009). To understand how 
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distributary channels will respond to rising sea level, the controls on the morphology of these 

channels need to be firstly understood.  

The presence of a body of water generates a distal backwater in delta channels, the length of 

which has been proposed as a fundamental hydrodynamic boundary in delta systems (Paola 

and Mohrig, 1996; Jerolmack and Swenson, 2007). This backwater zone is characterized by 

downstream decreases in grain size, channel migration rates and channel belt widths, and 

increased channel depth (Fernandes et al., 2016). A study of nine modern deltas showed that 

the backwater length (Lb) scales with the avulsion length (La), which is the distance from the 

shoreline to the first (i.e. farthest upstream) bifurcation along the river centerline (La:Lb ~1:1 

to 1:2) (Jerolmack and Swenson, 2007; Chatanantavet et al., 2012; Ganti et al., 2016a). This 

scaling relationship is considered crucial for defining the location of the preferential avulsion 

node and for understanding avulsion migration in the delta lobe building process 

(Chatanantavet et al., 2012; Nijhuis et al., 2015; Ganti et al., 2019a; Chadwick et al., 2019a; 

Brooke et al., 2020). However, Hartley et al. (2017), found a less consistent avulsion and 

backwater length scaling relationship from 13 modern deltas. Hartley et al. (2017) argued 

that an avulsion node, that they referred to as the delta apex, is primarily controlled by 

processes at the valley mouth where unconfined deposition commences. The position of the 

valley mouth coincides with the location of a longitudinal slope break that triggers the onset 

of delta construction in an unconfined setting, due to sediment transport capacity being 

reduced downstream from this location to the shoreline. Thus, there should be spatial 

correlation between valley mouth locations and avulsion node positions. However, valley 

mouth location is not necessarily the upstream limit of the coastal backwater. Hence, for 

deltas in equilibrium with external controls, Hartley et al.’s (2017) results suggest 1:1 scaling 

relationships between both the avulsion (La) and slope break (Ls) lengths measured from the 

shoreline and the valley-exit-to-shoreline distance (Lv). 

The discrepancies between previous results, from small numbers of deltas, highlight the need 

to investigate generic scaling relationships on deltas using a larger data set. This study 

investigates morphometric boundaries (backwater, avulsion and slope break lengths, and 

valley-exit-to-shoreline distance) from a global data set of 105 modern deltas, considering 

the effects of landscape-scale (catchment size, river discharge, valley type) and local (water 

surface slope) factors. We also identify and discuss the processes contributing to these 

generic scaling relationships. Scaling relationships are fundamental to our understanding of 
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delta development, allowing insights into how delta distributary channels will respond to 

changing allogenic and autogenic forcing. 

3.2. Materials and Methods 

A global dataset of 105 mostly river-dominated deltas that debouch into open seawater was 

analyzed (Fig. 3.1a; https://doi.org/10.6084/m9.figshare.16429998.v1). We used Google 

Earth Engine (GEE) to compile 30 m resolution Landsat 5 tile images from 1984-2009, and 

digital elevation models (DEM) from the Shuttle Radar Topography Mission (SRTM) for 

60°S to 60°N and ArcticDEM for north of 60°N (Tucker et al., 2004; Farr et al., 2007; Morin 

et al., 2016). We chose the least cloudy and oldest Landsat 5 images available from GEE to 

avoid engineered riverbanks that have become increasingly more prevalent. SRTM and 

ArcticDEM resolutions are ~30 m and ~0.5 m, respectively. We used the DEMs to generate 

elevation profiles along the centerline of the main distributary channel in QGIS using the 

Terrain Profile™ tool. Only four deltas, all within ArcticDEM, show gross error that prevent 

extraction of a reliable elevation profile (Błaszczyk et al., 2019). We defined valley types 

through analysis of the topography using the method from Hartley et al. (2017). Catchment 

areas were obtained from the HydroBASINS level 6 global watershed dataset (Lehner and 

Grill, 2013). Since climate is a fundamental factor influencing delta morphology (e.g. river 

discharge, sea-level, wave action, storm energy, sediment yield), we classified deltas 

according to their dominant climate zone (Ta et al., 2002; Correggiari et al., 2005; Syvitski 

and Saito, 2007). Climate-based classification enables us to classify the data set more 

consistently across different delta morphologies (Table S3.1). 

https://doi.org/10.6084/m9.figshare.16429998.v1
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Figure 3.1 Distribution of deltas investigated, and schematic diagram used in this study. (a) Distribution of 

105 river deltas used in this study. Different shadings on the map show the spatial extent of the use of the 

SRTM (60°N-60°S) and the ArcticDEM (north of 60°N). (b) Schematic diagram showing the valley-exit-

to-shoreline distance (Lv) and the avulsion length (La) measurements obtained from satellite imagery. (c) 

Schematic section showing the backwater length (Lb) in addition to slope break length measurement (Ls) 

and the representation of La in the schematic section.Unidentified slope breaks are mainly due to changes 

in longitudinal gradient being too gentle to detect using either a manual or semi-automated local gradient 

method and/or due to vertical uncertainty in ArcticDEM (Hayakawa & Oguchi, 2006). 

The satellite imagery analyzed here provides static snapshots of modern delta conditions. 

Dynamic environmental variables, including daily to annual tides and wave conditions, and 

decadal sea-level change and local subsidence are thus excluded. We manually identified 

each delta that has a subaerial deposit that protrudes beyond the lateral shoreline (Caldwell 

et al., 2019). Criteria for selection include any channel mouth that intersects with the open 

seawater depositing sediment that protrudes beyond the lateral shoreline, with or without the 

characteristic morphology of river-dominated deltas (e.g. subaerial mouth-bar deposit, 

elongate distributary channels) (Olariu and Bhattacharya, 2006). A sub-set of ten deltas, 

defined as wave-dominated by Nienhuis et al. (2020), are also investigated.  
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Landsat imagery and the DEMs (i.e. The Shuttle Radar Topography Mission and 

ArcticDEM) were extracted using Google Earth Engine (GEE), a cloud-based platform with 

a multi-petabyte geospatial dataset and intrinsic high-performance parallel computation 

service provided by Google (Gorelick et al., 2017). A JavaScript was written on the platform 

to sort, mosaic and extract the desired Landsat and DEMs for each delta. Firstly, a polygon 

was manually drawn around the extent of each delta (n = 105). Each polygon covered the 

delta region upstream to the first valley exit in the fluvial region. The Near-Infrared Band 5 

and 4 (1.55 - 1.75 µm and 0.76 - 0.90 µm) and Visible Band 1 (0.45 - 0.52 µm) were 

mosaicked from the available Landsat imagery to distinguish water from land. This process 

makes morphometric measurement more straightforward. The oldest available images were 

chosen (e.g. from 1984 to 2009) to minimize the anthropogenic impacts on delta channels 

(e.g. engineered river banks, dikes infrastructures). With this wide time frame, we have more 

options to select the least cloudy images. The stacked images were then sorted based on the 

cloud coverage. The image with the least cloud coverage was mosaicked and extracted to 

the local server to be analyzed in ArcGIS (Fig. 3.2). 

Avulsion length (La) was measured in ArcGIS along the river centerline from the shoreline 

at the time of the Landsat image to the first (farthest upstream) deltaic avulsion, hence 

assuming that this first avulsion is the delta apex node (Jerolmack and Swenson, 2007); Fig. 

3.1.b). Where there is a single active channel and no bifurcation, La was measured up to the 

farthest upstream valley exit point identified in the DEM, following (Hartley et al., 2017). 

The slope break length (Ls) was defined from the elevation profile as the river distance 

between the shoreline and the first break in slope (Fig. 3.1b,c and Fig. 3.2). Slope breaks 

were identified using a semi-automated local gradient method and Hack’s Stream-Length 

(SL) index (Hayakawa and Oguchi, 2006; see Chapter 2.1.2). Valley-exit-to-shoreline 

distance (Lv) was measured along the river centerline from the shoreline to the valley exit 

point identified from the DEMs (Hartley et al., 2017). 
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Figure 3.2 Flow diagram of morphometric measurements involved in this study. Avulsion lengths (La) were 

measured on Landsat 5 images, while the SRTM and ArcticDEM were used to extract the slope break 

lengths (Ls) across the global dataset. The flow diagram for extracting Ls follows (Hayakawa and Oguchi, 

2006; Aiken and Brierley, 2013). Detail explanation of the workflow is presented in the text. 

Backwater length (Lb) was calculated (Chatanantavet et al., 2012) as: 

𝐿𝑏 =  
ℎ𝑐

𝑆
 (3.1) 

and 

ℎ𝑐 =  (
𝐶𝑓𝑄𝑐

2

𝑔𝑊𝑎𝑣
2𝑆

)

1
3

 (3.2) 

where hc is the characteristic flow depth (m) and S is water surface slope (m/m) (Eq. 3.1). 

Characteristic flow depth (Eq. 3.2) was calculated using the bed friction coefficient Cf  = 

LANDSAT 5

SRTM &

ArcticDEM

Define d, 2d, 3d, 4d, etc. 

with d ≥ 2 x distance
between two adjacent
measurement points

(Hayakawa & Oguchi, 2006)

Elevation profile

extraction using 
Terrain Profile

Toolbox™ in QGIS 2.18.20

Filter elevation profile

from errors using Lowess
(Aiken & Brierley, 2013)

Project into

WGS84 reference system

La measurement

in ArcGIS 10.6.1

Calculate stream gradient (Gd) 

with different d
as Gd = (E1 – E2)/d

With E1 and E2 are the elevations of

upstream and downstream 
points d/2 away 

from the measurement point (m) 
obtained from the DEMs

Calculate Rd from different d

with Rd  = Gd/d

Plot Rd against distance 

from shoreline,
Rd > SD Rd = slope break

Ls is measured as the river

distance between the 
shoreline and the first 

slope break



 

42 

0.002 for large lowland rivers (Parker et al., 2007). Qc is the characteristic water discharge 

(m3/s), g is gravitational acceleration (m/s2) and Wav is the channel width (m) at the avulsion 

node at the time of the image (Parker et al., 2007). 

Characteristic water discharge (Qc) is taken as the 2-year recurrence interval flood (Q2) as 

close to the upstream limit of the delta as data availability allows, to provide an indicator of 

the dominant channel-forming flow (Wolman and Miller, 1960; Ganti et al., 2016a). Q2 was 

calculated from daily river discharge data available from the Global Runoff Data Centre 

(GRDC). For some deltas, only monthly river discharge data were available and Q2 from 

these monthly data were converted to equivalent daily Q2 values using empirical 

transformations for different climates (see Chapter 2.1.3; Beck et al., 2018). Channel width 

(Wav) was measured on the Landsat imagery at the avulsion node to avoid influence by wave 

or tidal processes (Fig. 3.1b). Slope (S) was calculated from the water elevation profile along 

the centerline of each river. 

3.3. Results 

 
Figure 3.3 Morphometric correlations produced from this study. (a) Measured avulsion length (La) against 

calculated backwater length (Lb). (b) Slope break distance from the shoreline (Ls) against the valley-exit-to-

shoreline distance (Lv). (c) Measured avulsion length (La) against the slope break distance from the shoreline 

(Ls). We used standard major axis (SMA) regression (red lines) to determine functional relationships. Point 

size is scaled with the catchment area; point color shade represents the slope of each delta. Root mean square 

error (RMSE) is in log units. Red points representing unidentified Lv, Ls and Lb are positioned on the border 

of the plots. 

Measured (valley-exit-to-shoreline distance, avulsion and slope break lengths) and 

calculated backwater lengths are plotted in Figure 3.3. The La-Lb plot (Fig. 3.3a) shows a 

power-law relationship La = 9.77Lb
0.49 (R2 = 36%; RMSE = 0.46). The equivalent Ls-Lv 

relationship is Ls = 0.45Lv
 1.10 (R2 = 46%; RMSE = 0.46) (Fig. 3.3b). Statistically, the most 
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significant scaling is for the avulsion length against the slope break distance from the 

shoreline, with La = 0.6Ls
1.00 (R2 = 63%; RMSE = 0.36) (Fig. 3.3c). Note that we show fewer 

than 105 deltas on Fig. 3.3 due to river discharge data being unavailable for some rivers, 

unidentified valley-exit points, and indeterminate slope breaks. 

Decreases in water surface slope (blue points in Fig. 3.3 are shaded from dark to light as 

slope increases) are neither correlated with longer backwater, avulsion nor slope break 

lengths (Fig. 3.3a-c). Compared to the plot against the backwater length (Fig. 3.3a), larger 

catchment areas show a more significant correlation with slope breaks and avulsion lengths, 

consistent with prior literature (Fig. 3.3c; Fig. 3.4; (Syvitski and Saito, 2007). The data 

contain some significant outliers, mainly from European sites, which are potentially affected 

by engineered riverbanks (e.g. Guadiana, Po). Smaller deltas (La < 50 km; e.g. Tuntang, 

Comal) also contribute to these outliers. Therefore, the La:Ls scaling relationship is stronger 

in relatively larger deltas (Fig. 3.3c). Additionally, wave-dominated deltas as defined by 

Nienhuis et al. (2020), also show a consistent La:Ls relationship. Note that some calculated 

backwater lengths in this study vary from, but lie within the same order of magnitude, as 

backwater lengths previously reported for the same sites (Chatanantavet et al., 2012; Ganti 

et al., 2016a). This calculation difference is due to using different representative channel 

widths to calculate the characteristic flow depth. We used the channel width at the avulsion 

node (Wav), while the choice of channel width is not always explicitly stated in previous 

studies. 

All power law relationships in Figure 3.3 are statistically significant. However, the 

relationship between the avulsion and slope break length for the global dataset has the 

strongest correlation (Fig. 3.3c; R2 = 63%, RMSE = 0.36). Of the studied deltas (n = 80), 

65% lie within the 95% confidence interval of the regression line (Fig. 3.3c) in comparison 

to Fig. 3.3a and 3.3b (64% and 55%, respectively). La and Ls are related with exponent 1, 

showing a direct scaling relationship. 
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Figure 3.4 Relationships between catchment area and the measured and calculated variables. (a) Catchment 

area vs. avulsion length. (b) Catchment area vs. slope break length. (c) Catchment area vs. backwater length. 

We used standard major axis (SMA) regression (red lines) to extract the relationships between those 

variables. 

We also classified the La:Ls relationship (Fig. 3.3c) by valley type to test whether this scaling 

remains consistent for all valley types (Fig. 3.5). Regression slopes from alluvial, bedrock 

and Pleistocene valley types are not significantly different from the full data set although 

valley-confined deltas do show a difference. The p-values shown next to regression lines 

(Fig. 3.5) are all >0.05, and the dashed lines in Fig. 3.5 lie within 95% confidence bands for 

the overall relationships (Fig. 3.5a-c). Valley-confined deltas are not significantly different 

(p-value = 0.06) from the proposed La:Ls from the full data set, but the regression line for 

this valley type deviates from our proposed La:Ls relationship (dashed line in Fig. 3.5d). The 

small (N=5) number of valley-confined deltas prevents interpretation of the significance of 

this result (Fig. 3.5d). Appreciable scatter is observed (1 order of magnitude of the avulsion 

length; range of residuals = ±0.2 in log units) in the alluvial valley deltas (Fig. 3.5a). 

Relatively small deltas also contribute to the scatter for bedrock valley types (Fig. 3.5b). 

However, the strong and relatively consistent La:Ls correlation across different valley types 

provokes consideration of the importance of this scaling relationship in the context of the 

previously known La-Lb relationship and valley-exit control on delta apex position (Ganti et 

al., 2016a; Hartley et al., 2017).  
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Figure 3.5 (a-d) Data from Fig. 3.3c (avulsion length (La) against slope break distance from the shoreline 

(Ls)) for each valley type. Red lines are the SMA regression lines from the full data set, dashed lines are 

separate SMA regression lines from each valley type with La-Ls relationships shown on panel. Point size is 

scaled with the catchment area and p-values near the regression lines are the significance of the difference 

between the gradient from La-Ls SMA regression for each valley type versus the La-Ls SMA regression from 

the full data set (i.e. slope test). 

3.4. Discussion 

3.4.1. Morphometric scaling and delta morphology 

We demonstrate here how the calculated morphometric scaling relates to scaling on some 

modern deltas. Examples from the Rufiji, Ebro, Orinoco and Volga deltas show the locations 

of the morphometric boundaries and how the scaling between the avulsion and slope break 

lengths measured from the shoreline is consistent across a range of delta sizes (Fig. 3.6a-d). 

Visual observation from satellite images shows that the apices of each of these deltas 

coincide with measured avulsion lengths (yellow points in Fig. 3.6a-d). As for most other 

deltas in the dataset, these four examples have developed in approximately their current 

locations since the early Holocene due to the decreasing rate of sea-level rise. Detailed 

studies of their avulsion histories (Kroonenberg et al., 1997; Aslan et al., 2003; Nienhuis et 

al., 2017) suggest that the avulsion nodes have remained in a constant location as these deltas 

have developed. The avulsion-slope break length scaling ratios in these deltas are La ~ 0.6Ls 

for the Rufiji delta and La ~ 0.5Ls for the Ebro, Orinoco and Volga deltas. However, the 

calculated backwater lengths (Lb) from the Rufiji and Ebro deltas are located farther 
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downstream of the avulsion nodes (white points in Fig. 3.6a,b,d). Both the Rufiji and Ebro 

deltas have La ~ 1.2Lb instead of La ~ 0.5Lb (or La:Lb ~ 1:2) as previously suggested 

(Jerolmack and Swenson, 2007; Chatanantavet et al., 2012; Ganti et al., 2016a) due to the 

effects of using different representative channel widths to calculate backwater lengths. The 

Orinoco delta, however, has a calculated backwater length of 585 km that lies upstream of 

the delta in the river, outside of the mapped area (i.e. La ~ 0.3Lb). The Volga delta backwater 

length of 184 km, hence La ~ 0.5Lb, coincides with the location of the slope break (Ls:Lb ~ 

1:1). These examples from natural deltas are consistent with our overall finding that La ~ 

0.6Ls. 

3.4.2. Processes involved in the proposed scaling relationship 

Mouth-bar deposition should dominate the most distal part of a delta due to input sediment 

being deposited in a relatively static water body (Olariu and Bhattacharya, 2006). Upstream 

parts of deltas will be dominated by partial avulsion or crevasse bifurcation (Kleinhans et 

al., 2013), or by avulsion by incision (Slingerland and Smith, 2004) induced by in-channel 

aggradation due to the slope break and/or the backwater effect (Slingerland and Smith, 2004; 

Kleinhans et al., 2013). As shown in this study, the stronger global La-Ls scaling relationship 

suggests that the slope break is the predominant driver of channel response in the upstream 

part of a delta, rather than the backwater effect (La-Lb relationship). In-channel aggradation 

could then trigger avulsion in the upstream region of a delta, maintaining the scaling 

relationship between La and Ls. Hence the avulsion nodes, the most upstream bifurcation 

nodes of deltas, are proposed to be related to the process of in-channel aggradation due to 

the change in slope and may not be directly related to bifurcation or backwater processes 

downstream. A study from the Huanghe (Yellow) River delta showed avulsion related to a 

slope break (bedslope-mediated) ~700 km upstream from the shoreline, that also coincides 

with the valley exit from the Loess plateau, while backwater-influenced avulsions are 

clustered downstream near the shoreline (Ganti et al., 2014). Thus, we divide the delta 

development domain into upstream and downstream zones with different processes 

dominating in each of these two areas (Fig. 3.6e). Note that the upstream and downstream 

process domains are not necessarily sequential and may operate over different timescales. 

Controls over the timing and thresholds of avulsion-bifurcation cycles remain to be explored 

further. 
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Figure 3.6 Stitched composite Landsat 5 images from year 2000 from Rufiji (a), Ebro (b) and Volga (d) 

deltas. The Orinoco (c) used tiled composite Landsat 7 images due to unavailability of complete near cloud-

free coverage of the delta plain from Landsat 5. (e) Depositional model for deltas with bedslope- and 

backwater-mediated zonation. The Near-Infrared Band 5 and 4 (1.55 - 1.75 µm and 0.76 - 0.90 µm) and 

Visible Band 1 (0.45 - 0.52 µm) are shown to better distinguish water and land. Values of measured avulsion 

(La) and slope break (Ls) lengths are plotted as yellow and red points, respectively. The calculated backwater 

lengths (Lb) are plotted as white points; the backwater location for Fig. 3.6c lies outside the area shown. For 

Fig. 3.6e, the red thick arrows are the sequence packages and smaller black arrows show the smaller 

parasequence packages. 

The controls on slope breaks in delta channels also remain an area for further investigation. 

Valley-exit and alluvial-bedrock transitions, as seen from the DEMs used in this study, may 
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control the slope break location with 1:1 Ls-Lv scaling (Fig. 3.3b). However, the location of 

the slope break is also controlled by a range of interacting factors including grain size 

transitions and associated changes in Shields’ stress, geological controls (e.g. subsidence 

and lithology), and the nature of the overbank material (e.g. cohesive vs non-cohesive). 

3.4.3. Correlation with the valley types 

Fig. 3.5a-d show the overall scaling relationship across different valley types, but Fig. 3.5d 

shows how deltas located in valley-confined settings may depart from our calculated La ~ 

0.6Ls scaling relationship. Valley-confined deltas have limited lateral space. When in-

channel aggradation triggers an avulsion, there is a higher possibility that a newly avulsed 

channel will rejoin the parent channel due to this limited lateral space, limiting the chance 

of the growth of distributary channels by delta plain progradation (Slingerland and Smith, 

2004). Thus, our La-Ls scaling relationship does not fit in this valley type (Fig. 3.5d). As an 

example, the Paraná delta (Argentina) is valley confined from the hinterland all the way to 

the shoreline which confines the lateral growth of the delta as seen in its DEM (Fig. 3.7). 

Additionally, alluvial valleys that are under the influence of erosion instead of prograding 

or aggrading may contribute to the scattered data in Fig. 3.5a. These observations enhance 

our understanding that the valley exit does not necessarily coincide with the slope break, but 

that valley exit is coincident with the avulsion node only in certain valley types (Hartley et 

al., 2017). 

 
Figure 3.7 SRTM image from Paraná delta in Argentina showing valley confinement from the hinterland 

up to the shoreline that restricts the lateral growth of the delta. 
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3.4.4. Implication of the proposed scaling relationship 

From the close relationship between the slope break length and the avulsion length, we 

propose an updated conceptual model of delta lobe building (Fig. 3.6e). We divide deltas 

into bedslope-mediated and backwater-mediated zones, as proposed by (Ganti et al., 2014) 

from their Huanghe (Yellow) delta case study. The bedslope-mediated zone includes the 

upstream catchment area and fluvial environments as far downstream as the first avulsion 

point, initiating the onset of delta construction and generation of avulsion-driven 

stratigraphy. The backwater-mediated zone consists of delta distributary channels down to 

the shoreline. In the bedslope-mediated zone, the slope break and avulsion lengths (shown 

in distal stratigraphy, and red and yellow circle symbols on the delta plain in Fig. 3.6e) will 

migrate over long (~10-100 ka) avulsion timescales, depending on the size of the delta 

involved. In the backwater-mediated zone, bifurcation nodes and shorelines will be more 

sensitive to allogenic forcing (sea-level fluctuation, subsidence) and thus they may migrate 

more frequently (i.e. ~101-103 years) at smaller magnitudes (shown in the proximal 

stratigraphy and light blue circle symbols on the delta plain in Fig. 3.6e). Different response 

times are due to different compensation scale and different channel depths and aggradation 

rates between the upstream and downstream parts of a delta (Jerolmack and Paola, 2010; Li 

et al., 2016, 2018; Straub et al., 2020). Transgressive and regressive parasequences may be 

recorded in the stratigraphy of the backwater-mediated zone in a more serrated manner 

(stratigraphy shown in Fig. 3.6e), whereas in the upstream part, the smaller allogenic forcing 

may be shredded due to longer timescales involved in the bedslope-mediated zone (Li et al., 

2018). These differences imply that the distal zone will have more frequent shoreline and 

bifurcation node migration compared to the proximal area. Thus, changes in sea-level or 

subsidence may cause migration of the backwater-mediated avulsion nodes, but the 

bedslope-mediated avulsion node will remain constant due to its connection with 

aggradation at the slope break. 

This conceptual model is corroborated by recent numerical modelling (Ratliff et al., 2021) 

which demonstrated the interconnection between avulsion and the slope break length. They 

proposed that the location of the avulsion node always occurs at the slope break due to the 

linear diffusion of aggradation and erosion of the river profile. Under sea-level rise, the slope 

break and avulsion lengths (in the form of backwater length) will remain constant under 

varying magnitudes of sea-level rise rate (SLRR), consistent with our conceptual model (Fig. 

3.6e; their Fig. 2a and 2b). Our data set also includes 10 wave-dominated deltas that follow 
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the same La-Ls scaling relationship as the river-dominated deltas in our study. The Ratliff et 

al.’s (2021) study shows the consistency of this La-Ls geometric constraint across different 

wave energies (their Fig. 2b). Nonetheless, upstream retreat of the avulsion node and slope 

break may happen under sea-level rise (their Fig. 1d). Even so, the La-Ls (avulsion and slope 

break length) scaling remains constant even under sea-level rise, supporting our conceptual 

model (Fig. 3.6e). 

3.4.5. Scatter in the dataset 

Most modern global deltas have developed since the early Holocene, associated with a 

decreasing eustatic sea-level rise rate, during which there have been natural and 

anthropogenic changes of boundary conditions (e.g. sediment supply, water discharge, sea-

level rise) (Stanley and Warne, 1994; Ericson et al., 2006; Bird et al., 2010). The data that 

we derived from satellite imagery represent snapshots of delta response to these cumulative 

interacting boundary conditions. Although some measured individual delta morphologies 

may be transient responses to changing boundary conditions, we assume that the overall data 

set represents deltas in dynamic equilibrium with the environmental controls (Mackin, 

1948). However, some of the scatter in Figure 3.3 may be attributed to transient responses 

to, for example, reductions in river flow and sediment input (Li et al., 2017) or sea-level rise 

(Nienhuis and van de Wal, 2021). 

The relative age of a delta should also impact its La:Ls scaling. Adopting the theoretical 

approach to delta distributary networks from (Jerolmack and Swenson, 2007), delta building 

by bifurcation-dominated processes will occur early in delta development. As bifurcation 

continues, a landward-shift in aggradation or channel backfilling will trigger avulsion by 

deposition in upstream reaches, previously known as backwater length-controlled 

(Slingerland and Smith, 2004; Edmonds et al., 2009). Thus, it is proposed that older (or 

larger) deltas will be avulsion-dominated or bedslope-mediated instead of bifurcation-

dominated, where the change in surface water slope induces a decrease in sediment transport 

capacity, triggering bedslope-mediated avulsion (Ganti et al., 2016a). Similarly, it is 

proposed that small, or relatively younger, deltas tend to be characterized by bifurcation-

dominated processes, and therefore may depart from the overall La:Ls scaling relationship 

(Fig. 3.3c). 
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The Po, Mississippi and Mekong deltas demonstrate how engineering work may disrupt the 

dynamic equilibrium assumption that underpins the proposed scaling relationships. The Po 

delta has experienced extensive hydraulic works over several centuries, including the ‘Porto 

Viro’ bypass in 1604, dredging, beach reclamation, channel bank protection, and subsidence 

due to groundwater extraction (Ninfo et al., 2018). Channel bypassing directly influenced 

the delta avulsion length that makes the La ~ 0.6Ls scaling relationship overestimate the 

present day avulsion length by a factor of 4 (i.e. La ~ 0.15Ls) (Fig. 3.3c). Anthropogenic 

modification is also evident on the Mississippi delta. Artificial cutoff in 1831 minimized the 

flow coming into the human-made Atchafalaya delta complex, but then dredging in 1880 in 

the Old River area maintained the flow to both Atchafalaya and Balize delta complexes. The 

La ~ 0.6Ls scaling relationship that we calculate underestimates the modern avulsion node in 

the Mississippi delta that is consistently located at Old River (~320 km from the recent 

shoreline; La ~ 1.7Ls) (Fig. 3.3c) (Aslan et al., 2005). Detailed study of Mekong delta 

morphodynamics has also shown how sediment starvation and dam construction is 

significantly decreasing the delta progradation rate (Li et al., 2017). This human-made 

modification causes our scaling relationship to underestimate the present-day avulsion 

length (i.e. La ~ 1.7Ls) (Fig. 3.3c). Hence, century-scale engineering can affect the proposed 

scaling relationship even in large deltas. 

Data quality also contributes to the uncertainty of the La ~ 0.6Ls scaling relationship. For 

smaller deltas that have relatively short avulsion lengths (e.g. the Comal delta; La = 4 km) 

shows uncertainty in extracting the slope break location from the elevation profile, in 

contrast to the larger (La = 160 km) Nile delta. Common gross error shown in the ArcticDEM 

dataset also contributes to the difficulty in defining the exact location of a slope break from 

the elevation profile (Błaszczyk et al., 2019). 

3.5. Conclusions 

A sample of 105 global deltas provides a comprehensive assessment of delta morphometric 

scaling relationships. We show that the avulsion-backwater length scaling relationship is 

less consistent in this global dataset than previously proposed. The results also show that the 

valley exit does not necessarily coincide with a break in slope but rather with the avulsion 

node in certain valley types. Further to these scaling relationships, we show that the avulsion 

length scales most consistently and most strongly with the slope break length, followed by 

the valley-exit-to-shoreline distance. These findings open the opportunity to explore 
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alternative hypotheses for the controls over delta development. Along with the possible 

processes that produce these scaling relationships, we propose a framework for 

understanding delta lobe building by dividing a delta into bedslope- and backwater-mediated 

zones. The proposed framework allows potential insights into how delta systems will 

respond to changing boundary conditions. This framework also contributes to our 

understanding of the location and frequency of avulsion nodes in a delta system that is 

fundamental for the large populations that live on the world’s delta plains. 
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Chapter 4 – The role of the topset slope in autogenically 

controlling avulsion and bifurcation timescales in river deltas 
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Abstract 

River deltas are under external stress from sea-level rise, subsidence, and decreases in 

sediment and water discharges caused by anthropogenic activity. Naturally, delta channels 

respond to these stressors by avulsing and bifurcating. Avulsion involves an abrupt change 

of channel course that changes the locus of sediment deposition. Bifurcation occurs in the 

most seaward parts of river deltas where channels divide due to mouth bar deposition. 

However, how avulsion (top-down) and bifurcation (bottom-up) processes interact in river 

deltas is poorly understood. We conducted a suite of morphodynamic numerical model 

experiments using six scenarios with different slopes, selected within the range observed in 

natural deltas, upstream from the delta apex. The experiments allow us to understand the 

internal (autogenic) interaction of avulsion and bifurcation in the absence of external 

(allogenic) forcing. We find that topset slope (Stopset) primarily controls the avulsion 

timescale (Ta) with Ta = 0.3Stopset
-1.18 (R2 = 69%; p < 0.05). Avulsion and bifurcation are 

shown to occur simultaneously based on the non-unimodal distribution of dimensionless 

island sizes created in our model, even though these are mechanistically different processes. 

Comparing our findings to natural deltas, we find consistent avulsion timescale-topset slope 

(Ta -Stopset) relationships. Our findings show how the delta topset slope serves as the first 

order control of the avulsion timescale, and how avulsion and bifurcation interact throughout 

delta building processes. This interaction is significant due to their direct impact on coastal 

and inland hazards that arise from rapid geomorphic change and flooding on densely 

populated deltas. 

4.1. Introduction 

River deltas are home for ~339 million people worldwide, are hotspots for biodiversity, and 

crucial carbon sinks (Ericson et al., 2006; Syvitski and Saito, 2007; Shields et al., 2017; 

Loucks, 2019; Hackney et al., 2020). However, the geomorphic dynamism of river deltas in 

the modern era has been altered by growing stressors such as change in hydrologic regimes, 

sea-level rise, and accelerated subsidence (Syvitski et al., 2009; Giosan et al., 2014; Wallace 

et al., 2014; Tessler et al., 2015), putting human and other systems that rely on river deltas 

at considerable risk. To anticipate how river deltas may respond to these growing pressures, 

we need to understand how deltas internally (i.e. autogenically) build and evolve through 

time. 
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River delta growth depends on upstream catchment properties as inputs of water and 

sediment, and also as the (external) cause of the gradient of the input river to the delta plain. 

The growth of a river delta is initiated through repeated mouth bar deposition due to sudden 

expansion and deceleration of a sediment-laden jet of water entering relatively still water, 

usually the sea or a lake (Bates, 1953; Wright, 1977; Edmonds et al., 2011; Kleinhans et al., 

2013). Mouth bars grow in both upstream and downstream directions from the point of 

initiation, reach a height of around 0.4-0.6 of the initial flow depth, and stop growing once 

the sediment flux is advected around the mouth bar rather than accelerated over the bar 

(Edmonds and Slingerland, 2007; Kleinhans et al., 2013; Fagherazzi et al., 2015). 

Simultaneously, avulsion takes place in more upstream parts of a delta plain when mouth-

bar deposition and stagnation induce parent channel backfilling, triggering an avulsion to 

create a smaller channel by breaching the channel levee in the upstream part of a mouth bar 

(Ganti et al., 2016a). Another type of avulsion involves blocking of a channel by sediment 

advected from upstream, promoted by in channel aggradation that is independent from the 

distal process (Kleinhans et al., 2013). Overall, the combination of bifurcation and avulsion 

creates a distributary channel network that merges upstream at the delta apex (Edmonds and 

Slingerland, 2007). 

Many studies have shown that different processes are involved in the mechanics of avulsion 

and bifurcation in river deltas (Edmonds and Slingerland, 2007; Jerolmack and Swenson, 

2007; Edmonds et al., 2009; Chatanantavet et al., 2012; Kleinhans and Hardy, 2013; Ganti 

et al., 2016a). Based on different processes that dominate within each, a river delta may be 

divided into bedslope-mediated and backwater-mediated zones (Ganti et al., 2014; Prasojo 

et al., 2022). The bedslope-mediated zone consists of the river environment downstream as 

far as the first avulsion point, initiating the onset of delta building and avulsion-driven 

stratigraphy. In contrast, the backwater-mediated zone consists of delta distributary channels 

down to the delta shoreline, with backwater-triggered avulsion or bifurcation dominating the 

stratigraphy. 

The bedslope-mediated zone is controlled by in-channel aggradation (Prasojo et al., 2022), 

demonstrated by the strong correlation between the upstream slope and the location of 

avulsion nodes based on the study of 105 natural deltas. In-channel aggradation can then 

trigger avulsion by incision (Slingerland and Smith, 2004), partial avulsion (Kleinhans et 

al., 2013) or full avulsion (Prasojo et al., 2022). In contrast, bifurcation in the backwater-

mediated zone of a delta is caused by channel splitting around the mouth bar due to flow 
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deceleration when entering a relatively still body of water (Olariu and Bhattacharya, 2006; 

Edmonds and Slingerland, 2007; Ganti et al., 2016a). This phenomenon can then induce 

channel backfilling that can also act as an avulsion trigger in the backwater-mediated zone. 

Hence, we may have bifurcation-triggered avulsion located within the backwater-mediated 

zone, as also found in Huanghe (Yellow) delta by Ganti et al. (2014). 

However, our knowledge about the internal interdependency between avulsion and 

bifurcation is limited, despite their direct influence on coastal and inland flood risk on river 

deltas. Hypothetically, catchment properties have varying slope gradients located upstream 

of a deltas first avulsion point. These catchment properties control transport capacity and the 

sediment flux feeding into a delta. Consequently, these top-down properties also play an 

important role in controlling the avulsion length of a delta. With homogeneous sediment size 

and constant input of water and sediment discharge, steeper upstream slopes will lead to 

larger deltas and more frequent avulsion and bifurcation. Conversely, lower upstream slopes 

lead to smaller river deltas and slower avulsion and bifurcation processes. If this hypothesis 

is true, upstream slope may exert an important role in defining the frequencies of both 

avulsion and bifurcation in river deltas. Since our understanding of the internal controls 

triggering avulsion-bifurcation response is currently underdeveloped (Kleinhans et al., 2010; 

Ganti et al., 2014), this investigation aims to: (1) identify the first order controls of avulsion 

and bifurcation timescales from a suite of numerical model experiments that have various 

upstream slopes; (2) understand the avulsion-bifurcation causalities through investigation of 

each step of the delta building process; and, (3) assess the implications from this numerical 

model for understanding the dynamics of contemporary and ancient deltas. Further, a robust 

understanding of these processes has practical implications due to their direct impact on 

coastal and inland flood risk on highly populated river deltas. We created a suite of numerical 

simulations with six different scenarios representing different upstream slopes, based on 

natural river deltas, to understand autogenically-controlled avulsion and bifurcation. 

4.2. Methods 

We designed a set of numerical experiments to model a natural scale river delta (7.5 x 7.5 

km) where we control the slope upstream of the delta avulsion node (SUS) while keeping 

other physical parameters constant. We adopted the Delft3D river delta models from 

Edmonds and Slingerland (2010) and Caldwell and Edmonds (2014), with bathymetry 

modified as necessary to accommodate our various upstream slopes. The physical 
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parameters set in the model were based on real deltas and we measured the avulsion 

timescale (Ta) based on the analytical approach by Chadwick et al. (2020) and the bifurcation 

timescale (Tb) using the scaling approach of Coleman and Wright (1971). 

4.2.1. Scenario 

The model uses various slopes upstream of the slope break location (Fig. 4.1a), with slopes 

chosen to be representative of natural river deltas. The slopes upstream (SUS) and 

downstream (SDS) of slope breaks identified from 105 globally distributed river deltas from 

Prasojo et al. (2022) were used to calculate the ratio of upstream:downstream slopes, from 

which we determine representative percentiles of this ratio (Fig. 4.1b; Table 4.1). These 

representative percentiles were then used to calculate upstream slope values in the model 

assuming constant initial downstream slope (SDS=0.000375) from the Mississippi delta 

(Edmonds and Slingerland, 2010). 

4.2.2. Model setup 

We use Delft3D (4.04.02) software (Deltares, https://oss.deltares.nl/web/delft3d) to model 

six different scenarios. Delft3D is a physics-based model that simulates the hydrodynamics 

and morphodynamics of environments including rivers, estuaries and river deltas (Edmonds 

and Slingerland, 2010; Caldwell and Edmonds, 2014; Nienhuis et al., 2018a, 2018b). The 

software has been validated for a wide range of environments, including self-formed river 

deltas (Edmonds and Slingerland, 2007, 2008; Geleynse et al., 2011; Burpee et al., 2015; 

Rossi et al., 2016; Williams et al., 2016; Nienhuis et al., 2018a; Morgan et al., 2020). Flow 

is computed using the depth-averaged, nonlinear, shallow-water equations, obtained from 

three-dimensional Reynolds-averaged Navier-Stokes equations (Edmonds and Slingerland, 

2010). The velocity distribution in the model is then used to compute sediment transport 

(only suspended load is applied in our model) and to update the bed elevation (or 

bathymetry) according to divergence in sediment transport (Caldwell and Edmonds, 2014).  
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Figure 4.1 Schematic diagram of model design.(a) The upstream slopes are from 6 representative percentiles 

from the upstream-downstream slope ratios of modern river deltas shown in Fig. 4.1b. Initial downstream 

slope, SDS is kept constant at 0.000375, the downstream slope of the modern Mississippi delta (Edmonds & 

Slingerland, 2010). (b) Distribution of the upstream (US) – downstream (DS) slope ratio from 105 modern 

river deltas distributed across five climate regions. Median (solid vertical) and mean (dashed vertical) values 

are indicated. (c) Plan view of the model design. La and Ls are avulsion length and slope break length, 

respectively. The non-erodible bed at 5m above sea level represents non-erodible bedrock. (d) Schematic 

diagram of a river delta showing avulsion and bifurcation locations, inlet sediment load (Qs), lobe width of 

each avulsion (B), avulsion length (La), and channel widths measured at avulsion (Bc) and bifurcation (Bb) 

nodes. Modified from Chadwick et al. (2020). Numbers near the shoreline represent the number of delta lobes 

that were used to measure B; e.g. B4 on (d) represents the width of the fourth lobe built. Schematic cross-section 

showing basin depth (Hb) and topset slope (Stopset). Parameters in Fig. 4.1d-e are measured in each timestep 

during the delta building process. 

Table 4.1 Numerical modelling scenarios. IDs refer to ratio of the upstream slope (US) to the downstream (DS) 

slope (i.e. US2.7 means upstream slope is 2.7 times the downstream slope). 

Run ID Percentile from US/DS ratio Upstream slope Downstream slope 

US0.3 2.5 1.13 x 10-4 3.75 x 10-4 

US0.68 10 2.55 x 10-4 3.75 x 10-4 

US1.4 25 5.25 x 10-4 3.75 x 10-4 

US2.7 50 1.01 x 10-3 3.75 x 10-4 

US6 71 2.25 x 10-3 3.75 x 10-4 

US8.1 75 3.04 x 10-3 3.75 x 10-4 

We adopted the geometry and physical parameters from a synthetic self-formed river delta 

model (‘scenario o’) from Edmonds and Slingerland (2010) and Caldwell and Edmonds 

(2014) (Fig. 4.1c). The model is rectangular with four boundaries, the incoming river 

discharge being located at the ‘South’ boundary of the model and the other three boundaries 

set to 0 m elevation above sea level. The incoming river discharge, uniformly spreads across 

the 250 m wide inlet channel, is constant at 1050 m3/s, a representative value for global river 

discharge (Edmonds and Slingerland, 2010; Caldwell and Edmonds, 2014), and sediment 

discharge was in equilibrium with transport capacity at this inlet. The model was enlarged 

to 7.5 km x 7.5 km to avoid the delta plain extending across the model boundaries. We 

modified the upstream part of the model domain by introducing a slope break and slope-

avulsion length scaling (La:Ls = 6:10) that we determined from modern systems (Fig. 4.1c-

d, Table 4.1) to accommodate different upstream slope scenarios. Modification of the 

upstream part of the model domain involves changing the bathymetry to introduce this slope 

break - avulsion length scaling. We maintained other physical (e.g. grain sizes, critical bed 

shear stress for erosion and deposition) and numerical parameters constant across all 

scenarios (Table 4.2). Moreover, we ran additional sensitivity analyses using 25 subsurface 

layers instead of one to see its impact on the stratigraphy produced in each scenario. 
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Table 4.2 User-defined model parameters (adopted from Edmonds & Slingerland (2010); Caldwell & Edmonds 

(2014)). 

Parameter Value Units 

Grid size 300 x 300 cells 

Cell size 25 x 25 m 

Run duration 17 days 

Downstream basin bed slope 0.000375 (-) 

Initial channel dimension (width x depth) 250 x 2.5 m 

Upstream non-erodible bed elevation 5 m 

Initial upstream length 1000 m 

Initial avulsion length from the expected shoreline 1800 m 

Initial slope break length from the expected shoreline 3000 m 

Inlet open boundary: water discharge 1050 m3/s 

Downstream open boundary: constant water surface elevation 0 m 

Initial sediment layer thickness at bed 5 m 

Number of subsurface stratigraphy bed layers 1 (-) 

Time step 0.2 min 

Morphological scale factor 175 (-) 

Spin-up interval 720 min 

4.2.3. Surface metrics 

We define avulsion and bifurcation timescales as the times needed for the delta distributary 

channel to create one avulsion or bifurcation, respectively. The analytical model for 

calculating avulsion timescales assumes switching of flow and sediment partitioning 

between multiple lobes in a delta plain, and considers the influence of backwater 

hydrodynamics in calculating the avulsion timescale (Chadwick et al., 2020).  

Chadwick et al. (2020) derived the avulsion frequency as: 

𝑓𝑎 =
1

(1 − 𝜆𝑝)

𝑄𝑠

(𝐿𝑎 − 𝐷)𝐵𝑎𝐻 + 𝐷𝐵𝑎 (𝐻𝑏 + 𝑧 +
𝐷𝑆𝑡𝑜𝑝𝑠𝑒𝑡

2
)

 𝑖𝑓 𝐷 ≥ 0 
(4.1) 

𝑓𝑎 =
1

(1 − 𝜆𝑝)

𝑄𝑠

𝐿𝑎𝐵𝑎𝐻
 𝑖𝑓 𝐷 < 0 (4.2) 

𝐷 = (𝐻 − 𝑧)/𝑆𝑡𝑜𝑝𝑠𝑒𝑡 (4.3) 

𝐻 = 𝐻∗ℎ𝑐 (4.4) 

with the bankfull depth calculated using Parker et al.’s (2007) method: 

ℎ𝑐 =  (
𝐶𝑓𝑄𝑐

2

𝑔𝐵𝑐
2𝑆𝑡𝑜𝑝𝑠𝑒𝑡

)

1
3

 (4.5) 
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with fa = avulsion frequency [year], Qs = sediment load [km3/year], Ba = lobe width of each 

avulsion [km], La = avulsion length [km], λp = sediment porosity [-], H = aggradation 

thickness necessary for avulsion [m], Hb = basin depth [m], H* = avulsion threshold [-] = 

0.2-1.4 in lowland deltas (Ganti et al., 2019a), hc = bankfull depth [m], Cf = bed friction 

coefficient [-], Qc = bankfull discharge [m3/s], Bc = channel width at avulsion node [m], 

Stopset = topset slope [-], D = lobe-progradation distance [km] and z = magnitude of sea level 

rise [m]. 

We assume the avulsion threshold (H*) to be 0.5, which is realistic for lowland (Ganti et al., 

2019a), and D > 0 since there is no allogenic forcing that would make the delta regress. Since 

sea-level is constant in this investigation, sea level rise z = 0. Sediment porosity (λp) is 

assumed to be 0.4 (Jerolmack, 2009), bed friction coefficient (Cf) = 0.002 for lowland rivers 

(Parker et al., 2007), and bankfull discharge (Qc) = 1050 m3/s. The upstream sediment 

boundary condition is for the inlet to be in equilibrium so that sediment load changes every 

timestep to match the sediment transport capacity at the inlet. We use equation (4.1) to 

calculate avulsion timescale (Ta = 1/avulsion frequency) throughout the model run. 

To calculate the bifurcation timescale, we adopted the approach of Coleman and Wright 

(1971) (also used by Swenson (2005) and Jerolmack and Swenson (2007)). Coleman and 

Wright (1971) discovered that the length of distributary channels (LD) in between adjacent 

bifurcation nodes in a delta plain scales with the channel width upstream of the bifurcation 

(Bb) (LD ≈ 10 Bb). For a river delta without any wave or tide influence, delta progradation 

rate (vp) can be written as: 

𝑣𝑝 =
𝑄𝑠

𝐵𝑏𝐻𝑏
 (4.6). 

Consequently, bifurcation timescale is 

𝑇𝑏 =  
𝐿𝐷

𝑣𝑝
=

𝛼𝐵𝑏

𝑄𝑠
. 𝐵𝑏𝐻𝑏 =  

𝛼𝐵𝑏
2𝐻𝑏

𝑄𝑠
 (4.7) 

with  = dimensionless parameter ≈ 10 (Coleman and Wright, 1971), Qs = sediment load 

(km3/year), and Hb = basin depth (m) (Swenson, 2005; Jerolmack and Swenson, 2007). The 

basin depth (Hb) is kept constant at 7.5 m since we do not introduce sea-level rise in any 

scenario (Edmonds and Slingerland, 2010).  
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All the surface metrics are measured once the model has reached a dynamic equilibrium 

state in which the sediment load (Qs) that a channel must transport is balanced by the water 

discharge (Q) supplied to the channel and the channel slope (S) (Lane, 1954). The lobe width 

of each avulsion (B), channel width at avulsion nodes (Bc), channel width upstream of a 

bifurcation (Bb) and avulsion length (La) were measured in QGIS from the georeferenced 

images produced by Delft3D at every timestep. Topset slope (Stopset) for every timestep was 

measured from a longitudinal cross-section located through the centre of the model by 

conducting linear regression through topset elevation points. Lobe progradation distance (D) 

and bankfull depth (hc) were calculated using Eq. 4.3 and 4.5 consecutively to obtain the 

avulsion timescale at each timestep during delta building. The model produces 52 

computational timesteps in total, which equals ~400 years.  

The calculated avulsion and bifurcation timescales are related to the measured topset slopes 

(Stopset) to assess the role of topset slope in affecting avulsion and bifurcation mechanisms. 

We recorded the stratigraphy produced during each run using representative transverse (E-

W) and longitudinal (S-N) cross sections at every timestep. Transverse profiles are located 

at: proximal (2.38 km downstream of the model South boundary); medial (4.5 km); and 

distal (5.25 km) locations on the delta plain. The model results are then compared to avulsion 

and bifurcation timescales obtained from 19 modern river deltas, two fan deltas and one 

physical model that cover similar topset slope magnitudes to our model. Avulsion timescales 

from the natural and physical deltas are calculated using Eq. 4.1, with the dataset available 

from Chadwick et al. (2020). Bifurcation timescale is calculated using Eq. 4.7, using Qs 

from Chadwick et al. (2020) and assuming the channel width at avulsion nodes (Bc) ≈ the 

channel width upstream of a bifurcation (Bb). Finally, we discuss our model’s implications 

for natural systems by drawing on Jerolmack and Mohrig (2007) and Chadwick et al. (2020) 

results. 
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4.3. Results 

 

Figure 4.2 (a-f) Terrain models at their final time steps of each scenario. US0.3 represents upstream slope 

of 0.3 times the downstream slope, US0.68 represents upstream slope of 0.68 times the downstream slope 

and so on. Stopset represents topset slope measured at the final timestep of the simulation. US8.1 scenario 

reached the model’s boundary. Consequently, the simulation was repeated with a larger domain size shown 

in Fig. 4.3. 

4.3.1. Delta plain morphology 

Fig. 4.2 shows the morphology of the deltas in each scenario at the final timestep. Overall, 

the different upstream slopes produce variable topset slopes, and the resulting delta plains 

show different shoreline configurations, different numbers of active distributary channels 

and slightly different delta plain sizes. One delta plain reached the model boundary (US8.1) 

and this scenario was repeated with a larger domain size (Fig. 4.3) and the avulsion and 

bifurcation timescales were calculated from this larger domain. 
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Figure 4.3 Results of the numerical model at its final timestep from scenario US8.1 using a larger grid size 

(12.5 km x 12.5 km). 

Steeper upstream slopes are associated with longer avulsion lengths (La) (Fig. 4.4a) and 

larger lobe widths created by each avulsion (Ba) (Fig. 4.4b). However, steeper upstream 

slopes produce slightly narrower channel widths upstream of a bifurcation (Bb) (Fig. 4.4c) 

with no impact on the channel width at the avulsion node (Bc) (Fig. 4.4d). Statistical 

significance tests (one-way ANOVA and Kruskal-Wallis tests applied to normally- and non-

normally distributed data, respectively) show that upstream slopes significantly control the 

geometry variables of the river deltas measured in this study (p < 0.05). 
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Figure 4.4 Distribution of independent variables measured in this investigation across scenarios (a) avulsion 

length distribution, La (b) lobe width of each avulsion distribution, Ba (c) channel width of upstream of 

bifurcation distribution, Bb (d) channel width of each avulsion distribution, Bc. 

Figure 4.5 shows the distribution of avulsion and bifurcation timescales, noting that these 

can be examined at different times during each run. The range of avulsion and bifurcation 

timescales span different orders of magnitude from both between-scenario and within-

scenario variability. Avulsion period ranges from 1.2 x 103 - 1.9 x 105 year (median = 1.2 x 

104 year; N = 229) (Fig. 4.5a). Bifurcation timescales are in the range of 2 x 10-2 - 5.7 years 

(median = 4 x 10-1 year; N = 201) (Fig. 4.5b; Fig. 4.6). The different magnitudes in response 

times for avulsion and bifurcation processes may be caused by the different compensation 

scale, the tendency for sediment to preferentially fill lower topography, and also by different 

channel depths and aggradation rates between the upstream (i.e. bedslope-mediated) and 

downstream (i.e. backwater-mediated) parts of deltas (Jerolmack and Paola, 2010; Li et al., 

2016, 2018; Straub et al., 2020). 

 
Figure 4.5 (a-b) Distributions of avulsion and bifurcation timescales for all model and individual scenarios. 

(c-d) Correlations between avulsion and bifurcation timescale and topset slopes. Shaded zone is the 95% 

confidence interval about the ordinary least square (OLS) regression line. 

Across all the scenarios, the distributions of the avulsion and bifurcation timescales remain 

constant (Fig. 4.5a,b). One-way ANOVA shows that the scenario (upstream slope) does not 
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significantly influence (p > 0.05) the avulsion timescale. However, there is a significant 

influence of the upstream slope on the bifurcation timescale (ANOVA; p < 0.05). 

Correlations between the other independent variables (Ba, Bc, and La) and the avulsion and 

bifurcation timescales (Fig. 4.7) are generally not significant, although some do have 

significant (e.g. Ta-B, Ta-La), although weaker than the avulsion timescale-topset slope (Fig. 

3c), correlations. 

To understand the first order control of these avulsion and bifurcation timescales, we 

examine the independent variables used in their calculation. The topset slopes (Stopset) play a 

significant role in defining the avulsion timescale (Fig. 4.5c) but not in the bifurcation 

timescale (Fig. 4.5d). The avulsion timescale (Ta) has a statistically significant negative 

power law relationship with the topset slope (Ta = 0.3Stopset
-1.18; R2 = 69%, p < 0.05) (Fig. 

4.5c). 

 
Figure 4.6 Example from Bengawan Solo delta showing the process of (a) before bifurcation in September 

1997 and (b) after bifurcation in January 1998. See the white boxes for the details of bifurcation on (b). We 

used Landsat 5 composite satellite images and show only band 5, 4 and 1 to highlight the water surrounding 

the bifurcations. 
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Figure 4.7 Correlations between the avulsion-bifurcation timescales with the independent variables 

measured in this investigation (a) avulsion timescale-lobe width of each avulsion correlation, (b) avulsion 

timescale-avulsion length correlation, (c) avulsion timescale-channel width at avulsion node correlation, (d) 

bifurcation timescale-lobe width of each avulsion correlation, (e) bifurcation timescale-avulsion length 

correlation and (f) bifurcation timescale-channel width at avulsion node correlation. 

 

4.3.2. Stratigraphy during delta growth 

Fig. 4.8a shows the evolution of the delta including both foreset progradation and topset 

aggradation. These elevation data enable examination of changes to bathymetry during each 

timestep. Sedimentation occurs simultaneously offshore and within the input channel within 

the valley at the head of the delta. The transverse proximal cross section shows that 

distributary channels reach similar depths across all timesteps (Fig. 4.8b). Note that the deep 

channel erosion located at 2.2 - 3.6 km on Fig. 4.8a is caused by a full depth erosion mixing 

of a five-metre-thick subsurface layer. Sensitivity analyses using 25 subsurface layers 

produced similar topography (Fig. 4.9). 
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Figure 4.8 Longitudinal cross section (S-N on Fig. 4.1) showing the stratigraphy produced for each timestep 

from the US0.3 scenario. Vertical lines represent the locations of the initial slope break and the limit between 

the depositional offshore and the onshore non-erodible bed (Fig. 4.1) from where the river delta starts to 

develop. Lines on top of the stratigraphy represent the location of topset, foreset and bottomset. (b) 

Transverse cross section located within the proximal part (2.38 km downstream from the model upstream 

boundary) of a river delta showing consistent depth of distributary channels across all timesteps in the US0.3 

scenario. 

The elevations from transverse cross-sections of the delta plain at representative proximal, 

medial and distal sections are summarised as boxplots (Fig. 4.10). The elevations are 

consistent in all cases, although US6 has slightly higher topography due to a longer and 

straight distributary channel developing (Fig. 4.2e). Overall, the down-dip longitudinal 

section and the transverse cross sections all produced elevations that are statistically similar 

across all scenarios and all timesteps (Table 4.3). 
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Figure 4.9 Longitudinal profile from (a) scenario US0.3 and (b) US6 with 25 subsurface layers showing 

similar subsurface patterns with scenarios using one subsurface layer as shown in Fig. 4.8a. 

 
Figure 4.10 Boxplots of topographic elevation for each scenario from: (a) longitudinal cross section; (b) 

proximal transverse cross section; (c) medial transverse cross section; and (d) distal transverse cross section 

from all 52 timesteps. Each timestep represents 8.72 years, or ~400 years in total. 
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Table 4.3 Summary elevations from topographic profiles at all timesteps in all model scenarios. Data from 

longitudinal (S-N on Fig. 4.1) and transverse (proximal, medial and distal) cross sections are shown. SL = 

sea-level. 
 Longitudinal Transverse1 
   Proximal Medial Distal 

 Above 

SL 

Below 

SL 

Above 

SL 

Below 

SL 

Above 

SL 

Below 

SL 

Above 

SL 

Below 

SL 

Max 1.30 11.45 1.35 10.25 0.81 11.05 0.62 11.31 

Mean 0.35 5.65 0.17 3.64 0.13 4.93 0.11 5.47 

Median 0.33 6.18 0.09 4.57 0.10 5.53 0.05 5.99 

Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

N 10346 98802 42097 108703 5463 145337 879 149921 
1Transverse profiles located at: proximal node 95 (2.38 km downstream of the model boundary); medial 

node 180 (4.5 km); distal node 210 (5.25 km). 

4.4. Discussion 

The six scenarios used in this study provide details of avulsion and bifurcation processes 

from the inception of delta building. Since avulsion is infrequent, by calculating the avulsion 

and bifurcation timescales of each timestep we can estimate the range of possible magnitudes 

of these processes (assuming that the equations we used are accurate). Correlation with the 

independent parameters that we control during the modelling suggests that topset slope 

provides the first order control of avulsion timescales. The avulsion-bifurcation causalities 

and their implications for the contemporary and ancient deltas are also discussed in the 

following sections. 

4.4.1. First-order control of avulsion and bifurcation timescale 

The avulsion timescale is strongly correlated with the topset slope at each timestep (Fig. 

4.5c). The topset slope is partly a function of the scenario (which determines upstream 

slope). However, when being compared across scenarios, none of the scenarios show a 

strong correlation with the avulsion timescale (Fig. 4.5a) and the topset slope produced. 

Correlations between avulsion and bifurcation timescales and other independent variables 

(Fig. 4.7) also show weak to no correlations. Moreover, correlating the bifurcation timescale 

to the width upstream of a bifurcation (Bb), the only varied independent variable in this 

experiment, shows exponential relationship as expected from the Eq. 4.7. 

The independent variables that we correlate with the avulsion and bifurcation timescales are 

all geometrical (avulsion length, lobe size, channel widths). Importantly, none of these 

variables are well-correlated with the avulsion or bifurcation timescales. These results imply 
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that avulsion and bifurcation timescales may not be dependent on the geometry of the delta 

or the size of the delta. Rather, topset slope may be the variable that controls the avulsion 

timescale (Fig. 4.5c). The topset slope controls the avulsion timescale due to stream power 

increasing with steeper topsets and hence avulsion occurs more frequent in a steeper delta 

plain. The topset slope itself is mainly controlled by the top-down forcing of in-channel 

vertical aggradation. While the bifurcation timescale is controlled by the width upstream of 

a bifurcation (Bb) as shown in the Eq. 4.7 and directly related to the sediment load (Qs), 

which we do not vary in this study. Significant correlation between scenario and bifurcation 

timescale shown in Fig. 4.5b may be caused by statistical artefacts. Further statistical 

analysis shows that bifurcation timescale does not correlate with the upstream slopes used 

to define the scenarios, with R2 = 7.6%. 

In river deltas, fine-grain and cohesive sediment frequently dominate the system since 

sediment loads fine downstream. With finer and more cohesive sediments and possibly more 

vegetation, channel bars are stifled, promoting overbank floodplain deposition with fewer 

number of distributary channels (Kleinhans et al., 2018; Ielpi and Lapôtre, 2019). With 

sinuous delta distributary channels and more stable riverbanks due to cohesive sediments, 

vertical aggradation is a more important geomorphic mechanism than the lateral migration 

of distributary channels. Because of this, avulsion in river deltas is more likely to be 

progradational, in which the avulsion disturbs the surrounding delta plain rather than 

reoccupying pre-existing channels, in contrast to braided rivers. This avulsion style is similar 

to the avulsion style of a meandering river investigated by Valenza et al. (2020); slope also 

serves as the important control of the avulsion in this channel type. In this avulsion style, 

top-down forcing of in-channel vertical aggradation, in which topset slope is its direct 

product, controls the likelihood for superelevated channel to discharge or avulse most of its 

water and sediment on to the surrounding water in the form of mouth bar deposition. 

Although the topset slope controls avulsion timescale in this model, other potentially 

significant variables are held constant in our model (e.g. dz/dt, Hb, λp, Qs). Hence, further 

sensitivity studies on the effects of varying these other independent variables could be 

undertaken. As an example, since we set Qs as a constant, we are excluding the influence of 

changes in Qs on avulsion and bifurcation timescales that directly impacts in-channel 

aggradation rates and the avulsion or bifurcation thresholds (H or H*). Chadwick et al. 

(2020) considered the influence of sea-level rise on the avulsion timescale. By integrating 

theory, numerical model and field datasets, they found that avulsion timescale is controlled 
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by the balance between relative sea-level rise (z) and sediment supply (Qs), where sea-level 

rise promotes a more frequent avulsion. 

Stratigraphically, as shown in the consistency between delta size and shape and the proximal, 

medial, distal and parallel cross sections, changing the upstream slope in our scenario did 

not greatly influence the deposit thickness (Fig. 4.10a-d). This result is similar to the 

homogeneous thicknesses of stratigraphy from the Mississippi delta (Chamberlain et al., 

2018). Comparing scenarios with a steeper slope (US6) with a gentler slope (US0.3) does 

not show deeper erosion (i.e. deeper autogenic reworking depth) or a thicker autogenic signal 

(i.e. thicker sediment deposited on foresets and topsets) (Fig. 4.9). The statistics in Table 4.3 

corroborate that all the upstream slope scenarios maintain the autogenic signal and autogenic 

reworking depth in the model. Further statistical significance tests also show that topset slope 

significantly controls the avulsion length (La) and channel width at the avulsion node (Bc) 

but not the lobe width of each avulsion (Ba) or the channel width at bifurcation (Bb). 

Consequently, we hypothesize that the upstream slope may not control the magnitude of 

autogenic signals and hence that the topset slope only partly controls this magnitude. 

We show in this study that neither the autogenic thickness nor the autogenic reworking depth 

(Ganti et al., 2020) are controlled by the upstream slope in this model, shown by the similar 

topographic patterns in Fig. 4.10a-d and Table 4.3. The different upstream slopes may not 

influence the autogenic reworking depths due to the equilibrium sediment load and constant 

water discharge defined at the inlet boundary of the model. Autogenic reworking depths may 

be controlled either by sediment load and water discharge variability (Jerolmack and Paola, 

2010; Simpson and Castelltort, 2012; Li et al., 2016) or by a non-equilibrium flow (Leary 

and Ganti, 2020). (Leary and Ganti, 2020) found that the preservation of cross strata (i.e. 

autogenic signal) is higher under unsteady or non-equilibrium flow than under the 

equilibrium flow conditions used in this study. Consequently, varying discharge and/or 

sediment loads in further modelling work will provide a framework to assess how autogenic 

parameters could control the magnitude and/or timescale of avulsion. 

The independence of the timescale and the magnitude of autogenic signals in our study may 

be influenced by the dynamic equilibrium upstream boundary condition. In the equilibrium 

state, the model keeps adjusting its sediment load (Qs) to match its transport capacity in the 

prior timestep. We show that upstream slopes across an order of magnitude (Table 4.1) do 

not significantly influence the sediment load carried by the channel once the model has 
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reached dynamic equilibrium. Consequently, similar volumes of sediment are being input to 

the delta across all scenarios, as shown by the relatively similar delta plain sizes (Fig. 4.2a-

f). Although different upstream slopes may produce significantly different morphologies 

(avulsion length, delta lobe size, channel width at avulsion node and bifurcation node (Fig. 

4.4)), the geomorphology of the delta plains does not significantly affect the bifurcation 

timescale, except that the avulsion timescale is determined by the topset slope (Fig. 4.5c; 

Fig. 4.7). 

4.4.2. Avulsion and bifurcation causalities 

In this section, we investigate the causalities between the avulsion and bifurcation processes 

in river deltas to assess whether bifurcation leads to avulsion through backward 

sedimentation processes (Hoyal and Sheets, 2009; Kleinhans et al., 2010; Reitz and 

Jerolmack, 2012; Ganti et al., 2016a), or vice versa. Visual observation of the model runs 

showed that avulsion and bifurcation may occur within the same timestep. Jerolmack and 

Swenson (2007) hypothesized that bifurcation processes will dominate early in a delta’s 

development. As bifurcation continues, a landward-shift in aggradation or channel backward 

sedimentation will trigger avulsion by in-channel deposition in more upstream reaches 

(Slingerland and Smith, 2004; Edmonds et al., 2009). Consequently, more established (or 

larger) deltas will be more avulsion-dominated or bedslope-mediated rather than bifurcation-

dominated. Through time, the change in surface water slope induces a decrease in sediment 

transport capacity, triggering bedslope-mediated avulsion, particularly in proximal reaches, 

in more established or larger deltas (Ganti et al., 2016a). 

Edmonds et al. (2011) modelled a theoretical delta by parameterising their model to enable 

bifurcation processes but prevent avulsion. When the island areas normalised by the total 

delta plain areas were measured, this theoretical delta has a unimodal distribution of 

normalised island area, as also found in the recent delta numerical models (Hariharan et al., 

2021). Through time, a relatively older delta will deviate from this unimodality due to 

avulsion triggered by in-channel aggradation (Mohrig et al., 2000; Slingerland and Smith, 

2004; Jerolmack and Swenson, 2007) or due to the exposure of bedrock on the delta plain, 

as found in The Mossy delta (Edmonds et al., 2011). 

By measuring the island size in all model runs, we produced distributions of normalised 

island area at each timestep (Fig. 4.11). There is no unimodality of the normalised island 
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areas at any timestep in any of the model runs, which corroborates the interpretation of our 

data that bifurcation and avulsion occur simultaneously throughout the delta building 

process, as also suggested by model stratigraphy for all scenarios. Bifurcation never 

dominates the early delta building process, nor does avulsion dominate the later stage of the 

delta building process with both avulsion and bifurcation occurring throughout each 

simulation.  

 
Figure 4.11 Distribution of normalised island area measured from US6 scenario showing multi-modality across 

different timesteps. Each line represents island area measured at each timestep in the model. We measured 

island size using pixel counting method from Otsu’s binarized image in Google Colab (Cao et al., 2021). 

4.4.3. Implications for natural deltas 

Data from natural deltas show a similar avulsion timescale-topset slope relationship to our 

model results, even though the natural and laboratory delta avulsion timescales are 1.5 orders 

of magnitude lower than in our models (Fig. 4.12a). Similarly, the relationships between 

bifurcation timescale to topset slope in natural deltas shows no correlation, consistent with 

our model results (Fig. 4.12b). 

The lower order of magnitude of avulsion timescales in natural and laboratory deltas may be 

caused by allogenic forcings that we did not incorporate in our model. Sea-level rise rate, 

subsidence, variable sediment load, channel engineering and human-made avulsion can 

directly influence the avulsion timescales found in modern deltas (Heyvaert and Walstra, 

2016; Pierik et al., 2018). Even though we show that there is no correlation between Ta-Stopset 

and the sea-level rise rate (dz/dt) as shown on Fig. 4.12, sea-level rise rate does play an 

important role in affecting the avulsion timescale in other studies (Li et al., 2022b; Chadwick 
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et al., 2022). Consequently, our models could imply that anthropogenic and allogenic forcing 

may reduce avulsion timescales, increasing the risk of avulsion for populations living on 

delta plains. 

 
Figure 4.12 Relationships between: (a) avulsion timescale and topset slope; and (b) bifurcation timescale 

and topset slope, from our study (grey points) along with natural deltas gathered from the literature (colored 

diamonds) (Chadwick et al., 2020; Jerolmack & Mohrig, 2007; Prasojo et al., 2022). Color code represents 

relative sea-level rise (dz/dt). The equation on Fig. 4.12a refers to avulsion timescale-topset slope 

relationship from our model results. Delta avulsion and bifurcation timescale are calculated using Eq. 4.1 

and Eq. 4.7, respectively, by assuming the channel width at avulsion nodes (Bc)  the channel width upstream 

of a bifurcation (Bb). Data from natural deltas and the laboratory experiment are available in Table 4.4. 

The avulsion timescales in our model span 101-105 years, whereas previous studies reported 

timescales of 101-103 years (Ganti et al., 2020). These avulsion timescales are sufficiently 

long that they overlap with the timescales of, and responses to, allogenic forcings that 

contribute to avulsion (e.g. base-level change) (Fig. 4.13). Hence, separating autogenic 

signals based on their timescales may not be effective due to the major overlap between 

these timescales. Consequently, a more careful examination of the preservation of allogenic 

base-level signal to the preserved stratigraphy is needed due to this long overlap. As an 

example, early investigation of spatial and temporal thresholds as the balance of input 

allogenic signal versus the system’s autogenic signal suggest that a relatively smaller delta, 

in which the compensation time scale is smaller, will be more likely to preserve base-level 

change signal (Jerolmack and Paola, 2010; Li et al., 2016). Conversely, a relatively larger 

delta will be more likely to smear the base-level change signal. However, in this study, we 

show that the autogenic timescale does not depend on delta geometry or sizes (Fig. 4.7). We 

imply that defining one dimensional temporal or spatial threshold is more complex than 

previously suggested (Toby et al., 2019, 2022). We suggest that disentangling autogenic and 

allogenic forcing in the rock record may need a more comprehensive perspective, adding 
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data on sedimentary structures, fossil assemblages and other sedimentary features to 

morphological information. 

 
Figure 4.13 Autogenic and allogenic timescales from terrestrial environments adopted from Ganti et al. 

(2020). 

Avulsions also affect preserved stratigraphy. Steeper delta topset slopes lead to more 

frequent avulsion and so may produce more avulsions in a given time interval (Fig. 4.5c). 

With more avulsions, increased abundance of paleosols, abandoned channel plugs, and 

floodplain sedimentary assemblages could be expected in the rock records. However, the 

preservation of evidence of autogenic signals is a function of both the timescale of this signal 

and the preservation potential of its stratigraphic products (Li et al., 2016; Straub et al., 

2020). Evidence of autogenic signals will be preserved if either the autogenic signal 

timescale exceeds that of the allogenic signal (Straub et al., 2020) or the autogenically 

generated stratigraphic products are smaller than the autogenic reworking depth (Li et al., 

2016).  

In our model, the autogenic signal produced by avulsion may be autogenically reworked in 

the following timesteps, as shown by consistent and deep channel incisions in the upstream 

part of the delta (Fig. 4.8a). Here, the channel incised from 0-400 years during the simulation 

as shown in the down-dip cross section (Fig. 4.8a). The timescale of this autogenic 

reworking (0-400 years) is less than that of autogenic avulsion timescale (103 - 105 years) 

and hence the incision and reworking may have shredded the signal of autogenic avulsion in 

the preserved stratigraphy.
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Table 4.4 River delta avulsion and bifurcation timescales from natural and laboratory experiment collected from the literature. 

ID 
hc 

[m] 

Bc 

[m] 

Qs 

[km3/y] 

Hb 

[km] 

La 

[km] 

𝝈1 

[mm/y]  

B 

[km] 
N 

va 

[m/yr] 

H 

[m] 

Stopset 

[-] 

Ta 

[year] 

Tb 

[year] 
Source 

Parana 11.8 1270 0.03 40 210 3 50.8 4 0.005  0.000

053 
1633 0.54 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Danube 6.3 1250 0.03 50 95 0.2 50 4 0.0025  0.000

0119 
1991 0.63 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Nile 16.2 240 0.05 120 210 4.5 9.6 4   0.000

0686 
 0.01 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Mississippi 21 650 0.15 80 490 2.3 26 4 0.01  0.000

0602 
1250 0.03 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Assiniboine 4.2 100 0.00 7 12  4 4 0.0014 4.2 
0.000

5 
1000 0.28 

Chadwick et al., 2020; 

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

Rhine-Meuse 5 700 0.00 18 51 1.6 28 4 0.0016  0.000

11 
1450 4.08 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Magdalena 6 1100 0.08 200 67 2.9 44 4 0.0038 6 
0.000

0512 
394.7 0.15 

Chadwick et al., 2020; 

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

Orinoco 8 2000 0.06 110 78 2.7 80 4 0.0021  0.000

0413 
1000 0.7 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Mid-Amazon 12 3000 0.45 50 404 2.9 120 4 0.005 12 
0.000

03 
600 0.2 

Chadwick et al., 2020; 

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

Upper-Rhone 5.4 377 0.01 70  2.9 15.08 4 0.002 5.9 
0.000

382 
1450 0.12 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Yellow 3.5 500 0.42 30 31 1.7 20 4 0.1  0.000

0965 
7 0.01 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Brahmaputra 7 3300 0.20 80  11.4 132 4 0.02 7 
0.000

1 
500 0.55 

Chadwick et al., 2020; 

Prasojo et al., 2022 

Goose 2 100 0.00 10  -3 4 4 
0.0019

8 
  333 0.77 

Chadwick et al., 2020; 

Prasojo et al., 2022 
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Mitchell 7 100 0.00 15  -0.25 4 4    63 0.09 
Chadwick et al., 2020; 

Prasojo et al., 2022 

Trinity 5 200 0.00 8  4.2 8 4 0.0011    0.17 
Chadwick et al., 2020; 

Prasojo et al., 2022 

Okavango           0.000

19 
100  

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

Gilbert        7 0.0007 6 
0.000

06 

1224.

4898 
 

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

Suwanee        3 0.001 3 
0.000

07 
1000  

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

McArthur        2 0.0005 5 
0.000

06 
5000  

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

Emerald Lake 

Fan 
       1 3.65 0.3 0.035 0.08  

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

Rolling Stone 

Fan 
       1 0.63 0.1 

0.006

4 
0.16  

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 

XES 1999 Lab 

Fan Run 1, 

Stage 3 

       9 17.52 0 0.06 
0.000

05 
 

Jerolmack & Mohrig, 

2007; Prasojo et al., 

2022 
1relative sea-level rise rate as the sum of the coastal subsidence rate and eustatic sea-level rise rate 
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4.4.4. Future work 

Our model results advance understanding about how delta topset slope controls autogenic 

timescale. We vary a single factor (upstream slope), although this drives and is closely 

correlated with upstream sediment input. The mutual adjustment of water and sediment 

discharge produces complex morphological and sedimentary responses. If these responses 

scale similarly to our results for topset slope and avulsion timescale, applying the approach 

used here to other autogenic forcings will reveal how deltas internally respond to these 

controls. Hence, our ability to disentangle autogenic and allogenic drivers will be enhanced 

in both modern systems and the rock record. An important extension of this work is to vary 

input discharge and sediment load as variability in these may affect the geomorphic 

processes controlling avulsion and bifurcation timescales. Multi-temporal observation of 

well-studied natural river deltas, such as the Yellow (Moodie et al., 2019), Mississippi 

(Chamberlain et al., 2018) or Rhine-Meuse (Stouthamer et al., 2015; Pierik et al., 2018), 

could then be used to quantify the interactions between avulsion and bifurcation that we 

found in our investigation. 

The results from this study suggest the following areas of future study: (a) How does the 

autogenic forcing studied here (i.e. upstream, and the consequent topset slopes) interact with 

a combination of allogenic forcings (e.g. sea-level, different wave, tides, and anthropogenic 

effects)? (b) How do the other autogenic controls (e.g. Qs, Q, riverbank material, vegetation) 

in river deltas influence avulsion timescale? How are these signals preserved or shredded in 

the rock record? And lastly, (c) How do seasonal or longer-term changes in input flow 

autogenically impact avulsion and bifurcation timescales and their interaction? 

4.5. Conclusion 

We conducted a suite of numerical modelling experiments with upstream slopes ranging 

from 10-4 to 10-3 to understand autogenically-controlled avulsion and bifurcation in river 

deltas. There is a statistically significant correlation between the topset slope produced in 

the model and the avulsion timescale with Ta = 0.3Stopset
-1.18; R2 = 69%, p < 0.05. Topset 

slope appears to be the dominant control of the timescale of autogenic signals, but it does 

not control the stratigraphy produced in the models which is remarkably consistent. Avulsion 

timescales span from 1.2 x 103 - 1.9 x 105 years with a median value of 1.2 x 104 years (N = 

229). Bifurcation timescales are in the range of 2 x 10-2 - 5.7 x 101 years with a median value 
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of 4 x 10-1 years (N = 201). Our findings advance understanding of how the delta topset slope 

serves as the first order control on autogenic timescales and how avulsion and bifurcation 

are not well correlated throughout the delta building process. Avulsion and bifurcation can 

occur at the same time during delta building, as shown by the non-unimodal distribution of 

dimensionless island sizes created in our model. Avulsion and bifurcation timescale from 22 

river deltas from the literature are consistent with the avulsion timescale-topset slope and 

bifurcation timescale-topset slope relationships proposed from our model. These findings 

contribute to progressing our understanding of autogenically controlled avulsion and 

bifurcation processes, before taking into account the influence of allogenic variables. A 

robust understanding of these processes has important implications due to their direct impact 

on coastal and inland hazards that arise from geomorphic change and flooding on highly 

populated river deltas. 
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Chapter 5 - Down-delta hydraulic geometry and its application to 

the rock record 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following chapter is adapted from Prasojo, O. A., Hoey, T. B., Owen, A., & Williams, 

R. D. (2023). Down‐delta hydraulic geometry and its application to the rock record. 

Sedimentology, 70, 2, p.289-605, https://doi.org/10.1111/sed.13062  

https://doi.org/10.1111/sed.13062
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Abstract 

Paleodischarge estimation is largely undertaken within fluvial settings, and there are limited 

paleodischarge estimates specifically from delta deposits, despite their significance globally. 

Making water paleodischarge estimates for deltas using catchment-based approaches 

developed using data from fluvial settings requires estimation of parameters from the rock 

record (e.g. paleotemperature, paleoslope, paleorelief) that may be difficult to determine, 

and may lead to under- or over-estimation of paleodischarge values due to differences in 

process-form relationships between alluvial rivers and deltas. When a sediment-conveying 

fluvial channel starts to debouch into a standing body of water, delta lobes develop through 

repeating mouth bar deposition due to flow deceleration, forming a deltaic morphology with 

distributary channel networks that differ morphologically from those developed in 

unidirectional flowing alluvial rivers. This study provides empirical relationships 

determined across five climate regions, using 3823 measurements of distributary channel 

width from 66 river deltas alongside their bankfull discharge, by applying the concept of 

hydraulic geometry. Empirical relationships are developed from the global delta dataset 

between bankfull discharge and catchment area (Qb-A) and also bankfull discharge and 

distributary channel width (Qb-w). These empirical relationships produce very strong 

statistical correlations, especially between Qb and w, across different climate regions (Qb = 

0.34w1.48, R2 = 0.77). However, both Qb-A and Qb-w relationships have outliers that may be 

explained by particular hydrological or geomorphic conditions. These new empirical 

relationships derived from modern systems are applied to Cretaceous outcrops (Ferron 

Sandstone, Dunvegan and McMurray formations). The comparatively simple scaling 

relationships derived here produced paleodischarge estimates within the same order of 

magnitude as the paleodischarge values derived from existing, more complex approaches. 

Our study contributes to source-to-sink investigations by enabling paleodischarge estimates 

that intrinsically account for climate impacts on channel geometry at the time of deposition, 

using measurements of channel width or catchment area of a deltaic outcrop. 

5.1. Introduction 

Paleodischarge can be estimated through several approaches including geometric scaling 

relationships (e.g. between channel width and discharge), hydraulic calculations (e.g. 

derived from grain size, and sedimentary structures, such as the Fulcrum model (Holbrook 

& Wanas, 2014), and multivariate statistical equations relating, for example, the catchment 
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erodibility (B), water discharge (Q), area (A), relief (R) and annual temperature (T) (the 

BQART model - (Syvitski & Milliman, 2007). Some of these approaches require 

measurements or estimates of parameters that are commonly challenging to obtain from rock 

record datasets (e.g. paleotemperature, relief, paleoslope, catchment area, bankfull depth) 

(Syvitski and Saito, 2007; Davidson and North, 2009; Holbrook and Wanas, 2014; Brewer 

et al., 2020). All available methods make assumptions, for example when using geometric 

scaling the channel geometry is assumed to be in equilibrium with the bankfull water 

discharge. 

One of the most commonly used models, the Fulcrum model, assumes dynamic equilibrium 

where all sediment mass transported through a trunk channel is balanced by sediment mass 

eroded upstream and deposited downstream (Holbrook and Wanas, 2014). This model also 

assumes a fixed position and dimension of a rectangular paleochannel geometry. Values of 

dimensionless bankfull Shields’ stress and the Chezy friction coefficient are assumed, from 

which paleoslope, velocity and bankfull depth hence paleodischarge are calculated (Brewer 

et al., 2020; Lyster et al., 2021). The Shield’s stress (Ganti et al., 2019b) and median 

formative flow depth (Trampush et al., 2014) are challenging to estimate from ancient 

deposits, although they can be constrained using information on, for example, grain-size 

distribution. 

The second widely applied model for estimating paleodischarge is the BQART model, which 

utilizes catchment-scale parameters. Although the original goal of this model was to estimate 

the total suspended solid load (TSS) brought by the fluvial system to the ocean, it can be 

used to estimate discharge or paleodischarge and is applicable to ancient sedimentary 

systems (Blum & Hattier-Womack, 2009; Sømme et al., 2011; Allen et al., 2013; Watkins 

et al., 2019). The BQART model parameters can often be only partially constrained. For 

example, estimating paleotemperature relies on proxy information (e.g. biomes of flora and 

fauna, paleosols, mineralogy) combined with plate tectonic reconstructions, which increase 

the uncertainty in BQART sediment load estimates, especially in cooler climates (Nyberg et 

al., 2021). 

Scaling between discharge and channel width and depth is an inevitable consequence of 

channel size adjusting to the volume of water being conveyed. Hydraulic geometry provides 

a theoretical basis for such scaling. Hydraulic geometry refers to empirical relationships 

relating channel width (w), depth (d) and velocity (v) to discharge (Q) (Leopold and 
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Maddock, 1953). As discharge fluctuates at a single site, strong power relationships of the 

following form are found: 

𝑤 = 𝑎𝑄𝑏 (w-Q relationship)  (5.1) 

𝑑 = 𝑐𝑄𝑓 (d-Q relationship) (5.2) 

𝑣 = 𝑘𝑄𝑚 (v-Q relationship)  (5.3) 

with the coefficients (a, c, k) and exponents (b, f, m) derived empirically from repeat 

measurements (Leopold and Maddock, 1953). From the continuity equation Q = w.d.v, it 

follows that a.c.k = (b+f+m) = 1. The values of b, f and m are constrained by the hydraulics 

of water flow (Ferguson, 1986). For a discharge of specified recurrence interval, such as 

bankfull discharge, consistent downstream hydraulic geometry relationships exist, taking the 

same form as Eq. 5.1-5.3. In distributary deltas, the downstream relationships reflect abrupt 

reductions in discharge at bifurcations and also the increasing influence of bidirectional flow 

towards the downstream margin of the delta. Hence, ‘down-delta’ hydraulic geometry is 

complex but at any location along a distributary channel Eq. 5.1-5.3 apply consistently due 

to the continuity of discharge. 

 
Figure 5.1 (A) Distribution of the observed river deltas; (B,C) circular grid used to measure the channel 

widths from Mahakam delta, Indonesia (0°34'58.9"S, 117°16'39.7"E). Measured channel widths are red 

lines shown across wetted distributary channels. The spacing of the circular grid is ~10 times the channel 

width at the upstream limit of the delta. Stitched Landsat 5 images were taken from January 1994 via Google 

Earth Engine (GEE). 
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Here, we investigate empirical relationships from 66 catchments feeding river deltas across 

different climate regions, that include 3823 distributary channel width measurements 

available at https://doi.org/10.6084/m9.figshare.19574938.v2 (Fig. 5.1A). We relate 

catchment areas and their associated bankfull discharges to the median channel width 

measured across each delta. The median is chosen for three reasons: firstly, it provides a 

more conservative estimate of central tendency than the mean in cases where there may be 

very wide channels close to the downstream limit of the delta; secondly, the preservation 

potential of delta channel deposits is greater away from the downstream limit and the median 

thus better represents channels that are likely to be preserved (Olariu and Bhattacharya, 

2006); and, in ancient deposits the number of preserved channels will often be small and the 

influence of outliers is reduced by using the median. Assuming that the measured 

distributary channel widths are approximately bankfull widths, scaling relationships are 

determined between the measured median distributary channel widths and Q2 (2-year 

recurrence flood as an estimate of bankfull discharge, Qb) in the river, and between 

catchment area and Q2 (Leopold and Maddock, 1953; Gleason, 2015b). A re-arrangement of 

Eq. 5.1, Qb = αwβ (Qb-w relationship) is used as this provides a basis for sedimentologists to 

estimate bankfull discharge from channel widths, measurement of which is often achievable 

in ancient deposits.  

5.3. Methods 

Empirical statistical relationships were found between the median widths of delta 

distributary channels gathered from satellite imagery and their site-specific discharges. 

Although backwater effects in the form of wave and tidal influences may be present, other 

studies have demonstrated the effectiveness of this relationship in deltaic environments 

(Mikhailov, 1970; Andrén, 1994; Edmonds and Slingerland, 2007; Sassi et al., 2012; 

Gleason, 2015b). Bankfull discharge has widely been considered as the flow that controls 

channel geometry in alluvial rivers (de Rose et al., 2008; Haucke and Clancy, 2011; Gleason, 

2015b), and is estimated here as Q2, where 2 is the recurrence interval (years) of the 

discharge, as also used by others (Eaton, 2013; Jacobsen & Burr, 2016; Morgan & Craddock, 

2019) 

Distributary channel widths on the 66 river deltas were measured in ArcGIS software using 

annual composite Landsat 5 satellite images. Delta apex (i.e. valley exit) locations were 

obtained from digital elevation models (DEM) from the Shuttle Radar Topography Mission 

https://doi.org/10.6084/m9.figshare.19574938.v2
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(SRTM) and ArcticDEM (Tucker et al., 2004; Farr et al., 2007; Morin et al., 2016) (Fig. 

5.1A). Satellite imagery from 1984 were used where available, with some imagery dated to 

more recent years. Using the older (1984) images reduces the impact of infrastructure and 

bank protection on channel widths. The satellite images and DEMs were projected using 

World Geodetic System (WGS 1984) in ArcGIS to measure the channel widths and to extract 

valley exit locations (Hartley et al., 2017). 

River deltas were identified based on their protrusion beyond the original lateral shoreline 

(Caldwell et al., 2019). Criteria for selecting river deltas includes any channel mouth that 

intersects with the open seawater, depositing sediment that protrudes beyond their lateral 

shoreline.  Nonetheless, we do not classify our river deltas based on their dominant forces 

(e.g. wave-, tide-, or river-dominated deltas) due to delta morphodynamics varying in time 

and space (e.g. a tide-dominated delta could transform into a river-dominated delta or a 

wave-dominated delta into a river-dominated delta) and very few delta end-members exist 

in nature (Syvitski & Saito, 2007). We also note that some influence of tide and wave 

processes may exist in the dataset (Ta et al., 2002; Correggiari et al., 2005; Syvitski & Saito, 

2007). However, as this paper focuses on the estimation of river discharge from distributary 

channel morphology, we avoid river deltas with clear wave and tidal morphologies (e.g. 

abundant tidal creeks, deflected delta distributaries, elongated/parallel shoreline). 

Channel widths were measured using a method, adapted from Sassi et al. (2012), in which a 

semicircular grid s/L is used to define a dimensionless distance from the delta apex to the 

shoreline, where s represents channelized distance from the delta apex and L is the 

channelized distance along the longest distributary channel (Fig. 5.1B). This grid allows 

measurement of the widths of multiple distributary channels located at the same 

dimensionless distance from the apex, hence allowing comparison across differently sized 

deltas. The apexes were defined as the valley exit points as recognized on DEMs (Hartley et 

al., 2017) or as the most landward avulsion node within the delta (Ganti et al., 2016a). The 

semicircular grid has a resolution of ~10 times the width of the river channel at the first 

avulsion point to maintain consistent dimensionless distance and data frequency across 

deltas of varying size. As an example, the Mahakam delta, Indonesia, has a 500 m wide 

channel at the avulsion point which is ~40000 m following the longest channel from the 

shoreline (L). Channel widths are measured every 5000 m from the delta apex (i.e. s/L = 0) 

to the delta shoreline where s/L = 1 (Fig. 5.1C). Widths of distributary channels were 

included, and tidal creeks were omitted. 
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Catchment areas were delineated in ArcGIS using the watershed polygons available from 

the HydroBASINS dataset (Lehner and Grill, 2013). River discharge data for the closest 

measuring location to the delta apex were extracted from the Global Runoff Data Centre 

(GRDC) dataset (https://www.bafg.de/GRDC/EN/Home/homepage_node.html). The 2-year 

recurrence interval flood (Q2) was used to estimate the bankfull discharge, or the dominant 

channel-forming flow, and is referred to as discharge (Q) subsequently for simplification 

(Wolman and Miller, 1960; Phillips and Jerolmack, 2016, 2019; Edwards et al., 2019; 

Rhoads, 2020; Dunne and Jerolmack, 2020). Q2 was calculated from daily discharge data 

using the Flow Analysis Summary Statistics Tool (‘fasstr’) package in R 

(https://github.com/bcgov/fasstr). For some locations, only monthly discharge data are 

available. Thus, conversion of Q2 from monthly to daily was applied for each climate region 

(Beck et al., 2018; Prasojo et al., 2022). The climate region for each delta is defined based 

on a Köppen-Geiger climate classification map (Beck et al., 2018). 

 
Figure 5.2 Illustration of the use of median distributary channel widths to obtain the predictive relationships 

between median distributary channel widths and bankfull discharge from 66 river deltas measured in this 

study. The green arrow on the y-axis shows the uncertainty on the discharge estimation, while the green 

arrow on the x-axis shows the uncertainty on the width measurement. 

The predictive Q-Wmed relationships use the median channel width measured for each delta 

as statistically representative values of right-skewed channel width distributions (Fig. 5.2, 

5.3). The 66 median width values were obtained from 3823 individual measurements (mean 

number of width measurements per delta = 58; range from 15 to 177 m) (Fig. 5.2). Note that 

these data do not allow prediction of the discharge/paleodischarge value of a single 

distributary channel but enable calculation of the total riverine discharge that contributes 

https://www.bafg.de/GRDC/EN/Home/homepage_node.html
https://github.com/bcgov/fasstr
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sediment to builds the delta plain. Ordinary least square (OLS) regressions were then used 

to calculate power-law scaling relationships between both channel widths and catchment 

areas with bankfull discharge (Leopold and Maddock, 1953). We used OLS regression, 

which assumes error only in the dependent variable, as the aim is to produce predictive 

equations. The 95% confidence interval around the overall relationship for the 66 deltas is 

narrow, reflecting the statistical strength of the median channel width-bankfull discharge 

relationship across over three orders of magnitude of discharge. Using the regression 

equation to predict the discharge for an individual delta based on the estimate of the median 

channel width obtained from N width measurements yields a greater uncertainty (wider 

confidence interval) on account of the scatter in widths on individual deltas (blue shaded 

region in Fig. 5.2). The uncertainty in the median channel width estimate reduces as the 

number of width measurements increases since the uncertainty in the median decreases as a 

function of N-1/2. OLS regressions were determined for each climate region to generate Q-A 

and Q-w morphometric scaling relationships. 

 
Figure 5.3 Catchment area and channel width distributions from this study, compared with data from 

Milliman and Farnsworth (2011) and Allen and Pavelsky (2018). (A) Distributions of catchment areas; (B) 

channel widths measured in this study; (C) boxplots of catchment areas measured in this study and by 

Milliman & Farnsworth (2011); (D) boxplots of channel widths measured in this study and by Allen & 

Pavelsky (2018). In (A) and (B), N is the sample number, Ssk is skewness, and t and p are the t-statistic and 

the associated probability from t-test comparison between the delta and fluvial datasets. The skewness 

values on (A) and (B) were calculated from the raw data, hence do not look skewed on log scales. 
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The applicability of the power-law relationships determined from modern deltas was tested 

by applying the relationships to the channel widths and catchment areas derived from 

published outcrop data from three Cretaceous formations in continental North America 

(Brownlie, 1983; Sageman and Arthur, 1994; Bhattacharya and MacEachern, 2009; Musial 

et al., 2012; Bhattacharya et al., 2016). Paleodischarges were estimated in these studies using 

the Fulcrum method applied to outcrop and subsurface data. These data were selected due 

to their relatively complete and observable exposures in the Ferron, Dunvegan and 

McMurray formations. 

5.4. Results 

5.4.1. Data distribution 

The 66 catchment areas are log-normally distributed (Fig. 5.3A), similar to the global fluvial 

system dataset (pink and blue lines on Fig. 5.3A) (Milliman and Farnsworth, 2011). The 

fluvial catchment areas (Milliman & Farnsworth, 2011) are not significantly different from 

the delta catchment areas used in this study (t = 1.9; p < 0.06). 

 
Figure 5.4 (A) Histograms showing the distribution of measured distributary channel widths and (B) 

dimensionless channel width (w/Wmed) from arid, cold, polar, temperate, and tropical climate region, 

consecutively. Vertical lines on the plots (A) refers to median channel width values for each climate region. 
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The median width of delta channels is almost one order of magnitude larger than the median 

in the global river channel width database (Allen & Pavelsky, 2018; Fig. 5.3B, 5.4), although 

the range of widths are similar in both data sets. The channel widths in our delta data set are 

statistically significantly larger than in the fluvial data (t = -76.1; p < 2.2x10-16). This 

difference suggests that scaling relationships from fluvial systems may not be able to be 

readily used for delta channels. 

5.4.2. Water discharge and catchment scaling relationship (Q-A relationship) 

Globally, Fig. 5.5 shows a statistically significant (p = 3.3 x 10-8; R2 = 0.39; N = 66) power 

law relationship between catchment area and bankfull discharge, Q2 = 50.1A0.42 with 22 of 

the 66 deltas lying within the 95% confidence interval. Some of the more distant outliers are 

interpreted to be present due to extensive river engineering (e.g. embankments along 

riverbanks in Colorado, Nile and Ebro deltas) or due to wave and tide effects (e.g. Orinoco, 

Mackenzie, Godavari, Ob and Irrawaddy deltas). In comparison to the global river Q-A 

relationship (Q = 0.075A0.8), the scaling relationship for global deltas has a non-significantly 

lower regression slope (p = 0.1) using the significance of the difference, or slope test 

(Syvitski and Milliman, 2007). 

 
Figure 5.5 (A) Climate-classified bankfull discharge – catchment area (Q-A) relationship from all deltas; 

(B-F) Q-A relationships from the arid, cold, polar, temperate and tropical climate regions, respectively. Red 

continuous lines are Ordinary Least Squares (OLS) regressions for the data on each plot. The red dashed 

line on (A) is the global river Q-A relationship from Syvitski & Milliman (2007). The significance of the 

difference (slope) test between the gradient from delta Q-A OLS regression versus the global river from 

Syvitski & Milliman (2007) produces p = 0.1. 

The relatively low R2 value for the global data set can be explained in part by differences 

between climate regions. Separating the data into different climate regions produces 

significant relationships between A and Q2 except in arid and cold regions where the 
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relationships are not significant (R2 = 0.24 and 0.25; p = 0.13 and 0.069; N = 11 and 14, 

respectively). 

5.4.3. Water discharge and channel width scaling relationship (Q-w 

relationship) 

In total 66 paired measurements of discharge and median channel width were used to build 

the Q-w relationship. Overall, there is a statistically significant relationship with Q2 = 

0.34Wmed
1.48 (R2 = 0.77; p = 2.2 x 10-16; N = 66) (Fig. 5.6). The Q-w relationship produces a 

better fit globally than the Q-A relationship above (Fig. 5.5A). In comparison to the global 

river Q-w relationship (w = 17Q0.45) (Moody and Troutman, 2002), the Q-w delta channel 

relationship has a statistically significant lower regression slope (p = 2.6x10-5). As an 

example, predicting the discharge from a delta with median channel width of 300 m will 

result in Q2 = 1576 m3/s, while the equivalent for a fluvial setting would be Q2 = 589 m3/s. 

Deltas have multiple channels, hence using Wmed = 300 m will have maximum width of 

larger than 300 m near the apex (i.e. trunk channel), hence producing larger estimated 

bankfull discharge than the fluvial settings. These results suggest that predicting discharges 

from widths will produce different results if the channels are deltaic or fluvial. 

 
Figure 5.6 (A) Climate-classified Q-w relationship from the global deltas; (B-F) Q-w relationships from the 

arid, cold, polar, temperate and tropical climate regions, respectively. Red continuous lines are the OLS 

regression obtained from the data shown on each plot. The red dashed line is the regression line obtained 

from the global river Q-w relationship from Moody & Troutman (2002). Error bars represent median channel 

width ± 1 standard deviation. The significance of the difference test between the gradient from delta Q-w 

OLS regression versus the global river equation from Moody & Troutman (2002) produces p = 2.6 x 10-5. 

When classified by climate region, Q-w relationships consistently show significant 

relationships (p < 0.05) with the strongest relationship for cold climate (N = 14) (Fig. 5.6C). 
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Polar, temperate, and tropical regions also show strong relationships with R2 values equal to 

0.91, 0.88, 0.63, respectively (Fig. 5.6D-F). Similar to the Q-A relationship, the Q-w 

relationship from arid regions (N =11) shows the lowest R2 although it is statistically 

significant (p = 1.2 x 10-2) (Fig. 5.6B). 

In summary, compared with the Q-A relationships on Fig. 5.5A-F, the Q-w relationships 

proposed in this study consistently show more statistically significant (p < 0.05) 

relationships that also have higher R2 values (Fig. 5.6A-F). The Q-A relationship from the 

temperate region is the strongest (Fig. 5.5E) and the strongest Q-w relationship is for the 

cold climate region (Fig. 5.6C). The weakest relationships consistently come from the arid 

settings from both Q-A and Q-w (Fig. 5.5B & 5.6B). 

5.4.4. Application to the rock record 

The scaling relationships obtained above from global modern river deltas are here applied 

to estimate paleodischarges from several deltaic deposits. Data were compiled from 

paleodischarge studies from well-exposed Cretaceous outcrops and subsurface dataset 

deposited in temperate-tropical climates. The data compiled from the literature used the 

Fulcrum approach to estimate paleodischarge values (Table 5.1). 

The Ferron Sandstone, exposed near Ivie Creek, SW Utah, USA, is composed of Turonian 

(93.9-89.8 Ma) deltaic deposits from the western margin of the Western Interior Seaway 

(Bhattacharya and MacEachern, 2009; Braathen et al., 2018) (Fig. 5.7). The delta prograded 

NE with an estimated drainage area of around 50000 km2 (Bhattacharya and Tye, 2004). 

Previous paleodischarge studies on the Ferron Sandstone were based on trunk river 

characterization and estimation of paleoflow velocity from its grain size, bedform size and 

inferred flow depth. The interpretation of a tropical paleoclimate was obtained through facies 

analysis and catchment area is estimated from paleogeographic reconstructions. 
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Figure 5.7 Ferron Sandstone outcrop photographs from Ivie Creek, Utah showing the distribution of 

distributary channels and associated lobes of Cretaceous delta deposited along the western margin of 

Western Interior Seaway. Interpreted distributary channel bodies and paleocurrent directions are redrawn 

from Braathen et al. (2018). 

The Cenomanian (100.5-93.9 Ma) Dunvegan Formation was deposited in a temperate 

climate, and contains deposits from a large delta complex that are predominantly massive 

and cross-bedded non-marine and marine sandstones (Plint, 2002). The delta complex 

prograded 400 km NW to SE into the actively subsiding foreland basin of Alberta. It is 

estimated that the delta had a catchment area of around 100000 km2 (Bhattacharya & Walker, 

1991; Sageman & Arthur, 1994; Bhattacharya & MacEachern, 2009; Plint, 2000; Hay & 

Plint, 2020).  



 

94 

The McMurray Formation (Barremian-Aptian; 130-112 Ma), NE Alberta, Canada, contains 

delta deposits in a N-NE direction in conjunction with the Rocky Mountains orogenesis 

(Musial et al., 2012; Shinn et al., 2014). The McMurray formation consists of wave rippled 

sands, highly burrowed sands, heterolithic sands and highly burrowed silts and muds 

deposited in a bay/deltaic setting (Musial et al., 2012). Previous studies estimate the 

McMurray Formation had a paleodischarge of about 15000 m3s-1 as the maximum bankfull 

discharge located at 56-58° North in temperate humid to mid-latitude warm humid climatic 

belt (Musial et al., 2012; Martinius et al., 2015). 

Measured channel widths and estimated catchment areas were obtained from the literature 

that compiled subsurface dataset with outcrop observations (Sageman and Arthur, 1994; 

Plint and Wadsworth, 2003; Bhattacharya and MacEachern, 2009; Bhattacharya et al., 2016) 

and were used to calculate paleodischarge using the equations calculated above from the 

modern systems. Four equations from our analysis of modern delta systems are used: (1) the 

global discharge-area relationship Q2 = 50.1A0.42 (Fig. 5.5A) (2) the climate-classified Q-A 

relationships, Q2 = 100A0.38 for the tropical region and Q2 = 15.9A0.54 for the temperate region 

(Fig. 5.5E,F); (3) the global discharge – width relationship (Fig. 5.6A) Q2 = 0.34Wmed
1.48; 

and (4) the climate-classified Q-w relationships, Q2 = Wmed
1.4 for the tropical region and Q2 

= 0.07Wmed
1.66 for the temperate region (Fig. 5.6E,F). Paleodischarges were calculated using 

these equations and channel widths measured from the rock record obtained from previously 

published work. The paleodischarge values estimated using our equations were compared 

with previous paleodischarge estimates (Fig. 5.8) (Sageman and Arthur, 1994; Bhattacharya 

and MacEachern, 2009; Bhattacharya et al., 2016). 

Our new estimates of bankfull discharges lie within one order of magnitude of the 

paleodischarge values reported from the Fulcrum approach (Fig. 5.8) (Sageman and Arthur, 

1994; Bhattacharya and MacEachern, 2009; Bhattacharya et al., 2016). Note that the climate-

classified Q-w relationship provides a better fit to the previous estimates than the global Q-

w relationship. Conversely, the global Q-A relationship estimates correspond better to 

previous estimates than do estimates from scaling relationships for individual climate zones 

(Fig. 5.5E, F). Overall, the statistical models proposed in this study perform similarly to the 

established Fulcrum method by producing values within the same order of magnitude as the 

paleodischarge values derived from the literature. 
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Figure 5.8 Comparison of bankfull discharges estimated from previous studies with the estimated bankfull 

discharges calculated using the Q-W and Q-A relationships, both global and climate-specific, proposed in this 

study (Sageman & Arthur, 1994; Bhattacharya & MacEachern, 2009; Bhattacharya et al., 2016).
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Table 5.1 Secondary delta channel width data from the literature and predicted Q values from both Q-A and Q-w relationships. 

Formation 

Name 

Channel 

Width 

(m) 

Estimated 

Paleodischarge 

(m3/s) 

Paleodrai

nage area 

(km2) 

Geological 

age 

Predicted Q 

from global 

Q-A 

relationship 

(m3/s) 

Predicted Q 

from climate-

classified Q-A 

relationship 

(m3/s) 

Predicted Q 

from global Q-

w relationship 

(m3/s) 

Predicted Q 

from climate-

classified Q-w 

relationship 

(m3/s) 

Source 

Ferron1 174 1525 50000 Turonian 6104  87900 4714  87900 1284  527 1370  527 

(Sageman and 

Arthur, 1994; 

Bhattacharya 

and 

MacEachern, 

2009) 

Ferron2 140 1300 50000 Turonian 6104  87900 4714  87900 930  527 1011  527 
(Bhattacharya 

et al., 2016) 

Ferron3 70 400 50000 Turonian 6104  87900 4714  87900 334  527 383  527 
(Bhattacharya 

et al., 2016) 

Dunvegan 170 2829 100000 Cenomanian 7969  87900 6307  87900 1240  527 1664  527 

(Sageman and 

Arthur, 1994; 

Bhattacharya 

and 

MacEachern, 

2009) 

Dunvegan2 150 4641 100000 Cenomanian 7969  87900 6307  87900 1030  527 1352  527 

(Sageman and 

Arthur, 1994; 

Bhattacharya 

and 

MacEachern, 

2009) 
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McMurray 800 15000 NA 
Barremian-

Aptian 
NA NA 12273  527 11597  527 

(Bhattacharya 

et al., 2016) 
1,2,3end members channel width measurement extracted from the literature 

± represents 95% prediction intervals from the global dataset. Wide prediction intervals are due to scatter in the data and the small number of deltas measured 

in this study, leading to high standard error of the residuals. 
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5.5. Discussion 

5.5.1. Comparison to other paleodischarge estimations 

Analysis of river discharges, catchment areas and median channel widths from 66 river 

deltas has generated new global equations Q2 = 50.1A0.42 and Q2 = 0.34Wmed
1.48. These 

relationships have also been classified by five climate regions (Table 5.2). Applying these 

comparatively simple equations to the rock record produced paleodischarge estimates within 

the same order of magnitude as the paleodischarge values derived from existing, more 

complex approaches. 

Table 5.2 Summary of the scaling relationships proposed in this study 

Water discharge and catchment area scaling relationships 

Classification N Equation Statistical significance 

Global 66 Q2 = 50.1A0.42 R2 = 0.39; p = 3.3 x 10-8 

Arid 11 Q2 = 100A0.28 R2 = 0.24; p = 1.3 x 10-1 

Cold 14 Q2 = 31.6A0.51 R2 = 0.25; p = 6.9 x 10-2 

Polar 6 Q2 = 0.63A0.86 R2 = 0.73; p = 3 x 10-2 

Temperate 8 Q2 = 15.9A0.54 R2 = 0.85; p = 1.1 x 10-3 

Tropical 27 Q2 = 100A0.38 R2 = 0.46; p = 1.4 x 10-4 

Water discharge and median channel width scaling relationships 

Classification N Equation Statistical significance 

Global 66 Q2 = 0.34Wmed
1.48 R2 = 0.77; p = 2.2 x 10-16 

Arid 11 Q2 = 0.04Wmed
1.67 R2 = 0.52; p = 1.2 x 10-2 

Cold 14 Q2 = 0.01Wmed
1.65 R2 = 0.94; p = 1.07 x 10-8 

Polar 6 Q2 = 0.12Wmed
1.55 R2 = 0.91; p = 3.09 x 10-3 

Temperate 8 Q2 = 0.07Wmed
1.66 R2 = 0.88; p = 5.6 x 10-4 

Tropical 27 Q2 = Wmed
1.4 R2 = 0.63; p = 1.5 x 10-6 

The new relationships proposed in this study allow quantification of paleodischarge from 

the rock record based on measurements of channel width, estimates of paleoclimate and 

morphometric scaling relationships derived from modern systems. Our approach uses fewer 

input parameters to estimate paleodischarge than existing methods, the BQART model or 

the Fulcrum model. Channel width is often measured from the rock record where channels 

are preserved, and cross-channel exposures are available. The proposed morphometric 

scaling relationships simplify paleohydrological calculations and enable more robust 

assessment of the uncertainties in the input parameter (channel width) to be accounted for 

when calculating paleodischarges. 
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In comparison to the Fulcrum and BQART models that intrinsically include climate 

parameters, our work provides separate predictive equations for various climate regions. Our 

proposed models show statistically significant correlations, especially between channel 

width and bankfull discharge across different climate regions, that have not previously been 

explicitly accounted for (Table 5.2). These climate-classified models will benefit source-to-

sink studies by providing calculations tailored to individual paleoclimates. 

Nyberg et al. (2021) provide a comprehensive overview of the uncertainties, sensitivities 

and practicalities of the BQART model in estimating sediment load on geological 

timescales. They discussed in detail every parameter needed to estimate the paleodischarge 

and paleo-sediment load. For estimating the paleodischarge, the BQART model uses a global 

Q-A power law scaling relationship similar to this study but without explicitly allowing for 

climate. Eide et al., (2018a) added runoff (Ro) parameters to take into account the impact of 

climate by applying a different multiplier value to discharges calculated for each climate 

region (e.g. Ro = 0.0005 for arid and Ro = 0.0161 for humid regions). However, adding Ro 

constants shift the models, but does not change the models’ gradients. In contrast, we 

produce different equations for each climate region, allowing the models’ gradients to 

change, reflecting the role of soils or vegetation in controlling runoff. Also, the climate-

classified models proposed in this study make paleodischarge estimation more 

straightforward if the paleoclimate can be deduced from the rock record.  

Although the equations are statistically robust, defining paleoclimate from the rock record 

is not straightforward due to the often-sparse exposure of preserved channels, complexities 

in stratigraphic correlation and the need for paleoclimate evidence. Reconstructing the 

relationship between evidence requires significant effort and may not always yield 

conclusive results (Shuman, 2014). Hence, it is reasonable to assess whether our climate—

specific equations significantly improve paleodischarge estimates. ANOVA tests were used 

to compare the global Q-w and Q-A regression equations to the climate-classified Q-w, Q-A 

relationships. Comparing the global and the climate-classified Q-w regression lines 

produced p= 0.62. While the comparison of the global Q-A and climate-classified Q-A 

regression lines produced p= 0.07. Both tests showed that both global and climate-classified 

Q-w and Q-A relationships are not significantly different, hence could be used 

interchangeably. The tests imply that when the paleoclimate is challenging to be deduced 

from the rock record, the global Q-w or Q-A scaling relationship could be used instead. 
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5.5.2. Limitation of the proposed scaling relationships 

For the Q-A and Q-w relationships, the standard error of residuals are 1.23 and 0.76 in log 

units, respectively. Despite overall significance of the regressions, additional factors may 

affect both relationships such as anthropogenic effects on channel width and/or river flows 

that may disrupt the dynamic equilibrium assumption that underpins the proposed scaling 

relationships (Aslan et al., 2005; Li et al., 2017; Ninfo et al., 2018), vegetation type and 

density (Huang and Nanson, 1997), sediment load (Hey and Thorne, 1986), grain size 

(Eaton, 2013), anabranches of multi-thread channel systems (Tabata and Hickin, 2003), 

material forming the channel boundary (Ellis and Church, 2005) and flood variability for 

each climate region (Rodier and Roche, 1978). Although the accuracy of predictive models 

can be improved by adding more variables (Mosley, 1981) this addition leads to models 

becoming increasingly less applicable to the rock record. For example, using our 

calculations, paleodischarge can be determined from any data set in which a catchment area 

or channel width can be determined (e.g. outcrop or seismic). However, if other variables 

such as grain size or paleoslope are needed these additional data may not always be readily 

available. Thus, keeping the variables as simple as possible (e.g. catchment areas and 

channel widths) is beneficial in creating models that are applicable to the rock-record. Also, 

adding more variables does not necessarily result in an increase in model accuracy. Mosley 

(1981) showed that channel cross-sectional area (e.g. width, depth) is 90% controlled by the 

bankfull discharge, bed sediment size and bank sediment character, with only 30% of the 

variability being explained by morphologic variables (e.g. braiding and sinuosity index). For 

reconstruction purposes, there is merit in simplicity and careful examination of the 

contributing factors of channel cross section and bankfull discharge should be undertaken 

before adding in more variables into the morphometric scaling relationships proposed in this 

study. 

The prediction intervals for palaeodischarge (Table 5.1; Fig.5.2) are wide because of scatter 

in the observations and the small number of width measurements available for the prediction. 

These wide prediction intervals need to be acknowledged when using the proposed scaling 

relationships. Consequently, when applying the scaling relationships to the rock record they 

should be further constrained as far as possible using all contextual information gathered 

from the rock record (e.g. grain size, bedforms interpreted from sedimentary structures, 

stratigraphic position) to justify the paleodischarge estimation produced by this approach. 

Our source data set of modern measurements are spatially distributed across the delta in one 
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time horizon, from which we determine a median width to use for prediction. However, 

deltas are depositional systems and due to transgression/regression measurements made in 

outcrop or from subsurface imaging may produce biased samples across the delta, hence 

yielding a biased estimate of median channel width, or may aggregate measurements across 

time horizons with different external controls, such as changing Q2 due to climatic 

fluctuations. Hence, as noted above in the context of climate interpretation, applying the new 

statistical models to the rock record requires interpreting the stratigraphic context of the 

measured distributary channels. As more data become available, larger data sets, modern 

and ancient, will be able to be used to constrain what are ‘reasonable’ paleodischarge 

estimates. This constraint will be quantitative as more data sets such as those in Table 5.2, 

are obtained. 

Our approach uses width measurements from satellite imagery as width is the most readily 

obtained measure of channel scale on such images. In outcrop or subsurface datasets, it is 

commonly easier to measure distributary channel depths (d) than widths. Channel widths 

and depths are very highly correlated empirically and theoretically (Ferguson, 1986), and 

depth and width measurements from distributary channels reported in the literature are 

summarized in Table 5.3. Although the depth and width exponents in Eq. 5.1-5.3 are 

consistent, variations in the multipliers mean that the w:d ratio cannot be taken as a global 

constant due to the influence of additional factors on channel geometry (e.g. vegetation, bank 

sediment cohesion). Some studies have found that w:d varies with discharge (Wang and Li, 

2011) or with the measurement location (Kästner et al., 2017). 

Table 5.3 In-situ measurement of width and depth of several river deltas collected from the literature. 

Location Year 

Width 

(w) 

(m) 

Depth 

(d) (m) 

w:d ratio 

(-) 
Note Source 

Lijin, Yellow 

delta 
1977 621 6.26 99.14 

Depth is defined as the 

averaged bed level in the 

deepest part of the 

channel width from a 

cross-sectional area of 

500 m2 

  

https://doi.

org/10.101

6/S1001-

6279(08)6

0002-5 

Lijin, Yellow 

delta 
1987 615 6.60 93.19 

Depth is defined as the 

averaged bed level in the 

deepest part of the 

channel width from a 

https://doi.

org/10.101

6/S1001-

https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
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cross-sectional area of 

500 m2 

6279(08)6

0002-5 

Lijin, Yellow 

delta 
1997 622 5.14 121.01 

Depth is defined as the 

averaged bed level in the 

deepest part of the 

channel width from a 

cross-sectional area of 

500 m2 

https://doi.

org/10.101

6/S1001-

6279(08)6

0002-5 

Lijin, Yellow 

delta 

1950

-

1999 

  200 

w:d = f(Qw), using the 

same data as above 

 

 

  

https://doi.

org/10.101

6/j.quaint.2

010.09.002 

35 km above 

Head of 

Passes, 

Mississippi 

delta 

1974

-

1975 

800 22 36 

Qw > 35.000 m3/s, depth 

is calculated by 

differencing the water-

surface elevation from 

the 40th-percentile depth 

from the distribution of 

all wetted elevations for 

a transect, beginning 

from the channel bed. 

https://doi.

org/10.113

0/B30497.

1 

100 km above 

Head of 

Passes, 

Mississippi 

delta 

1974

-

1975 

770 23 33.48 

Qw > 35.000 m3/s, depth 

is calculated by 

differencing the water-

surface elevation from 

the 40th-percentile depth 

from the distribution of 

all wetted elevations for 

a transect, beginning 

from the channel bed. 

https://doi.

org/10.113

0/B30497.

1 

200 km above 

Head of 

Passes, 

Mississippi 

delta 

1974

-

1975 

750 20 37.5 

Qw > 35.000 m3/s, depth 

is calculated by 

differencing the water-

surface elevation from 

the 40th-percentile depth 

from the distribution of 

all wetted elevations for 

a transect, beginning 

from the channel bed. 

https://doi.

org/10.113

0/B30497.

1 

Fly    15-30 

Meandering, slope is 

always very gentle 

http://dx.d

oi.org/10.1

016/j.geom

orph.2008.

05.035 

https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/S1001-6279(08)60002-5
https://doi.org/10.1016/j.quaint.2010.09.002
https://doi.org/10.1016/j.quaint.2010.09.002
https://doi.org/10.1016/j.quaint.2010.09.002
https://doi.org/10.1016/j.quaint.2010.09.002
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
https://doi.org/10.1130/B30497.1
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
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Amazon    20 - 

>100 

Anabranching, 

suspended load 

dominant 

http://dx.d

oi.org/10.1

016/j.geom

orph.2008.

05.035 

Brahmaputra    >100 

Complex anabranching http://dx.d

oi.org/10.1

016/j.geom

orph.2008.

05.035 

Atchafalaya 

Delta 
1983   

Few 

hundred

s 

Depth is measured from 

the terminal distributary 

channel 

https://doi.

org/10.211

0/jsr.2006.

026 

Wax Lake 

Delta 
2002   

Few 

hundred

s 

Depth is measured from 

the terminal distributary 

channel 

https://doi.

org/10.211

0/jsr.2006.

026 

Volga Delta 2000 10-20 1-3 ±10 

Depth is measured from 

the terminal distributary 

channel 

https://doi.

org/10.211

0/jsr.2006.

026 

Lena Delta 2000 
100-

400 
1 100-400 

Width is taken from the 

highest frequency from 

their Fig. 8E 

https://doi.

org/10.211

0/jsr.2006.

026  

Eocene 

Battfjellet 

Deltas 

 50-

200 
5 10-40 - 

https://doi.

org/10.211

0/jsr.2006.

026 

Kapuas Delta 

2013

-

2015 

  16-128 -  

https://doi.

org/10.100

2/2016JF0

04075  

To accommodate the complexity of the relationship between channel width and depth in 

river deltas, we assume that the flow was steady during the w and d measurements in Table 

5.3, and in an equilibrium depth and slope. The range of measured w:d ratios is from 10-200 

with typical values of w:d = 30:1 (e.g. Mississippi delta; (Nittrouer et al., 2012) and Fly delta 

(Latrubesse, 2008)), to 100:1 (e.g. Yellow River delta (Wang et al., 2008; Wang and Li, 

2011), Amazon and Brahmaputra deltas (Latrubesse, 2008)) and the extreme value of w:d = 

200:1 from Wax Lake and Lena deltas (Olariu and Bhattacharya, 2006) (Table 5.3). By 

assuming that delta channel w:d relationships globally lie within the range suggested by the 

http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
http://dx.doi.org/10.1016/j.geomorph.2008.05.035
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.2110/jsr.2006.026
https://doi.org/10.1002/2016JF004075
https://doi.org/10.1002/2016JF004075
https://doi.org/10.1002/2016JF004075
https://doi.org/10.1002/2016JF004075
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available measurements, we rescale our Q-w relationship to yield a novel discharge-depth 

(Q-d) scaling for w:d = 30, 100 and 200 (Table 5.4). We then classify the Q-d scaling based 

on climate regions. All of the Q-d relationships are statistically significant, with different 

w:d ratios affecting scaling constants only. 

Table 5.4 Global and climate-classified discharge:depth (Q-d) scaling relationships proposed based on three 

width:depth (w:d) ratios found from a number of modern river deltas. 

Classification w:d = 30:1 w:d = 100:1 w:d = 200:1 

Global Q = 54.95d1.69 

R2 = 0.76 

p < 2.2 x 10-17 

Q = 421.7d1.69 

R2 = 0.77 

p < 2.2 x 10-17 

Q = 1349d1.69 

R2 = 0.77 

p < 2.2 x 10-17 

Arid Q = 19.95d2.32 

R2 = 0.52 

p = 1.2x10-2 

Q = 331.13d2.32 

R2 = 0.52 

p = 1.2 x 10-2 

Q = 1659.59d2.32 

R2 = 0.52 

p = 1.2 x 10-2 

Cold Q = 33.11d1.70 

R2 = 0.94 

p = 1.1 x 10-8 

Q = 263.02d1.70 

R2 = 0.94 

p = 1.1 x 10-8 

Q = 794.33d1.70 

R2 = 0.94 

p = 1.1 x 10-8 

Polar Q = 67.6d1.63 

R2 = 0.91 

p = 3.1 x 10-3 

Q = 481.95d1.63 

R2 = 0.91 

p = 3.1 x 10-3 

Q = 1479.11d1.63 

R2 = 0.91 

p = 3.1 x 10-3 

Temperate Q = 68.11d1.77 

R2 = 0.88 

p = 5.6 x 10-4 

Q = 571.08d1.77 

R2 = 0.88 

p = 5.6 x 10-4 

Q = 1940.89d1.77 

R2 = 0.88 

p = 5.6 x 10-4 

Tropical Q = 43.65d1.77 

R2 = 0.63 

p = 1.5 x 10-6 

Q = 371.54d1.77 

R2 = 0.63 

p = 1.5 x 10-6 

Q = 1255.59d1.77 

R2 = 0.63 

p = 1.5 x 10-6 

5.5.3. Climate impacts on the proposed scaling relationships 

Climate-classified Q-w relationships may produce more reliable paleodischarge results than 

either the Q-A relationships or the global Q-w relationship due to the direct impacts of 

climatic factors on channel geometry. Most of the climate-classified Q-w relationships have 

higher R2 values (0.52-0.94) than the global Q-w relationship (R2 = 0.77). The Q-A 

relationships have R2 values of 0.39 for the global data, and 0.24-0.85 for the climate-

classified relationships. This does not necessarily mean that Q-A relationships should not be 

used, but depending on the data availability from the rock record, both Q-A and Q-w 

relationships remain useful for inferring paleodischarge. 

Climate-classified Q-A relationships should give more reliable predicted paleodischarges 

than a single global Q-A relationship due to discharge being directly controlled by rainfall 

and runoff in each climate region (McCabe and Wolock, 2016; Eide et al., 2018a). However, 
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for paleodischarge studies catchment areas calculated from paleogeographic reconstructions 

may contain significant uncertainties due to the assumptions and interpretations involved in 

building paleogeographic maps. Hence, the ability to estimate paleodischarge through 

regional hydraulic geometry scaling relationships (Davidson and North, 2009) supported by 

provenance analysis (Blum et al., 2017), remains constrained by scatter in the modern data 

and the need to supplement the calculations with further estimated variables. Errors of at 

least one order of magnitude are not uncommon (Bhattacharya et al., 2016), but may provide 

valuable information that cannot be obtained by other means, or that supplements 

independent reconstructions of paleoenvironments. 

Particular caution is required when estimating paleodischarge in arid and cold climates. Arid 

climates have annual rainfall between 150-200 mm (Thornthwaite, 1948) and a highly 

episodic runoff regime with flood flows lasting for only a few hours or days in a year (Rodier 

and Roche, 1978). This regime makes the definition of bankfull discharge challenging in 

this climate (Shamir et al., 2012). As an example, it is common to have rapid intermittent 

high flood with low and steady flow period throughout the year in an arid region (e.g. due 

to snowmelt in Colorado river catchment and intermittently anabranching river during low 

flow) (Segura and Pitlick, 2010). Catchment area and bankfull duration are poorly correlated 

in arid regions (Dodov and Foufoula-Georgiou, 2005), and interannual runoff irregularity 

and downstream loss of water are very significant in arid regions (Rodier and Roche, 1978).  

In cold climate regions, flow may be non-continuous or substantially reduced in winter so 

reducing how representative Q2 is as the bankfull discharge, also resulting in a weak 

correlation between catchment area and Q2 (Beltaos and Prowse, 2009; Stonevičius et al., 

2014). Flood hydrology in this region depends on interactions between snow and ice cover, 

precipitation and air temperature, that may induce shifts in runoff over decadal timescales 

(Stewart et al., 2005; Shiklomanov et al., 2007). Consequently, bankfull discharge 

estimation from both modern and ancient systems in these two climate regions should 

consider hydrological conditions in the relevant climate zone. 

5.5.4. Further developments 

Although the relationships calculated herein produce realistic discharge estimates in 

Cretaceous deltas constrained by outcrop and subsurface data, there is a need to test these 

relationships across different aged systems across different climate belts to understand the 
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extent to which they can be applied. Also, despite scaling relationships being available from 

modern estuaries (Diefenderfer et al., 2008; Gisen and Savenije, 2015) and tide-influenced 

river deltas (Sassi et al., 2012), development of similar rock-record focused scaling 

relationships for other systems (e.g. tidal creeks or other delta types) remains an area for 

further study.  

Finally, our proposed method adopts metrics that are more easily extracted from the rock 

record and which is based on specific climate zones has potentially important implications 

with regards to assessment of hydrocarbon, hydrogen, geothermal and carbon capture and 

storage (CCS) sizes (Bhattacharya and Tye, 2004; Shinn et al., 2014). In addition, it will 

help in deducing climate and tectonic forcing on systems and paleohydraulics across various 

types of depositional systems in source-to-sink studies (Montgomery and Gran, 2001; 

Merritt and Wohl, 2003; Brardinoni and Hassan, 2006; Wohl and David, 2008; Davidson 

and Hartley, 2010; Eaton, 2013). 

5.6. Conclusion 

We have obtained Q-A and Q-Wmed scaling relationships for 66 modern river deltas across 

different climate regions by extracting catchment areas for each delta, making 3823 

distributary channel width measurements and calculating their associated bankfull 

discharges. These relationships are intended to provide quantitative information on source 

catchment properties from data typically available in the rock record. Applying the simple 

scaling relationships derived here from modern systems to the rock record, coupled with 

paleoclimate information, produced paleodischarge estimates within the same order of 

magnitude as paleodischarge values derived from existing, more complex, approaches that 

require a larger number of parameters. These new relationships promise enhanced deduction 

of climate and paleodischarges across various types of depositional systems in source-to-

sink studies, assessment of hydrocarbon, hydrogen, geothermal and carbon capture and 

storage (CCS) sizes, and more accurate paleogeography interpretations. The relationships 

have been validated against data from some Cretaceous deltas, applying these scaling 

relationships to other paleoclimate regions, systems of different ages and to different types 

of deltaic environment, remain areas of further study. 
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Chapter 6 – Practical sampling criteria for using delta channel 

width to estimate paleodischarge in the rock record 
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Abstract 

Quantifying paleodischarge from geological field observations have been for decades, and 

remains, a key research challenge. Several paleodischarge scaling relationships have been 

developed for fluvial environments, such as BQART, Fulcrum and regional hydraulic 

geometry or for river deltas by precluding the role of wave and tide. In deltas where marine 

(wave, tide) energy causes bidirectional flow, the available paleodischarge scaling 

relationships are not applicable. Here, the spatial variability of distributary channel widths 

from a database of 114 global modern river deltas is assessed to understand the limit of 

marine influence on distributary channel widths. Compiling 4459 distributary channel width 

measurements enables improvements to distributary channel width-discharge scaling 

relationships specifically for river-, tide- and wave-dominated deltas. By bootstrapping the 

channel widths measured from modern deltas, the minimum number of width measurements 

needed to apply width-discharge scaling relationships to ancient deltaic deposits is estimated 

as 3 and 30 for upstream and downstream river-dominated deltas, consecutively, 6 for 

upstream part of tide-dominated deltas and 4 for wave-dominated deltas. This estimate will 

guide sedimentologists who often have limited numbers of distributary channel widths 

exposed in the rock record. Statistically significant width-discharge scaling relationships are 

derived for river- and wave-dominated deltas, with no significant relationships identified for 

tide-dominated deltas. To test the reliability of these improved width-discharge scaling 

relationships in the rock record, paleodischarges were estimated for the well-studied 

Cretaceous lower Mesa Rica Formation, USA. Comparison of these results with the more 

complex Fulcrum method suggests that these new scaling relationships are accurate. Hence 

these scaling relationships obtained from modern deltas can be applied to the rock record, 

and this approach requires less, and easier to measure, data inputs than previously published 

methods. 

6.1. Introduction 

Sedimentary deposits provide an important archive of interactions between tectonic and 

climate activity in deep geological time (Sharman et al., 2019). However, reconstructing 

paleodrainage settings from sedimentary deposits remains a challenge (Nyberg et al., 2021). 

Specifically, estimating rates of key earth surface processes such as sediment flux and 

paleodischarge has been a key research challenge for decades (Whittaker, 2012; Lyster et 

al., 2021). Estimating paleodischarge plays an important role in quantifying sediment 
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transport capacities and volumes (Allen et al., 2013; Holbrook and Wanas, 2014; Lin and 

Bhattacharya, 2017; Sharma et al., 2017), understanding the scale of ancient catchments 

(Bhattacharya and Tye, 2004; Bhattacharya et al., 2016; Eide et al., 2018b; Lyster et al., 

2020), and investigating paleoclimate impact on paleochannel hydrology (Duller et al., 2010; 

Whittaker et al., 2011; Castelltort et al., 2012; Hampson et al., 2013).  

Most of the models proposed to estimate paleodischarge, such as BQART (Syvitski and 

Milliman, 2007), the Fulcrum model (Holbrook and Wanas, 2014; Bhattacharya et al., 2016), 

or regional hydraulic geometry (Syvitski & Milliman, 2007; Davidson & North, 2009; 

Holbrook & Wanas, 2014; Bhattacharya et al., 2016) are suitable to purely unidirectional 

fluvial environments since they do not consider the influence of marine energies that may 

alter the unidirectionality of river current (Syvitski and Milliman, 2007; Davidson and North, 

2009; Holbrook and Wanas, 2014; Bhattacharya et al., 2016). The BQART model 

incorporates a scaling relationship between the water discharge (Q) and catchment area (A) 

from the 63% of the world’s river discharge (Q = 0.075A0.8) to estimate sediment flux, 

assuming that these two variables are partly independent (Syvitski and Milliman, 2007). 

Consequently, applying BQART to ancient sedimentary systems needs robust 

paleogeographic reconstructions to estimate the paleocatchment area, itself challenging to 

reconstruct from the rock record (Nyberg et al., 2021). Similar to the BQART model, the 

Fulcrum model needs several parameters that are challenging to extract from rock records 

such as bankfull depth and width, estimated paleoslope, estimated bankfull Shield’s stress 

and the dimensionless Chezy friction coefficient (Holbrook and Wanas, 2014; Bhattacharya 

et al., 2016; Brewer et al., 2020). 

On the other hand, a new rock-record focused channel width-discharge scaling relationship 

for river deltas (Chapter 5; Prasojo et al., 2023) precludes the role of wave and tide, assuming 

distributary channels contain only unidirectional river currents. Another model, WBMSed, 

was recently applied for estimating the global river deltas discharges (Cohen et al., 2013; 

Nienhuis et al., 2020). Although WBMSed produced fairly reasonable prediction of several 

rivers in the USA and predictions were comparable with the BQART model, WBMSed 

model does not take into account the influence of marine energy that can significantly alter 

the geometry of delta distributary channels of river deltas (Nittrouer, 2013; Chatanantavet et 

al., 2012; Lamb et al., 2012; Fernandes et al., 2016; Ganti et al., 2016; Martin et al., 2018; 

Chadwick et al., 2019, 2020; Gugliotta & Saito, 2019). 
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It is expected that channel width scaling relationships in deltas weaken with more significant 

marine energy influence (wave, tide, longshore currents) due to bidirectional flow and 

channel deflection in more distal parts of delta plains (Besset et al., 2017). The presence of 

large tidal, wave energy or backwater-controlled flow regimes also significantly alters the 

geometry of delta distributary channels, hence directly weakening scaling between channel 

width and discharge (Fig. 6.1). The effect on channel geometry, including narrowing and 

deepening, due to marine influences has also been demonstrated (Chatanantavet et al., 2012; 

Lamb et al., 2012; Nittrouer, 2013; Fernandes et al., 2016; Ganti et al., 2016a; Martin et al., 

2018; Gugliotta and Saito, 2019; Chadwick et al., 2019b, 2020). To consider the marine 

influence on width-discharge scaling relationship, the break in distributary channel 

morphology (i.e. channel width; Sassi et al., 2012) that classifies delta plains into upstream, 

assuming no marine influence, and downstream, marine-influenced parts needs to be 

identified for river-, tide- and wave-dominated deltas. This provides an opportunity to create 

a more accurate discharge/paleodischarge estimation from river deltas. 

 
Figure 6.1 Landsat 5 images (all around year 2000) from several delta types. A. tide-influenced, river-

dominated Mahakam delta, Indonesia; B. wave-influenced Baram delta, Malaysia; tide-dominated C. tide-

dominated Fly delta, Papua New Guinea and D. river-dominated Pahang delta, Malaysia. Changes in 

channel width away from the distal limits, which are plotted in the lower panels. Differences in 

morphological patterns depend on the interaction between dynamic catchment (water and sediment inputs) 

and marine (wave energy, tidal energy) variables that interact to produce delta morphology.  
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This study aims to assess the spatial variability of distributary channel widths from a 

database of 114 global river deltas to improve channel width-discharge scaling relationships, 

in which a clear break in distributary channel widths is identified that separates upstream 

and downstream parts of the delta. The downstream parts are characterised by channels 

which widen towards the sea, whereas in upstream parts channel widths remain broadly 

constant between successive bifurcations to the delta apex. A total of 4459 distributary 

channel widths from the 114 river deltas were measured from the delta apex, or first avulsion 

point, to the shoreline.  

In contrast with modern river deltas on which distributary channel widths can be measured 

directly from satellite images or in the field, ancient delta deposits typically have very 

limited distributary channel exposure or preservation hence the width cannot be determined 

directly. In this study we apply a bootstrap method to the large global modern delta dataset 

(N = 4459) to simulate the optimum number of measurements needed to estimate 

paleodischarge from a deltaic deposit. By applying bootstrapping, we provide a guideline 

for the minimum number of width measurements that are needed from the rock record to 

reliably use the newly established channel width-discharge scaling relationships. 

Overall, the aims of this study are: (1) to identify any morphological break or down-dip 

spatial variation of delta distributary channel widths; (2) to improve channel width-discharge 

scaling relationships for delta channels based on analysing data with regard to down-delta 

breaks in channel width; (3) to apply a bootstrap method to the modern delta data to simulate 

the limited number of data points usually available from the rock record; and, (4) to compare 

the results from the improved channel width-discharge scaling relationships with those 

obtained using the Fulcrum method.  

6.2. Methods 

6.2.1. Dimensionless distributary channel widths of river deltas 

The active channel width of distributary channels from 114 deltas (including 97 river-

dominated deltas, 7 tide-dominated deltas, and 10 wave-dominated deltas) across different 

climate regions were measured from Landsat 5 satellite images in Google Earth Engine 

(GEE). The earliest (~2009) and the least cloudy images were chosen for image clarity 

purposes, as well as to minimize the influence of ongoing anthropogenic activities such as 
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embankment construction. Distributary channel widths were measured manually along all 

the identifiable distributary channels seen on Landsat 5 (minimum channel width of 100 m) 

from the delta apex to the shoreline. The delta apex is assumed to be the present-day most 

landward bifurcation point observed on satellite images (Ganti et al., 2016a). Where deltas 

have a single channel, the delta apex is associated with the valley exit point from its Digital 

Elevation Model (DEM) (Hartley et al., 2017). To enable comparison of channel widths 

measured from different sized deltas, we use the semicircular grid s/L method (Sassi et al., 

2012) to ensure even spacing of measurements, where s represents the along-channel 

distance from the delta apex, and L is the along-channel distance of the longest distributary 

channel to the delta apex (Fig. 6.2). The semicircular grid allows measurement of multiple 

distributary channels located at the same dimensionless distance from the apex point. The 

grid resolution is ~10 times the river channel width at the delta apex to maintain consistent 

dimensionless distance and data collection frequency across deltas of varying size. As an 

example, if a delta has a 100 m wide channel at its apex, the semicircular grid will have 

diameters of 1, 2, 3... km until the grid covers the entire delta plain (Fig. 6.2). Thus, channel 

width is measured at s/L = 1, 0.9, 0.8... , 0.1, 0. Only channel widths along definite 

distributary channels (N = 4459) were included to exclude the influence of non-riverine 

influences in delta systems, such as tidal creeks. Where distributary channels contain mid-

channel bars, the width of the wider channel was measured (inset Fig. 6.2). 

 
Figure 6.2 A: The semicircular grid used to measure the channel widths of distributary channels. B: Enlarged 

version of the measured channel width from Fig. 6.2A. Channel widths were made at the red lines which 

are perpendicular to the banks of the wetted distributary channels. Inset shows measurement method when 

mid-channel bars are present. The spacing of the semicircular grid is defined as ~10 times the channel width 

at the apex of the delta (WA). 

Deltas were identified based on protrusion of their visible deposits beyond their lateral 

shorelines (Caldwell et al., 2019). They were then classified as river-, wave- or tide-
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dominated, based on Nienhuis et al. (2020) dataset. Morphologically, river-dominated deltas 

are characterized by multiple/single elongated distributary channels that protrude beyond the 

shoreline and subaerial mouth bar deposits (Olariu and Bhattacharya, 2006). Wave-

dominated deltas have linear shorefaces and mouth bars modified by wave action. In most 

cases, the number of distributary channels in wave-dominated delta is limited (Bhattacharya 

and Giosan, 2003; Bhattacharya and Tye, 2004; Li et al., 2011). Tide-dominated deltas are 

characterized by a funnel-shaped distributary channels with abundant tidal creeks on 

adjacent delta plains. We simplify the classification into the three end-members of Galloway 

(1975) same as Nienhuis et al. (2020) but acknowledge other delta classifications (Li et al., 

2011; Vakarelov and Ainsworth, 2013; Lin and Bhattacharya, 2021). 

Dimensionless distance was plotted against dimensionless channel width (w*) for each delta 

type. Dimensionless distance is defined as s/L consistent with the semicircular grid (Fig. 6.2) 

that originates at the delta apex. Dimensionless width (w*) is defined as w/Wa where w is 

channel width and Wa is the channel width at the delta apex. Subsequently, down-dip 

changes in dimensionless channel widths form the basis of classifying the delta plain into 

‘upstream’ and ‘downstream’ parts. To aid recognizing any contrasts between ‘upstream’ 

and ‘downstream’ distributary channel width patterns, the non-parametric Kruskal-Wallis 

one-way analysis of variance test was conducted. Data binning of 10% of original data was 

later used as the basis of ‘upstream-downstream’ classification due to its proper 

representativity of the overall data without producing significant bias (see Supporting 

Information and Fig. S6.1 for details). The classifications between ‘upstream’ and 

‘downstream’ parts were then the basis of running a bootstrap method on to the dataset. 

6.2.2. Bootstrapping the distributary channel width distribution from modern 

river deltas 

Bootstrapping was undertaken to assess the impact of a limited sample size that may be 

retrieved from the rock record. This is a common resampling method that has been widely 

used in field studies with limited sample size (Cheng and Yeager, 2007; Cui et al., 2017; 

Debchoudhury et al., 2019). Bootstrapping involves repeat resampling of the original dataset 

with replacement (Efron, 1982, 2007). Resampling is repeated B times (B is typically a 

power of 10, e.g. 10, 100, 1000…) to transform a small number of measurements into a 

much larger sample size to improve the validity of statistical results obtained from analysing 

the data (Cui et al., 2017).  
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In this study, rather than increasing the sample size from a large number of measured channel 

widths from modern river deltas, bootstrapping was used to reduce this sample size to 

simulate the typically small number of distributary channel widths that can be measured 

from outcrops. Bootstrapping used from 100% to 3% of the original number of distributary 

channel widths measured from modern deltas. Standard errors of these re-sampled data sets 

were calculated and plotted against the number of samples to show the distribution of 

standard errors for different sample sizes. Standard error (S) is defined in Equation 6.1 as:  

𝑆 =  
𝜎

√𝑁
 (6.1) 

With 𝜎 representing the standard deviation of channel widths (m) and N the number of 

measurements in the sample. The plots simulate errors that may be encountered by 

measuring small numbers of distributary channel widths in the rock record. The relationships 

between sample size and standard error can be used to inform sample size determination for 

field studies as well as to quantify the uncertainties in measurements. Percentile standard 

errors were calculated to understand how the distribution of measured distributary channel 

widths influences the shape of the distribution of synthetic samples of different size. This 

analysis was designed to overcome the small sample sizes from ancient field measurements 

through analysis of a large contemporary data set; the influence of sample size on estimates 

of width is known for a normal distribution through equation (6.1), but using a large real 

data set provides understanding of the influence of the shape of the underlying distribution 

on the results. 

6.2.3. Improving delta width-discharge scaling 

To improve the previously available scaling relationships between channel width and total 

river discharge for river deltas (Prasojo et al., 2023), we apply the same method to the scaling 

relationship between distributary channel width and total discharge by correlating the 

median channel widths of distributary channels for each delta to its consecutive bankfull 

discharge using an ordinary least square (OLS) regression. We expand width-discharge 

scaling from river-dominated deltas to also include wave- and tide-dominated deltas based 

on (Nienhuis et al., 2020) dataset and reclassify each delta type based on down-dip (down-

delta) changes in dimensionless distributary channel width, as explained above. This 
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approach provides refined width-discharge scaling relationships that take into account the 

marine influence on distal distributary channel widths. 

All scaling relationships assume a power law relationship (i.e. linear on a log-log plot) 

between input river discharge and channel width (Leopold and Maddock, 1953). Hence, 

OLS regressions were then used to calculate relationships between these two variables. 

Median values of measured channel width (Wmed) from each delta were plotted against the 

respective bankfull discharge values (Q2). Median channel widths were preferred to means 

due to the width distributions being non-Gaussian, such that the median is more 

representative of the whole channel width population. Using the median also reduces the 

influence of extreme values, so reducing the need to identify and exclude channels where 

tidal influence controls their width. Further, as it is challenging to detect how many 

distributary channels were active at the same time in the rock record, using one median value 

of channel width per delta helps in minimizing the effect of this difficulty but explicitly 

assesses the statistical uncertainty associated with the number of measurements that could 

be made.  

Bankfull discharge is widely considered as the flow that controls channel geometry in 

alluvial rivers (de Rose et al., 2008; Haucke and Clancy, 2011; Gleason, 2015b), although 

other factors also affect this geometry. Bankfull discharge is estimated from daily discharge 

data using Q2, where 2 is the recurrence interval (years) of the discharge (see also Eaton, 

2013; Jacobsen and Burr, 2016; Morgan and Craddock, 2019). Calculations used the Flow 

Analysis Summary Statistics Tool (‘fasstr’) package for R (https://github.com/bcgov/fasstr). 

For some sites only monthly discharge data were available, from which daily equivalent Q2 

values were obtained using a climate-classified transformation (see Chapter 2.1.3; Beck et 

al., 2018). The discharge dataset was extracted from the Global Runoff Data Centre 

(GRDC), using the river gauges located closest to the delta apex. 

6.2.4. Applying width-discharge scaling relationships the rock record 

To test the reliability of the scaling relationships produced in this study for the rock record, 

we utilized ~400 km transects of the Cenomanian Mesa Rica (Dakota Group, USA) exposed 

along an overall NNW- to SSE-oriented depositional profile in southeast Colorado and 

northeast New Mexico (Holbrook, 1996; R.W. Scott et al., 2004; Oboh-Ikuenobe et al., 

2008; van Yperen et al., 2019; van Yperen et al., 2020). In east-central New Mexico, the 

https://github.com/bcgov/fasstr
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Mesa Rica is subdivided into lower, middle and upper units (Scott R.W. et al., 2004; van 

Yperen et al., 2019). The up-dip reaches of the lower Mesa Rica depositional system consist 

of single-story trunk channel deposits that form sheet like geometries (Holbrook, 1996, 

2001). A down-dip transition from fluvial to deltaic deposits occurs at the northwestern rim 

of the Tucumcari sub-basin (Western Interior Basin). Here, the lower Mesa Rica consists of 

coalesced mouth-bar deposits overlain by amalgamated sandy distributary-channel deposits 

indicative of a river-dominated delta (van Yperen et al., 2019, 2020). During the Cretaceous, 

the Mesa Rica was located at ~35N latitude, with a warm and humid climate (Chumakov 

et al., 1995).  

 
Figure 6.3 Paleogeographic reconstruction of the Cretaceous lower Mesa Rica fluvio-deltaic depositional 

system (modified from Van Yperen et al., 2019). Nevertheless, due to the scale of the figure, not all 13 data 

points could be drawn on the figure. See Table 6.1 for the exact location of all channel width measurements. 

Distributary channel width measurements from the lower Mesa Rica consist of 13 data points 

distributed down-dip throughout the depositional system, from proximal (up-dip of the delta 

apex) to distal (Fig. 6.3; Table 6.1). The distributary channel widths were plotted as 

dimensionless width (w*) and dimensionless distance down-dip (s/L), assuming that the 

proximal channel width is represented by the width at the delta apex. The bootstrap method 

was then applied to this rock record dataset with a range of repetition numbers (B = 1, 100, 

1000, 10000). Subsequently, paleodischarges were estimated using the empirical 
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relationships generated in this study from modern deltas. To test the reliability of these 

calculated paleodischarge estimates, we also estimated paleodischarge using the Fulcrum 

method (Holbrook and Wanas, 2014). See Supporting Information for details of the 

paleodischarge calculation using the Fulcrum method (Table S6.1). 

The Fulcrum method and the width-discharge scaling relationships developed in this study 

share the assumptions of the erosional geometry that defines the shape of the channel infill 

being in equilibrium with water discharge, and the paleochannel position being fixed. 

Preservation of a channel fill deposit requires aggradation, hence non-equilibrium.  

Table 6.1 Distribution of the 13 measured channel widths from the lower Mesa Rica along with 

the zonation and latitude-longitude positions. 

Measured width (m) Zone Latitude Longitude 

250 Proximal 36.93349 -103.62979 

401 Transitional 35.49859 -103.81257 

299 Transitional 35.53891 -103.84624 

240 Transitional 35.53491 -103.86028 

70 Transitional 35.54482 -103.84091 

50 Transitional 35.53751 -103.84859 

71 Distal 34.991298 -103.396205 

92 Distal 34.991222 -103.41928 

109 Distal 34.91677 -103.49411 

33 Distal 34.86206 -103.54559 

224 Distal 34.937565 -103.469176 

74 Distal 34.93272 -103.48047 

250 Distal 34.99736 -103.38935 

6.3. Results 

6.3.1. Down-dip changes in distributary channel widths 

Description: Dimensionless widths from the distributary channels of 97 river-dominated 

deltas (Fig. 6.4A; Table S6.2) show a gradual downstream decrease towards s/L = 0.1. A 

substantial increase in w* with higher variance occurs at the shoreline, s/L = 0, in comparison 

to up-dip counterparts. The abrupt change in w* distinguishes the upstream from the 

downstream part of the delta plain in these river-dominated deltas. The non-parametric 

Kruskal-Wallis one-way analysis of variance test corroborates classification between the 
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upstream (1  s/L  0.1) and the downstream (s/L = 0) parts of distributary channel widths 

with p < 0.05. 

Tide-dominated deltas (N = 7; Table S6.2) in this study show a gradual increase of w* 

towards the shoreline (Fig. 6.4B). In the upstream part (1 s/L  0.5), spatial variation is 

apparent in w*. However, this variation lies within the interquartile ranges of the data and 

may not be significant. In contrast, a substantial increase of w* occurs at s/L<0.5 (Fig. 6.4B); 

this abrupt change in dimensionless channel is defined to mark the transition between 

upstream and downstream parts (Fig. 6.4E). Statistical significance test (Kruskal-Wallis test) 

corroborates the significance of upstream-downstream parts classification of w* with p < 

0.05. 

 
Figure 6.4 A-C: Distribution of dimensionless measured channel widths from (A) river-, (B) tide- and, (C) 

wave-dominated deltas. P-values are from the non-parametric Kruskal-Wallis one-way analysis of variance 

test comparing the distributions of channel width at different locations along the delta. D-E: examples of 

(D) river- and € tide-dominated deltas, with the upstream-downstream boundary positions inferred from the 

changes of channel width on (A) and (B). F: Map view the Paraibo do Sul delta in Brazil showing differences 

in ‘updrift’ and ‘downdrift’ characteristics of a wave-dominated delta (modified from Li et al., 2011). G: 

Map view and cross-section view of a mouth bar. Boxes on D depict the location of the mouth bars shown 

in G. 
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The wave-dominated deltas (N = 10; Table S6.2) show consistent dimensionless distributary 

channel width across the delta plain (Fig. 6.4C), with an abrupt decrease at s/L ~ 0.6 (Fig. 

6.4C). Nonetheless, there is no significant change in w* between 1< s/L <0.7 and 0.6< s/L 

<0 (Kruskal-Wallis test; p > 0.5), corroborating that distributary channel widths in wave-

dominated deltas remain relatively constant downstream. 

Interpretation: The abrupt and substantial increase in w* at s/L = 0 in river-dominated deltas 

can be related to mouth-bar processes (Olariu and Bhattacharya, 2006). Mouth-bar 

deposition is mainly caused by a decrease in sediment carrying capacity due to the 

decreasing velocity of the river flow when it enters the standing body of seawater (Edmonds 

and Slingerland, 2007). Sediment carried by the distributary channels tends to be deposited 

along channel levees and also in a subaqueous mouth-bar that induces bifurcation as it grows 

(Fig. 6.4D, G; ‘phase 2’ of (Olariu and Bhattacharya, 2006). As channels become shallower 

due to mouth bar growth, bank erosion accelerates so increasing the channel width at the 

river mouth, s/L = 0, as shown in this study. The data in this study shows similar channel 

widening at distributary mouths of river-dominated deltas due to this phenomenon. 

In tide-dominated deltas, the downstream increase of w* downstream of s/L<0.5 is 

progressive rather than abrupt and results from the impact of tidal energy. The interaction 

between the unidirectional river flow and tidal currents within the standing body of seawater 

produces an interplay of physical (river, tides, waves), chemical (salinity), and biological 

(bioturbation) processes, seen in both modern and ancient systems (Dalrymple and Choi, 

2007). To separate the upstream and downstream parts of tide-dominated deltas, we utilized 

the subzone classification of the fluvial-to-marine transition zone (FMTZ) (Gugliotta et al., 

2016). The onset of the substantial increase of channel width downstream coincides with the 

boundary between the ‘fluvially-dominated, tidally-influenced’ and ‘tidally-dominated, 

fluvially-influenced’ zones. This boundary represents the sedimentological landward limit 

of tidal dominance. In the ‘tidally-dominated, fluvially-influenced’ zone, the role of river 

energy is predominantly as the sediment supplier. Additionally, the boundary position will 

shift landward and seaward due to the changes in the fluvial discharge (Dashtgard et al., 

2012; Dalrymple et al., 2015; Jablonski and Dalrymple, 2016; Gugliotta et al., 2016) and 

cyclic fluctuations of tidal modulation (Allen et al., 1980; van den Berg et al., 2007; 

Dalrymple and Choi, 2007; Kravtsova et al., 2009). Even though each delta distributary 

channel could have a different FMTZ location, the boundary between the ‘fluvially-

dominated, tidally-influenced’ and ‘tidally-dominated, fluvially-influenced’ zones 
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consistently show statistically significant change in channel width at s/L = 0.45 globally 

(Fig. 6.4B).  

Wave-dominated deltas occur in coastal settings with strong longshore currents that 

redistribute sediment away from the river mouth, producing different updrift and downdrift 

characteristics (Fig. 6.4F) (Bhattacharya and Giosan, 2003). Longshore wave energy tends 

to produce a single dominant distributary channel in these deltas (Korus and Fielding, 2015). 

Increasing the long-term wave energy relative to fluvial input will increase longshore 

sediment dispersal, thereby reducing the rate of channel-belt aggradation and associated 

seaward extension and increasing the avulsion timescale by a factor of approximately 50 

(Swenson, 2005). The increase in avulsion timescale, hence reduction in avulsion frequency, 

limits a distributary network growth like in river- or tide-dominated deltas. Also, strong 

longshore wave energy tends to sweep the mouth bar early deposit, hampering channel 

splitting due to mouth bar deposition. This absence of distal channel splitting explains the 

observed constant w* from wave-dominated deltas from our global dataset (Fig. 6.4C). 

There is consequently no differentiation between upstream and downstream parts of wave-

dominated deltas. 

6.3.2. Bootstrapping estimation of sample standard error 

Description: The standard error distributions produced by the bootstrapping dimensionless 

distributary channel widths in all delta types show a monotonic decrease with increasing 

number of measurements (Fig. 6.5A-E). The standard errors of dimensionless width (Sw*) 

estimates are significantly lower in the upstream parts of river-dominated deltas than in any 

of the other data sets (y-axis values in Fig. 6.5A-E). In contrast, the downstream parts of 

both river- and tide-dominated deltas consistently show the highest standard error values. 

The implication of these low mean standard errors in the upstream parts of river-dominated 

deltas, where standard error is consistently < 0.1 when N exceeds 30 (using B=10; Fig. 6.5A), 

is that the standard error remains low (Sw*~0.2) with as few as three measurements (inset 

Fig. 6.5A). In the downstream part of river-dominated deltas, high variance of 75 measured 

dimensionless channel widths leads to high standard errors (Sw* up to ~1) from 1000 

bootstrap replications (B) (Fig. 6.5B). The standard error reduces to 0.5 only when N is about 

30 (inset Fig. 6.5B). 
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Figure 6.5 Mean standard error of dimensionless channel width (SW*) versus number of measurements (N) 

from the upstream and downstream parts of river- (A,B, respectively) and tide-dominated (C,D) deltas. E: 

Mean standard error versus N from wave-dominated deltas. F-K: Percentile standard errors of the 

dimensionless widths for the selected B values from plots (A-E). B indicates the number of repetitions in 
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the bootstrap calculations. Inset plots (A-E) show greater detail for low N. The dark orange lines show the 

number of repetitions (B) that produced the most stable, generally monotonic relationships between standard 

error of dimensionless width and number of measurements. 

In tide-dominated deltas, upstream standard errors are lower (Sw*~0.4) than downstream 

(Sw*~2) from 1000 bootstrap replications (Fig. 6.5C, D). Only 6 data points are required to 

reduce the standard error (Sw*) to 0.5 (inset Fig. 6.5C). The standard errors in downstream 

parts of tide-dominated deltas remain high for all sample sizes (i.e. Sw* = 1.5-3) (inset Fig. 

6.5D). 

In wave-dominated deltas the standard error reduces monotonically from 1000 bootstrap 

replications (Fig. 6.5E). Using five data points, Sw*~0.4 (inset Fig. 6.5E), and increasing the 

number of samples to 60 only reduces the standard error (Sw*) to 0.2. 

The distributions of mean standard errors for each percentile are plotted in Fig. 6.5F-K. All 

the delta types consistently show asymmetry in standard errors for equivalent percentiles 

(P5-P95; P16-P84; P25-P75) around their respective P50 standard error distributions. Tide-

dominated deltas show the largest difference between the percentiles, reflecting the skewed 

distribution of dimensionless distributary channel widths, while the upstream parts of river-

dominated deltas reflect a lower skew in this distribution of dimensionless distributary 

channel widths. 

Interpretation: In the upstream section of river-dominated deltas where the unidirectional 

river current is dominant, changes in distributary channel patterns produced the least 

standard error compared to other delta types. While on the other extreme, the lack of a 

dominant unidirectional river current (e.g. in downstream part of tide-dominated deltas) 

shows the highest standard error distribution (Fig. 6.5D) due to the higher variance in the 

measured distributary channel widths. As shown in this study, when the river current 

becomes influenced by the large tidal or backwater-related processes that weaken the 

unidirectionality of river current, the standard error becomes higher (e.g. downstream part 

of tide-dominated deltas in Fig. 6.5D). On the other hand, the smaller the standard error, the 

less the influence of tidal or other backwater-related processes (e.g. upstream part of river-

dominated deltas in Fig. 6.5A). 

The positive skewness in dimensionless channel widths in all delta types and locations has 

also been reported from fluvial outcrops and seismic sections (Colombera et al., 2019). This 
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suggests that all consecutive statistical approaches on channel width measurement from river 

deltas should be treated with having non-normal distributions.  

6.3.3. Improving delta hydraulic geometry models 

Description: Log-log plots (Fig. 6.6A-E) show power law relationships between the bankfull 

discharge of the river upstream of the delta (Q2) and median channel width (Wmed) with Fig. 

6.6F showing the power law relationship between the overall measured distributary channels 

(w) and the bankfull discharge (Q2). River- and wave- dominated deltas show how hydraulic 

geometry theory (i.e. a significant, p<0.05, positive power law relationship between channel 

width and discharge) applies to these two delta types (Fig. 6.6A,B,E). However, in tide-

dominated deltas negative power law relationships occur (Fig. 6.6C,D), although these are 

not significant due to small sample sizes. Correlations are high in the upstream parts of river- 

dominated, Q2 = 5.82w1.11 (R2 = 0.53; s=0.13), and wave-dominated deltas, Q2 = 0.42w1.48 

(R2 = 0.68; s=0.36) (Fig. 6.6A, E). Standard error from regression (s) is higher in wave-

dominated deltas due to smaller sample sizes than the river-dominated deltas and R2 is lower 

(0.17; s=0.2) on the downstream part of river-dominated deltas. 

Slope tests were conducted to identify the difference between upstream-downstream 

regression lines of bankfull discharge (Q2) and median channel width (Wmed) from river- and 

tide-dominated deltas. We also compared the regression lines from each delta type to the 

global w-Q2 equation shown in Fig. 6.6F. The slope tests show p < 0.05 for all regressions 

when being compared to both the global and between upstream-downstream parts. 

Interpretation: The scatter in median width-discharge data (Fig. 6.6) increases (and, 

although affected by sample size, so does the regression standard error s) where marine 

energy (tides, longshore currents, waves) is greater, and that this energy directly impacts 

distributary channel width. Tidal energy obstructs the down-delta flow and causes distal 

widening, reflected in the distribution of distributary channel widths (Fig. 6.4B) and the 

standard errors of width estimates derived from samples (Fig. 6.5C,D). 
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Figure 6.6 A-E: Scaling relationships between bankfull discharge (Q2) and median channel widths (Wmed) 

for river-, tide-, wave-dominated deltas. (F) Scaling relationship between bankfull discharge (Q2) and 

channel widths (w) for overall dataset. (A) and (C) are for upstream parts of river- and/ tide-dominated 

deltas, and (B) and (D) are for their downstream parts, respectively Ordinary least squares regression lines 

and 95% confidence intervals (shaded areas) shown; R2 = coefficient of determination of the scaling 

relationship, p = statistical significance, and s = standard error of residuals. 

Mouth-bar deposition also affects channel width in the downstream part of river-dominated 

deltas (Fig. 6.4A, 6.5B, 6.6B), as noted by (Olariu and Bhattacharya, 2006). Subaqueous 

mouth-bar deposition triggers a drop in transport capacity due to jet expansion and flow 

deceleration, hence producing relatively wider distributary channels than the upstream part. 

Upstream of any influence of marine energy, channel width is directly related to the scale of 

the supplying river system (Fig. 6.4A,C, 6.5A,E, 6.6A,E). Longshore wave energy and 

sediment redistribution does not significantly affect the distributary channel width in wave-

dominated deltas (Fig. 6.4C), thus river discharge retains a significant influence, and a 

statistically significant width-discharge scaling relationship is found (Fig. 6.6E). Power law 

relationships between Wmed and Q2 produced here do not allow prediction of the 
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discharge/paleodischarge value of a single distributary channel but enable calculation of the 

total riverine discharge that contributes sediment to builds the delta plain.  These results 

imply that the principles of hydraulic geometry are applicable to river- and wave-dominated 

deltas but not to tide-dominated deltas. Since the slope tests show significant difference 

between upstream-downstream and between each delta type to the global w-Q2 scaling, 

upstream-downstream and global scaling produced in this study could not be used 

interchangeably. 

6.3.4. Testing width-discharge scaling relationships on a rock record case 

study 

Description: In total, 13 measured distributary channels were measured at locations across 

the delta identified in the lower Mesa Rica Formation (Fig. 6.7A; Table 6.1). No significant 

changes occur in channel widths downstream (i.e. Wilcoxon test p > 0.05, variance test p > 

0.05). The whole sample shows a bimodal distribution (Fig. 6.7B). As the proximal zone 

contains only one measurement, which is from a trunk channel, we can neglect this zone 

because it is part of the fluvial system and not a part of the delta plain. Consequently, we use 

the distributary channel widths measured from the transitional (N=5) and the distal zones 

(N=7) which show skewed distributions (Fig. 6.7B). Applying the bootstrap method on 

dimensionless distributary channel widths measured on the transitional and distal parts 

produced low standard error (Sw* ~0.13-0.18) from 1000 bootstrap replicates (B) (Fig. 6.7C). 

The standard error remains low (~0.18) when using only the seven measurements from the 

lower Mesa Rica (Fig. 6.7C). 

 
Figure 6.7 Width measurement from the lower Mesa Rica and the bootstrapping results. A: Distribution of 

13 measured channel widths from the lower Mesa Rica, grouped by geographical zone across the delta plain.  

B: Density plot of the 13 measured channel widths: whole population (dark yellow); transitional zone (grey); 

and, distal zone (dark blue). Median, mean, and mode values (continuous, dashed and dotted vertical lines, 

respectively) are calculated from the combined transitional and distal data (N=12), excluding the single 

width measurement from the proximal zone. C: Standard error of dimensionless width (SW*) versus number 

of samples (N) of the 12 measured channel widths from the lower Mesa Rica. 
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Interpretation: The delta front sandstone bodies of the lower Mesa Rica are interpreted to 

be deposits from a river-dominated setting (van Yperen et al., 2019). The down-dip 

decreasing values of measured distributary channel widths are similar to downstream trends 

in channel width from upstream parts of modern river-dominated deltas (Fig. 6.4A). To 

calculate paleodischarge from the distributary channels of the lower Mesa Rica, the median 

channel width of 12 measured distributary channel widths, 109 m, was input to the hydraulic 

geometry equation obtained above for the upstream part of river-dominated deltas, Q2 = 

5.8w1.11 (Fig. 6.6A) giving Q2 = 1010  100 m3/s (i.e.  showing error propagation from 

upstream part of river-dominated delta regression line and measured channel widths from 

Lower Mesa Rica Formation). The Fulcrum method, based on trunk channel deposits, 

produces a range of Q2 = 1085-1392 m3/s (see Supporting Information for details). These 

values overlap, although the central estimate that we obtained is 10% lower than from the 

Fulcrum method.  

6.4. Discussion 

6.4.1. Down-dip changes in distributary channel width in modern and ancient 

deltas 

Modern deltas perspective.---From 4459 measured channel widths across different delta 

types in various climate regions, it is shown that marine processes (waves, tides, longshore 

currents) influence the distributary channel widths differently according to the type of delta. 

In river-dominated deltas, the data consistently show that channel width decreases down-dip 

before a sharp increase at the shoreline due to mouth-bar deposition (Fig. 6.4A). Olariu and 

Bhattacharya (2006) provide a similar case study from the Trovimovskaya River, a 

distributary channel from the river-dominated Lena delta. In tide-dominated deltas, tides 

lead to increased channel widths up to around half of the distance from the shoreline to the 

delta apex, consistent with observations made for several geometrical properties (channel 

curvature, width/depth ratio, bed level, bifurcation order) in the Kapuas, Mahakam and 

Mekong modern deltas (Sassi et al., 2012; Kästner et al., 2017; Gugliotta et al., 2019). 

Longshore currents in wave-dominated deltas lead to lateral sediment redistribution parallel 

to the shoreline and formation of a cuspate geometry, rather than in the down-dip direction. 

However, these marine processes do not produce statistically significant down-dip change 

of channel widths in wave-dominated deltas. Understanding the boundaries between 

upstream and downstream sections across different delta types is imperative in applying the 
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hydraulic geometry models we proposed from the modern system. However, finding the 

upstream-downstream patterns from deep time delta deposits will remain challenging yet 

interesting to be tested, considering the fact that hydraulic geometry behaves significantly 

different (p < 0.05) in each delta type. 

Ancient delta perspective.---The study has demonstrated both the overall controls over 

channel width and down-dip patterns of distributary channel widths from modern systems 

and how this information can be used in interpreting ancient systems. Limited exposure often 

prevents the collection of large numbers of channel width measurements. The 4459 

measurements from modern distributary channels allow us to simulate the consequences of 

sampling limited numbers of distributary channel widths in the rock record. Using 

bootstrapping, we simulate standard error distributions that may be expected when limited 

numbers of channel widths are able to be measured from outcrops. If it is possible to identify 

the relative down-delta position of measurements, specific width-discharge relationships are 

available and the uncertainties in estimating discharge can be determined. As well as 

quantifying uncertainty, these results can be used in field work planning by enabling 

dynamic estimation of the number of samples required as data are gathered.  

The example from the lower Mesa Rica provides an example of how the down-dip pattern 

of distributary channel widths could be recognized from the rock record and compared with 

modern systems. By having the down-dip pattern, the same bootstrapping method to reduce 

the number of samples could produce a range of standard error values that could be expected 

from the rock record (Fig. 6.7C). By recognizing the down-dip pattern along with the context 

of the depositional setting through the sedimentary structure and facies distribution, 

upstream part of river-dominated delta was then used to estimate the paleodischarge value 

from this formation due to their similar down-dip patterns. The other scaling relationships 

proposed in this study can be applied to deltaic outcrops that have evidence for different 

dominant energies (e.g. wave- or tide-dominated deltas). 

Standard error distribution of deltas distributary channel widths.---Fig. 6.5 shows the 

relationships between number of measured distributary channel widths and the mean 

standard error using bootstrapping method. In river- and wave-dominated deltas, low 

standard errors of dimensionless width occur (Fig. 6.5A,B,E). These low errors imply that 

reliable estimates of median channel width (i.e. depends on the aims of the study) can be 

obtained from a small number of measurements. However, for tide-dominated deltas it is 
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challenging to produce reliable width estimates that can be related to input river discharge 

due to the significant influence of tidal energy on channel form. Even with 30 data points in 

the downstream part of tide-dominated deltas, the standard error of dimensionless width 

remains high (Sw*>1). Thus, caution should be taken when applying tide-dominated delta 

discharge-width scaling relationship from either the modern system or the rock records. 

Channel width distributions across all delta types and climate regions are skewed, implying 

that mean distributary channel width may not be statistically representative (Fig. 6.5F-K) 

and that median values are better representative values of channel width. This has 

implications for the application of other scaling relationships where small sample sizes are 

available; many such relationships are used including those with catchment area, meander 

wavelength, channel sinuosity, total river-atmosphere carbon dioxide flux, mean and peak 

discharge, and sediment transport mode (Leopold and Maddock, 1953; Bridge and Mackey, 

1993; Bhatt and Tiwari, 2008; Gleason et al., 2018; Allen and Pavelsky, 2018; Frasson et 

al., 2019; Dunne and Jerolmack, 2020; Lyster et al., 2021).  

6.4.2. Comparing width-discharge relationships with the Fulcrum method 

Bankfull discharges estimated from the width-discharge relationships in this study lie within 

10% of those obtained using the Fulcrum method, and their uncertainty ranges overlap 

significantly, suggesting that these approaches are consistent. Our method uses only a single 

parameter, channel width, whereas the Fulcrum method uses estimates of bankfull channel 

depth and width, paleoslope, mean bedform height and wavelength (Bridge and Tye, 2000; 

Leclair and Bridge, 2001; Holbrook and Wanas, 2014; Trampush et al., 2014). As well as 

relying on a single input parameter, where stratigraphic and/or paleoclimate data are 

available, our method allows estimates to be tailored to delta type, the along-dip location of 

the measured widths, and climate zone.  

Further data will allow systematic down-dip scaling relationships to be developed for other 

channel types, such as tidal creeks, and may enable further differentiation of delta types. 

Similar work has been undertaken in modern estuaries (Diefenderfer et al., 2008; Gisen and 

Savenije, 2015) and tide-influenced deltas (Sassi et al., 2012). Improved understanding of 

the system scale is important to further source-to-sink analyses and hence improve 

volumetric assessment of resource reservoirs, and carbon capture and storage facilities, as 

well as deducing climate and tectonic forcing and refining paleohydraulic reconstructions 
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(Montgomery and Gran, 2001; Merritt and Wohl, 2003; Bhattacharya and Tye, 2004; 

Brardinoni and Hassan, 2006; Wohl and David, 2008; Davidson and Hartley, 2010; Eaton, 

2013). 

6.4.3. Limitations of applying modern delta scaling relationships to the rock 

record 

We show that distributary channel width (Wmed) scales with input river bankfull discharge 

(Q2) from our global dataset (Fig. 6.6F). However, this study provides empirical evidence of 

how deltaic width-discharge scaling relationships start to weaken with the increasing 

influence of marine processes that directly influence hydraulic and sediment processes (Fig. 

6.6A-E). Scaling relationships derived from the upstream parts of river-dominated deltas, 

from which marine influence is largely absent, show strong statistical correlation between 

median channel width and input river discharge (R2 = 0.53; p < 0.05) (Fig. 6.6A). The 

correlations are weaker (R2 = 0.17; p < 0.05) for downstream parts of river dominated deltas 

and stronger (R2 = 0.68; p < 0.05) for wave-dominated deltas and becomes statistically 

insignificant in the upstream part of tide-dominated deltas (R2 = 0.04; p > 0.05), and 

downstream tide-dominated deltas (R2 = 0.01; p > 0.05) (Fig. 6.6A-E). The trend for 

correlation to decrease with increased marine influence (e.g. tidal, wave or backwater-

controlled flow regimes) is anticipated, and existing hydraulic geometry models assume 

unidirectional river flow (Gleason and Smith, 2014). However, in wave–dominated systems 

the wave energy appears to have minimal impact on channel widths, and thus significant 

width-discharge scaling relationships can be obtained (Fig. 6.6E).  

Reconstructing water discharge of an ancient fluvial and/or delta system relies on accurate 

measurement of channel geometry from channel fills (Parker et al., 2007; Hayden et al., 

2019). In outcrop or subsurface datasets, it is commonly easier to measure distributary 

channel depths than widths. However, satellite imageries that we used in this study limit our 

observation of distributary channel depths. If width-depth empirical relationships from 

modern river deltas exist, transformation from our width-discharge to depth-discharge could 

be scaled accordingly by assuming a steady flow and equilibrium depth and slope. 

Moreoever, several issues influence the accuracy of width measurements from outcrops. The 

measured channel fill may not be perpendicular to the paleoflow (Holbrook and Wanas, 

2014; Bhattacharya et al., 2016) and infill deposits are often incompletely preserved (Bridge 

and Mackey, 1993; Bridge and Tye, 2000). When the channel fill deposit is incomplete, 
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width-depth scaling relationships can still be used, albeit they contain substantial uncertainty 

because channel fill dimensions can differ significantly from formative channel dimensions 

(Hayden et al., 2019; Greenberg et al., 2021). On the contrary, some the widths of some 

distributary channel deposits may not represent formative channel width as the channel may 

have migrated laterally. This is because a distributary channel deposit is the sum product of 

infilled channel plus lateral migration of the formative channel. Hence, measuring the width 

from ancient distributary channels needs a careful examination. 

The proposed scaling relationships should not be used as a standalone model to interpret the 

paleodischarge from the rock record. Uncertainties exist in both the field data and the 

statistical relationships; hence, the results provide discharge ranges based on the propagation 

of these uncertainties. Additional information should be gathered from outcrops to further 

constrain the predicted paleodischarge; this may include stratigraphic context, sedimentary 

structures, grain size, fossil assemblages and vegetation amongst others. As an example, 

using the scaling relationship for the upstream part of river-dominated deltas (Fig. 6.6A), a 

median distributary channel width of 300 m gives a discharge range of Q2 = 307712 m3/s 

(i.e.  is from the error propagation produced by regression and distributary channel width 

of the upstream part of river-dominated deltas). The uncertainty in paleodischarge values is 

considerably greater in marine-influenced deltas, namely the downstream part of river-

dominated deltas or wave-dominated deltas. Thus, the interpretation of paleodischarge 

requires contextual information that may support or challenge the calculated values. 

In order to assess paleodischarge estimated using our approach, we utilize the case study 

from the lower Mesa Rica. The plain of the lower Mesa Rica delta is approximately 100 km 

long, measured in river kilometres from the shoreline to the most landward avulsion node 

(Fig. 6.3). In terms of delta plain size, the lower Mesa Rica is comparable with the modern 

Brahmani (1800 km2) and Mahanadi (1700 km2) deltas, although in terms of average 

bankfull channel depth (Table S6.1), the smaller Danube (5800 km2), Ebro (460 km2) and 

Mahanadi are better comparisons. The discharge of the lower Mesa Rica is more comparable 

to total system discharge coming into Ebro, Cauvery, Wax Lake, Sanaga and Rio Sinú deltas 

(GRDC; Bhattacharya and Tye, 2004). These comparisons indicate that the lower Mesa Rica 

is comparable with many modern deltas but none of them provides a perfect fit in terms of 

geometry (delta area, bankfull channel depth) and in input discharge. The number and 

diversity of potential modern delta analogues for the Mesa Rica Formation illustrates how 

scaling relationships from modern systems should not be used in isolation.  
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The difference in widths in river-dominated deltas between their upstream and downstream 

parts leads to differences in the statistical significance and uncertainty associated with 

scaling relationships for the two parts. Consequently, the number of measurements required 

to estimate input discharge to a specified level of uncertainty varies with the location of 

measurements along the delta. In some well-studied systems this specification of location is 

possible, potentially alongside information on climate type, and thus the methods shown in 

this study are applicable. Where context is unknown the scaling relationships provided here 

should be used with caution. 

6.5. Conclusion 

Distinct down-dip patterns of dimensionless distributary channel widths are recognized from 

measurements from 114 modern global river deltas. River- and tide-dominated deltas show 

significant channel widening at s/L = 0.05 (i.e. near shoreline) and 0.45 (i.e. approximately 

halfway across the delta plain from the shoreline to the apex), respectively. Mouth bar 

depositional cycles in river-dominated deltas and tidal energy obstructing unidirectionality 

of channel currents in tide-dominated deltas are the main cause of these distinct patterns. In 

contrast, wave-dominated deltas show consistent dimensionless distributary channel width 

down-dip. Calculation of paleodischarge is based on empirical relationships between median 

channel width and input river discharge. By bootstrapping the dimensionless distributary 

channel widths from modern deltas, this study provides estimates of the minimum number 

of measurements required to estimate median width to a specified standard error. We 

calculate the minimum number of measurements required to reduce the standard error of 

dimensionless width to 0.5 as follows (in parentheses): upstream (3) and downstream (30) 

parts of river-dominated deltas; upstream part of tide-dominated deltas (6); and, wave-

dominated deltas (4). The downstream part of tide-dominated deltas produces very high 

standard error (>1.5) with any number of samples and input discharge cannot be reliably 

estimated from channels in these locations. Applying the proposed distributary channel 

width-discharge scaling relationships from modern deltas to the well-studied lower Mesa 

Rica formation produced a comparable paleodischarge estimate to that from the Fulcrum 

method. The results from this study improve paleoclimate and tectonic reconstruction, 

volumetric assessment of hydrocarbon, hydrogen and geothermal reservoirs, in diverse 

depositional environments. Second, the results enable more detailed paleohydraulics 

reconstruction across various types of depositional systems in source-to-sink investigations. 
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Supporting Information 

Data bias induced by different data frequency 

The semicircular method proposed by Sassi et al. (2012) provides consistent measured 

channel width frequency along a delta axis. Nonetheless, when being compared to other 

deltas with different sizes, data frequency becomes less consistent across deltas. This was 

due to the method centralizes the avulsion length and channel width as the basis of creating 

the semicircular grid. By having different avulsion length and channel width, each delta will 

have its unique semicircular grid sizes. 

For example, if a delta has channel width at delta apex as 100 meter wide and avulsion length 

as 100-kilometer-long, the s/L could have the range of values from 0-1 with each 

semicircular will have a radius distance from the apex for every s/L = 0.01 that will produce 

100 width measurement points for this delta. But imagine a delta with 50 meter wide at the 

delta apex with 10-kilometer-long avulsion length. The semicircular grid will have a radius 

distance from the apex for every s/L = 0.05 that will produce 20 width measurement points 

for this delta. For these two deltas, the data frequency will be 100 and 20, consecutively. 

To mitigate this, different data binning frequencies were deployed to see their impacts on 

inducing the bias in defining the upstream and downstream channel width pattern. The 

original data (upper row in Fig. S6.1) show too frequent boxplots with high variance. The 

along delta axis data that are too frequent makes them difficult to see the changing pattern 

of channel width from upstream to downstream. By having 10% data binning frequency 

from its original data, the upstream to downstream profile shows less variance in channel 

width distribution, making it easier to see the changes of channel width along the axis 

(middle row in Fig. S6.1). In contrast, reducing the data frequency too much (i.e. 20% from 

original data) may lead to the data scarcity, obscuring the pattern between the upstream and 

downstream channel widths (lowermost row in Fig. S6.1). 
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Figure S6.1 Different data binning frequency across global dataset (first column), fluvial-dominated (second 

column), tide-dominated (third column) and wave-dominated deltas (fourth column). The 10% data binning 

frequency were chosen as the basis of upstream-downstream channel width classification due to its less 

noise/variance along the delta axis in comparison to 1% and 20% data binning frequency. 

Lower Mesa Rica paleodischarge estimation using the Fulcrum method 

The Fulcrum method is originally proposed by Holbrook & Wanas (2014) to estimate basin-

fill water and sediment volumes over geologic time. The main assumption used is that the 

water and sediment mass collected and transported by the rivers from a catchment should be 

in balance with the mass deposited in the basin. Also, the Fulcrum method does not require 

assumptions about the source catchment area and longitudinal trends (e.g. grain size and 

geometry change) within the fluvial system (Holbrook & Wanas, 2014) as in other methods 

(e.g. BQART; Syvitski & Milliman, 2007; trunk-based model; Bhattacharya et al., 2016; 

regional hydraulic geometry curves; Davidson & North, 2009). The Fulcrum method also 

limits the use of single paleochannel (i.e. trunk channel) that may be particularly difficult to 

be adapted to distributary system like in river deltas (Holbrook & Wanas, 2014). The 

compilation of previously published data is used in this study to calculate the bankfull 

paleodischarge (Qbf or Q2 in this study) of the lower Mesa Rica trunk channel using the 

Fulcrum method: 

𝑄𝑏 =  √
𝑔ℎ𝑐

3𝑆𝑊𝑏
2

𝐶𝑓
 (S6.1) 
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And  

𝐶𝑓
−

1
2 = 8.32(

ℎ𝑐
2

𝑘𝑠
) 

(S6.2) 

𝑘𝑠 = 3𝐷90 + 1.1∆(1 − 𝑒−25𝜓) (S6.3) 

∆ =  
ℎ𝑐

8
 

(S6.4) 

𝜓 =  
∆

𝜆
 

(S6.5) 

𝜆 = 7.3ℎ𝑐 (S6.6) 

With 

g = gravitational acceleration (m2/s) = 9.8 m2/s 

hc = average bankfull channel depth (m) 

S = slope or paleoslope (dimensionless) 

Wb = bankfull channel width (m) 

Cf = dimensionless Chezy friction coefficient 

∆ = mean bedform height (m) 

𝜆 = bedform wavelength 

Input values are listed in Table S6.1). The calculation for paleoslope is using an empirical 

equation S6.7 (Holbrook & Wanas, 2014; Trampush et al., 2014): 

𝜏𝑏50
∗ =

ℎ𝑐𝑆

𝑅𝐷50
 (S6.7) 

 

With  
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𝜏𝑏50
∗  = bankfull Shields number for dimensionless bed shear stress; is assumed to be 1.86 

(Holbrook & Wanas, 2014) 

hc = average bankfull channel depth (m) 

S = paleoslope 

R = submerged density in water of standard density; assuming the sediment are quartz, the 

R becomes 1.65 g/cm3 

D50 = average grainsize for the lowermost portion of a channel; represents the coarsest 

material transported as bedload. 

The bankfull paleodischarge values for the trunk channel (Qb  = 1085-1392 m3/s) is in the 

same order of magnitude with the bankfull paleodischarge values estimated based on 

distributary channels (i.e. 1010 m3/s) using the models proposed in this study. 
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Table S6.1 Estimates of paleohydrologic parameters and discharge from the lower Mesa Rica Sandstone. hc, Wb and D50 from Van Yperen et al. 

(2021). 

Channel story 

name 

Average 

bankfull 

channel depth, 

hc (m) 

Bankfull 

channel 

width, 

Wb (m) 

D90 

(mm) 

D50 

(mm) 
 (m)  S ks 

Dimensionless 

Chezzy friction 

coefficient (Cf) 

Bankfull 

paleodischarge, 

Qb (m
3/s) 

Corazon Hill 5.5 200 0.48 0.28 0.6875 40.15 0.00015624 0.26 0.005 1392 

Canadian River 5.5 200 0.25 0.17 0.6875 40.15 0.00009486 0.26 0.005 1085 

CR C15A 5.5 200 0.44 0.23 0.6875 40.15 0.00012834 0.26 0.005 1262 

Red Tongue Mesa 5.5 200 0.34 0.22 0.6875 40.15 0.00012276 0.26 0.005 1235 
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Chapter 7 - Synthesis and further works 

In this chapter, results from Chapters 3, 4, 5 and 6 are synthesised by addressing the thesis’ 

research questions (section 1.4). Discussion is structured around each research question, 

along with an evaluation and identification of prospects for future work.  

7.1. Discussion 

RQ1. Can a globally consistent avulsion-backwater length scaling relationship be derived 

for river deltas? 

Motivated by the importance of the backwater length (Lb) in controlling the location of delta 

avulsion nodes (Paola and Mohrig, 1996; Chatanantavet et al., 2012; Ganti et al., 2016a; 

Chadwick et al., 2019), backwater – avulsion length scaling was re-assessed using a larger 

global dataset. Avulsion-backwater length (La-Lb) scaling is less consistent across this set of 

114 deltas. This is consistent with the finding from Hartley et al. (2017), albeit their analysis 

used only 15 sites. Rather than avulsion length scaling with backwater length, it was found 

that avulsion-slope break length (La-Ls) (R
2 = 63%, RMSE = 0.36, p = 2.2 x 10-14) scaling is 

statistically more significant across this new global dataset (Fig. 3.3c). 

The stronger global La-Ls scaling relationship suggests that the slope break is the 

predominant driver of channel response in the upstream part of a delta, rather than the 

backwater effect (La-Lb relationship). In relation to the delta building process, mouth-bar 

deposition should dominate the most distal part of a delta due to input sediment being 

deposited in a relatively static water body (Olariu and Bhattacharya, 2006). Upstream parts 

of deltas will be dominated by partial avulsion or crevasse bifurcation (Kleinhans et al., 

2013), or by avulsion by incision (Slingerland and Smith, 2004) induced by in-channel 

aggradation due to the slope break and/or the backwater effect (Slingerland and Smith, 2004; 

Kleinhans et al., 2013). In-channel aggradation could then trigger avulsion in the upstream 

region of a delta, maintaining the scaling relationship between La and Ls. Hence the avulsion 

nodes, the most upstream bifurcation nodes of deltas, are proposed to be related to the 

process of in-channel aggradation due to the change in slope and may not be directly related 

to bifurcation or backwater processes downstream.  
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The occurrence of slope breaks along the river longitudinal profiles could be controlled by 

a range of interacting factors including grain size transitions and associated changes in 

Shields’ stress (Dong et al., 2019; Dingle et al., 2021), geological controls (e.g. lithology; 

Ganti et al., 2014; Hartley et al., 2017), and the nature of the overbank material (e.g. cohesive 

vs non-cohesive; Valenza et al., 2020) that are not covered in this study. However, the slope 

break controls the initiation of the delta building process by its consistent scaling with the 

length measured from the shoreline to its avulsion node. The slope break-avulsion length 

scaling found from the modern system motivated the building of a conceptual model of how 

a river delta grows in relation to the location of the slope break. In this model, bedslope- and 

backwater-mediated zones of river deltas are identified, as explained in Chapter 3. Using 

this classification, a delta channel may behave differently depending on where it is located 

on delta plain. This conceptual model is corroborated by a recent numerical model by Ratliff 

et al. (2021) who found consistent slope break-avulsion length scaling even under several 

scenarios of sea-level rise. 

RQ2. What are the implications of the scaling relationships found from modern river deltas 

for our understanding of the growth and internal dynamics of river deltas? 

The finding of a consistent scaling relationship from the global river delta dataset suggests 

a shift in our current understanding of how a river delta naturally builds and evolves. Using 

the importance of the slope break in controlling the growth of river deltas as a starting point, 

a suite of numerical experiments was used to test if different slope gradients located 

upstream of the slope break will control how a river delta grows (Chapter 4). Using six 

scenarios, each having a different upstream slope value, the experiments show that delta 

topset slope, which evolves in response to upstream sediment input, serves as the first-order 

control of autogenic avulsion in river deltas. Furthermore, by correlating the delta topset 

slope and avulsion timescale from the model with natural deltas, consistent agreement is 

found, justifying the reliability of the model built in this study.  

The hypothesis based on modern systems that river deltas can be divided into distinct 

bedslope- and backwater-mediated zones is also coherent with the results from the numerical 

river deltas (Fig. 3.6e, Fig. 4.5a-b). This division separates the timescales of avulsion from 

those of bifurcation due to different processes influencing avulsion and bifurcation 

phenomena. Avulsion involves changing locus of sediment deposition by breaching or 

overtopping the riverbanks, while bifurcation is a channel splitting around the mouth bar due 
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to flow deceleration when entering a relatively still body of water. Avulsion occurs as a 

consequence of in-channel sediment aggradation (Kleinhans et al., 2013) and the rate of this 

aggradation is a function of the topset slope as this controls the rate at which sediment is 

transported onto the delta plain. The steeper the topset slope, the faster the sediment is 

transported due to a higher transport capacity. Conversely, the gentler the topset slope, the 

lower the transport capacity hence the slower sediment is transported or deposited as long 

as the sediment transport is at equilibrium. Equilibrium here implies that transport is at the 

full capacity of the flow and is not supply-limited. At equilibrium, similar volumes of 

sediment were transported in each model scenario due to the model adjusting its sediment 

load to fully match its channel transport capacity. The similar volumes of sediment in each 

scenario are shown by the similar deltas size produced under all scenarios (Fig. 4.2). 

Sediment load adjustment under an equilibrium state may result in a complex morphological 

adjustment such as slope or channel width adjustment (Lane, 1954). Since the width of the 

channel feeding the river delta in my model is maintained constant (Fig. 4.1c), slope 

adjustment can be expected as the consequence of an equilibrium flow.  

In contrast to avulsion, bifurcation occurs as a consequence of mouth bar deposition, and 

hence water depth and sediment load (Edmonds & Slingerland, 2007). When the sediment 

deposited offshore has reached ~40% of the total water depth in the supplying channel, a 

distributary channel is formed by the flow bifurcating around the mouth bar. Hence, this 

bifurcation process is independent of the topset slope values as shown in the modelling (Fig. 

4.5d). Although avulsion and bifurcation are independent, they are simultaneous processes 

due to avulsion and bifurcation depend on the delivery of sediment from upstream (and 

hence on the size of channels created by avulsion), which is shown by the overlap of their 

timescales. The numerical modelling thus contributes to our understanding of how avulsion 

and bifurcation interact during the delta building process. 

Being motivated to investigate what factors control the consistent deltaic stratigraphy under 

avulsion-bifurcation interaction discussed in Chapter 4, additional numerical experiments 

were undertaken to assess the effect of pulses of river discharge, in and out of equilibrium 

with sediment input, on delta stratigraphy. Physically, the flow and sediment input are not 

at equilibrium when a sediment-laden channel feeding a river delta contains sediment 

volume that does not match its transport capacity, so that it erodes or aggrades (Kleinhans 

et al., 2008). In contrast, an equilibrium flow contains sediment load to fully match its 

channel transport capacity as in the model explained in Chapter 4. The non-equilibrium 
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model run had pulses of high flow and low flow alternately, each lasting for one day, and 

non-equilibrium sediment input. As in the earlier experiments, the high flow is 1050 m3/s, 

the representative value of the global river delta discharge (Edmonds & Slingerland, 2010; 

Caldwell & Edmonds, 2014). The non-equilibrium input sediment load is four times that of 

the control run, similar to Toby et al’s. (2019) simulations. The low flow is defined as 6 

m3/s, the P50 (median) value of the global river delta discharge dataset (Nienhuis et al., 

2020). Sediment load is 25% that of the control run. The equilibrium runs have the same 

alternating high flow and low flow as the unstable runs, but the input sediment load is at 

equilibrium, where the sediment load matches the flow transport capacity. The equilibrium 

and non-equilibrium experiments were compared to the control experiment that has constant 

discharge and equilibrium state used in Chapter 4 (top panel of Fig. 7.1). The control, 

equilibrium and non-equilibrium upstream boundary conditions were used for three 

upstream slopes, as in scenarios US0.3, US6 and US8.1, defined here as ‘gentle, medium, 

and steep’ to cover the range of upstream slopes found in modern river deltas. 

Non-equilibrium flow significantly affects both the delta size and stratigraphy by creating a 

larger delta plain and thicker deposit in comparison with both the equilibrium and control 

runs (Fig. 7.1a-i). However, different upstream slopes did not significantly affect the delta 

plain and stratigraphy produced in the experiments as shown by consistent stratigraphy and 

similar delta plain sizes. Qualitative observations of the distributary channels produced by 

the non-equilibrium runs also show that these runs produced more sparse distributary 

channels laterally (Fig. 7.1c, f, i) and more overbank deposition on the delta plain (i.e. 

sediment deposited above the sea level) from the stratigraphy shown in Fig. 7.1c, f, i in 

comparison to the control and stable experiments.  

Differences between experiments were quantified by calculating the delta island growth 

rates, channel dispersion rates and hypsometric curves for each experiment (Fig. 7.2) (see 

the Chapter 2.2.3 or Appendix A.2. for details of the method). Under the same 17 days 

simulation time, non-equilibrium experiments have the fastest island growth rates, and hence 

produce larger delta plains (Fig. 7.2a) than either the stable or control experiments. However, 

the difference of delta island growth rate between the three upstream slopes for the non-

equilibrium case is not statistically significant (p > 0.05; slope test) (Fig. 7.2a). Under the 

equilibrium and control runs, different upstream slopes produce different total island growth 

rates. In contrast, in the non-equilibrium runs, different upstream slopes produce similar total 

island growth rates. Although the precise mechanism causing this behaviour is unclear, these 
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results may imply that the delta island growth rates are affected by the upstream slopes only 

if the flow and sediment input are in equilibrium as is the case in both the equilibrium and 

control experiments. 

Hypsometric (area-altitude) analysis (Strahler, 1952) is used to quantify the distinct 

stratigraphy produced by each run (Fig. 7.2c, d). The non-equilibrium experiments 

consistently produce steeper hypsometric curves in comparison to the equilibrium and 

control experiments (Fig. 7.2d). Consistent with the qualitative observation of the delta 

plains from Fig. 7.1, non-equilibrium runs consistently produce larger and thicker delta 

plains. A two-way ANOVA test on the elevations produced by the control, equilibrium, and 

non-equilibrium runs shows p = 3.87 x 10-8, indicating that the nature of the flow and/or 

overloading the input with sediment can significantly affect the size and stratigraphy of the 

delta plain. However, two-way ANOVA on elevation produced by different upstream slopes 

shows p = 0.95, suggesting that the gradient upstream of the delta plain does not affect delta 

plain size and stratigraphy. 

These numerical results suggest that nature of the flow and the balance between input 

sediment load and transport capacity significantly controls the growth of river deltas. Non-

equilibrium overloading of the input flow with sediment produces a larger and thicker delta 

plain. This is because in these conditions, more sediment is transferred into the delta plain 

through distributary channels than in the control and equilibrium runs. Sediment loads in the 

control and equilibrium experiments are smaller because the sediment load entering the 

model is adapted to the local flow conditions to match its transport capacity.  

Since distributary channels carry more sediment load in the non-equilibrium runs, the 

distributary channel backfilling process could occur faster in these conditions while 

producing thicker and larger delta plain deposits at the same time (Fig. 7.1, 7.2a, c, d). Faster 

backfilling processes reduce the accommodation of distributary channels downstream since 

sediment distributed faster into the offshore. Faster backfilling of distributary channels will 

also trigger more frequent avulsion upstream since avulsion frequency inversely correlates 

with sediment load (Chadwick et al., 2020). Avulsions are then clustered at the location 

where there was an imposed abrupt increase in channel width, which occurs at the end of the 

confined inlet in our model (Ratliff et al., 2021) or at a decrease in floodplain slope (Hartley 

et al., 2017; Prasojo et al., 2022). The higher frequency of avulsion in river deltas will then 
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induce significantly larger channel dispersion in the non-equilibrium experiments than in the 

control and equilibrium experiments (Fig. 7.2b). 

The simulations show how the state of the sediment-laden flow feeding a river delta serves 

as an important control on the growth of the numerical river deltas. These preliminary results 

have implications for interpreting palaeoclimate from delta plain stratigraphy. In contrast to 

sequence stratigraphy concept that relies on the influence of base-level cycle to its 

sedimentary products, I show here that without any base-level changes, different stratigraphy 

and shoreline positions (Fig. 7.1) can happen internally due to a non-equilibrium flow state. 

The results also raise questions regarding the impact of non-equilibrium sediment inputs on 

autogenic signal preservation, and how the current trend of increasing likelihood of extreme 

flood events (Slater et al., 2021) may influence delta growth through non-equilibrium flow 

feeding into delta plains. Finally, there are implications for how the non-equilibrium flow 

framework could be taken into account in interpreting recent numerical, physical and field-

based studies of delta morphodynamics. 
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Figure 7.1 Plan view and consecutive stratigraphy of synthetic river deltas produced under control, 

equilibrium and non-equilibrium runs at the latest simulation timestep. Top row figures showing the 

discharge (continuous line) and sediment flux (dashed lines) for each experiment. 

 



 

146 

 
Figure 7.2 Results produced by control, equilibrium, and non-equlibrium experiments: a) delta island areas; 

b) the distribution of channel dispersion distance from the delta axis represented as boxplots along with the 

tests conducted to compare between the control, equilibrium and non-equlibrium experiments; c) 

hypsometric plots of delta area from all experiments; and d) hypsometric plots of the delta areas above sea-

level from all experiments. Slope tests between the regression lines on Fig. 7.2a shows p > 0.05 while two-

way ANOVA between experiments shown on Fig. 7.2b produces p < 0.05. 

RQ3. To what extent is the scaling relationship found from the modern river deltas 

applicable to the deltaic deposit? 

By measuring 4459 distributary channel widths from 114 river deltas 

(https://doi.org/10.6084/m9.figshare.19964549.v4) in parallel with their catchment areas 

and discharges, consistent scaling relationships were found between distributary channel 

width, catchment area and discharge across five climate regions. These scaling relationships 

from modern deltas were then applied to deltaic deposits to estimate palaeodischarges for a 

selection of ancient deltas. Using palaeodischarge values calculated independently from the 

literature using the BQART and Fulcrum methods, the palaeodischarge estimates calculated 

https://doi.org/10.6084/m9.figshare.19964549.v4
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using the new scaling relationships from modern deltas yield comparable results to the 

previous estimates. These results show how scaling based on hydraulic geometry is able to 

predict upstream water discharges into deltas not only in modern systems but also in deep 

geological time rock deposits. 

The river deltas in the data set developed in this thesis contains data from channels that do 

not have a purely unidirectional down-delta river current. From the global dataset of 

distributary channel widths, ‘upstream’ and ‘downstream’ parts of deltas were separated 

based on the presence of a significant change of channel width that occurs in some systems 

due to backwater effects, waves or tidal influences. The separation relied on identifying a 

statistically significant change of distributary channel widths between the ‘upstream’ and 

‘downstream’ parts of a delta. This approach, which takes into account the influence of non-

unidirectionality of river flows in the distal (downstream) parts of river deltas due the wave 

and tidal effects, shows that width-discharge scaling is reliable for both river- and wave-

dominated deltas. However, tide-dominated deltas show a weak channel width-discharge 

scaling relationship. The occurrence of any forcing that causes significant bi-directional flow 

limits application of hydraulic geometry scaling to river deltas especially in tide-dominated 

deltas (Gleason, 2015a). In wave-dominated delta, waves have less effect on flow, but rather 

eroding and transporting sediment in longshore direction. 

The 4459 measurements of distributary channel widths from 114 modern river deltas 

obtained in this study also enable estimation of the standard errors that are associated with 

limited numbers of available measurements when applying the hydraulic geometry scaling 

models to the rock record. Using a bootstrap method, the minimum number of samples 

needed to apply the hydraulic geometry scaling models were estimated (Section 6.3.2; Fig. 

6.5). Curves of the standard error versus the number of available samples were presented for 

river-, wave- and tide-dominated deltas. These relationships enable simulation of how the 

limited number of samples available in many studies may affect the errors in palaeodischarge 

estimates. These statistical analyses will be useful for sedimentologists working with deltaic 

deposits in the rock record. 

Data uncertainty in geologic record is often substantial. Hence, I believe that an 

acknowledgement of standard error values from any data, especially from the rock record, 

is crucial. The bootstrapping method I presented in Chapter 6 could potentially be useful in 

estimating standard error values associated with palaeoflow, palaeoclimate or 
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palaeogeographic reconstruction from the rock record. The same approach in building 

scaling relationships by collecting global morphometric dataset such as from Global River 

Width from Landsat (GRWL) (Allen and Pavelsky, 2018) or from the river discharge from 

Landsat dataset (RODEO) recently produced by Riggs et al. (2022) could potentially enrich 

palaeodischarge estimates in more diverse systems such as tidal creek, estuary, braided river, 

etc. 

7.2. Contributions of this research 

In this thesis, a range of morphometric scaling relationships were developed from 114 

modern river deltas. The contribution of these new scaling relationships from modern deltas, 

synthetic numerical river deltas, and from calculations using a sample of ancient systems, 

are as follows: 

1. Morphometric properties of 114 modern river deltas across five climate regions were 

investigated for the first time (N = 4459) in this thesis. Channel width, avulsion, 

backwater, valley-exit-to-shoreline and slope break lengths were investigated from 

the modern river deltas along with identification of their valley types. Along with 

previously known scaling relationships, a statistically stronger and novel scaling 

relationship is proposed between the slope break and avulsion length. This new slope 

break-avulsion length relationship is consistent across all climate regions and all 

valley types. The location of the slope break along the river longitudinal transect also 

defines the location of the first avulsion of river delta. This finding implies that 

during river delta growth, there are two types of avulsions that come into play in a 

river delta. The first avulsion point relates to the location of the slope break point, 

but the avulsion points located downstream of the first avulsion point may be 

correlated to a backwater parameter (Ganti et al., 2014). This discovery triggers us 

to rethink what we know about the mechanism of how a river delta grows naturally 

and to reassess the inland and coastal flood risk associated with the mobility of an 

avulsion node.  

2. Numerically modelled synthetic river deltas from six different scenarios were 

analysed. Analyses of avulsion timescale, bifurcation timescale and island size 

distribution of every timestep produced ~430 data points. Analysing these 

morphometric parameters for each timestep allows a novel, more detailed, 
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observation of avulsion-bifurcation interaction and how delta islands grow across 

~400 years of simulated time. It is observed in this study that avulsion and bifurcation 

are independent but simultaneous processes occurring in river deltas. Different 

sedimentary processes are involved during avulsion and bifurcation, hence 

producing significantly different timescales for these two morphological 

adjustments. However, by observing changes during each timestep during the delta 

growth process, avulsion and bifurcation are found to sometimes occur at the same 

time in different parts of the delta. Observation island growth shows linear expansion 

across all scenarios. Also, by investigating delta growth in the absence of allogenic 

forcing (e.g. waves, tides, sea-level rise), autogenic morphological adjustment of 

river deltas was observed in the model. This observation fills the gap in our 

understanding of autogenic behaviour of river deltas, from which a better 

understanding of autogenic-allogenic interactions may be achieved in the future 

studies. 

3. Novel rock-record focused scaling relationships were produced in this study by using 

the results from modern river deltas. These hydraulic geometry based scaling 

relationships developed in this study provide a novel, simple method for estimating 

palaeodischarge of the supplying river system from deltaic deposits by using only 

the channel width found from sedimentary deposits. These novel scaling 

relationships produce results of the same order of magnitude as the parameter-heavy 

palaeodischarge estimation methods (e.g. Fulcrum, BQART) that are commonly in 

use. The particular merit of these new scaling relationships is the ease of measuring 

the input parameters, most importantly channel width, in the rock record. Different 

equations are proposed for global climate regions, allowing the equations’ gradients 

to change, reflecting the role of soils or vegetation in controlling runoff which will 

vary with catchment scale. Hence, the climate-classified models proposed in this 

study make reliable palaeodischarge estimation more straightforward if the 

palaeoclimate is able to be deduced from the rock record. Bootstrapping the dataset 

produce the minimum number of data points (width measurements) needed to obtain 

estimates with different statistical uncertainties, that will enable sedimentologists to 

quantify uncertainties in predictions when dealing with limited deposit exposures. 

Similar ‘reverse bootstrapping’ methods can potentially be useful in other geological 

contexts to assess the impact of a limited number of samples on results (Rice and 

Church, 1996). 
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7.3. Evaluation and future work 

7.3.1. Evaluation 

When making interpretations from the results and discussions presented above, several 

issues require consideration: 

1. In this study, the development of hydraulic geometry-based scaling models was 

based on the manual measurement of distributary channel widths across 114 river 

deltas from Landsat imageries at specific times that are then correlated with the 

bankfull flow in the river. Use of the Global River Width from Landsat (GRWL) 

database, with 64 million data points could have produced more accurate hydraulic 

geometry models because of the higher data frequency (Allen & Pavelsky, 2018). 

Further, the morphometric measurements could be related directly to discharge at the 

time of the Landsat image acquisition.  

2. The scaling relationships presented in this study use the river discharge from gauges 

located as close as possible to the deltas’ apexes. The discharge values from these 

gauges are assumed to be the sole source of discharge flowing into the delta plain. 

However, river gauges located exactly at the delta apexes could improve the scaling 

relationships produced here. This issue may be resolved by improved discharge 

estimation from river width, such as the river discharge from Landsat dataset 

(RODEO) recently produced by Riggs et al. (2022). 

3. The application of hydraulic geometry-based scaling models produced in this study 

is currently limited to Cretaceous outcrops due to the paucity of palaeodischarge 

estimation in other geological periods from the literature. However, if such data for 

other geological times is available, the reliability of the models proposed in this study 

could be tested in older/younger rocks, triggering further discussion of the reliability 

of using hydro-geomorphic conditions from modern deltas to represent 

palaeohydrological conditions under particular conditions in the past. 

7.3.2. Future work 

To improve our understanding of morphometric scaling relationships of channels in global 

river deltas, a list of future work is suggested: 
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1. In this chapter, the role of equilibrium and non-equilibrium sediment loads on river 

delta morphology has been introduced. Non-equilibrium boundary conditions 

significantly alter the delta plain growth rate, distributary channel dispersion distance 

and also the elevation of the delta plain, all of which will potentially affect the delta’s 

morphometric scaling relationships. Moreover, different upstream slopes do not 

significantly affect the river delta morphology if the flow is not at equilibrium with 

the sediment input rate. The upstream slopes only affect the river deltas growth rates 

if the flow and sediment input are in equilibrium. Despite these quantitative 

observations from numerical simulations, more mechanistic explanations are 

required, and a wider range of non-equilibrium flow scenarios should be conducted 

to understand their impacts on delta morphology. As an example, sediment 

starvation, that can also cause a non-equilibrium flow, is consistent with a more rapid 

delta shoreline erosion (Anthony et al., 2015). Future work should also cover the 

impact of the non-equilibrium sediment input on delta avulsion and bifurcation 

frequencies and locations, due to the importance of these processes for flood risk, as 

explained in Chapter 4. Finally, further field observations from modern and ancient 

river deltas should be made to test and evaluate the role of non-equilibrium sediment 

input on delta morphology. 

2. Chapter 4 covers the role of autogenic forcing on interactions between avulsion and 

bifurcation interaction. However, as presented by many other studies, allogenic 

forcing (e.g. sea-level rise, tides, waves) also plays an important role in affecting the 

timescale of avulsion and bifurcation in river deltas. Consequently, the effect of 

allogenic and autogenic (e.g. upstream slopes) drivers on avulsion and bifurcation 

timescales, stratigraphy and delta size should be conducted in future studies due to 

the importance of these parameters for the sustainability of river deltas. To represent 

the behaviour of natural river delta morphodynamics realistically, future modelling 

work should use realistic magnitudes of allogenic forcing and cover all delta types 

(Nienhuis et al., 2020). This work will contribute to a theoretical basis for 

morphodynamic responses of river deltas facing various combinations of allogenic 

and autogenic forcing. This effort is imperative since avulsion and bifurcation 

present hazard to communities living close to river delta or delta coast. 
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Chapter 8 - Conclusion 

In this thesis, I explored the possibility of adopting scaling relationships originally developed 

for quantitative watershed analysis, initially proposed by Strahler (1957), to river delta 

systems. Under the assumption that similarity across systems of various sizes exists in 

nature, I adopted this concept to solve disparity in understanding scaling relationship in 

modern river deltas, to investigate avulsion and bifurcation interaction from synthetic river 

deltas, and to produce simple model to estimate palaeodischarge of a deltaic deposit. My 

thesis shows that: 

1. In global modern river deltas discussed in Chapter 3, avulsion length scales more 

consistently with the slope break length instead of with the backwater length as has 

been previously reported (Chatanantavet et al., 2012; Ganti et al., 2016a). 

Furthermore, my global dataset also shows that avulsion-slope break length scales 

consistently across valley types (e.g. alluvial, bedrock, Pleistocene and confined 

valley). These findings open the opportunity to explore alternative hypotheses of 

parameters that control river delta development and evolution. My novel scaling 

elucidates variables that control avulsion and helping predict where the next avulsion 

may happen in the future that is vital for people live on river deltas because of the 

strong tie between avulsion and the risk from inland flooding. 

2. Based on the finding of the consistent avulsion-slope break length scaling, I built 6 

synthetic river delta scenarios, having various slopes upstream of the delta slope 

break, to explore the role of this novel scaling to the growth, and the interaction of 

avulsion and bifurcation in river deltas. I found that delta topset slope serves as the 

first order control of avulsion timescales in river deltas. Avulsion and bifurcation 

interact simultaneously during the delta building process but are independent 

processes, mechanistically. Using synthetic river deltas, I produced a novel 

understanding on how avulsion and bifurcation interact with one another. This is 

imperative in advancing our understanding to mitigate flood risk both inland and 

coastal of river deltas. 

3. Using the scaling relationship concept, in Chapter 5 and 6, I define novel scaling 

relationships between catchment area, distributary channel widths and discharge 

from modern river deltas. By applying theses simple scaling relationships to several 
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deltaic deposits, I calculated estimated palaeodischarge values that are in the same 

order of magnitude with existing, more complex approaches. Palaeodischarge can 

now be determined from any data set such as outcrop or seismic datasets in which a 

catchment area or channel width can be determined. These rock-record focused 

scaling relationships promise enhanced deduction of variables in climate and 

palaeodischarges estimation across various types of depositional systems in source-

to-sink studies, assessment of hydrocarbon, hydrogen, geothermal and carbon 

capture and storage (CCS) sizes, and more accurate palaeogeography interpretations. 
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Appendix 

A.1. Data mining code 

This code is used in the Google Earth Engine (https://code.earthengine.google.com/) to 

extract satellite imageries (i.e. Landsat, ArcticDEM and SRTM) from the Google server to 

the local drive. The steps involved are: 

1. Drawing the polygon of the studied river deltas that cover the shoreline of the delta 

up to the delta apex 

2. Choosing the image collection (e.g. Landsat 5, ArcticDEM, SRTM) from the Google 

server 

3. Define the oldest date possible from the available dataset 

4. Sort the data based on the cloud cover 

5. Stitch the image strips to be one composite image that cover the area of interest 

6. Export the image with their dedicated bands to enhance the water representation from 

the Landsat 5 image to the personal Google Drive 

7. Download the satellite image from the Google Drive and analyse in the ArcGIS 

//choosing the image from the collection with no cloud cover for the 

certain date range 

var collection = ee.ImageCollection (Landsat5) 

.filterDate('1990-01-01','1990-12-31') 

.filterBounds(Orinoco) 

.sort('CLOUD_COVER',false); 

//mosaic the images 

var min = collection.median(); 

//showing the images that satisfy the cloud cover and date 

requirement 

https://code.earthengine.google.com/
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var result = min.select('B5','B4','B1'); 

//showing the result and SRTM on the map below 

Map.addLayer(result,{},'Landsat'); 

Map.addLayer(SRTM, {min:-50, max:200},'SRTM'); 

//importing ArcticDEM and adding to the map below 

var dataset = ee.Image('UMN/PGC/ArcticDEM/V3/2m_mosaic'); 

var ArcticDEM = dataset.select('elevation'); 

var ArcticDEMVis = { 

  min: -50.0, 

  max: 1000.0, 

  palette: ['0d13d8', '60e1ff', 'ffffff'], 

}; 

Map.addLayer(ArcticDEM, ArcticDEMVis, 'Arctic DEM'); 

//Get a list of all dates properties. 

var dates = collection 

    .map(function(image) { 

      return ee.Feature(null, {'date': image.date().format('YYYY-MM-

dd')}) 

    }) 

    .distinct('date') 

    .aggregate_array('date'); 

print (dates); 

//Export the Landsat, specifying scale and region. 

Export.image.toDrive({ 

  image: result.select("B5","B4","B1"), 

  description: 'Orinoco_landsat_4', 

  scale: 30, 

  region: Orinoco, 

  maxPixels: 1e12, 

}); 
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//Export the SRTM, specifying scale and region. 

Export.image.toDrive({ 

  image: SRTM, 

  description: 'Jequitinhonha_SRTM', 

  scale: 30, 

  region: Jequitinhonha, 

  maxPixels: 1e12, 

}); 

//Export the ArcticDEM, specifying scale and region 

Export.image.toDrive({ 

  image: ArcticDEM, 

  description: 'Copper_SRTM', 

  scale: 30, 

  region: Copper, 

  maxPixels: 1e12, 

}); 

//Export ROI as shp file 

Export.table.toDrive({ 

  collection: ee.FeatureCollection(Orinoco), 

  description: 'Orinoco_geometry', 

  fileFormat:"SHP", 

}) 

A.2. Island size measurement code 

This code will use the images produced by Delft3D for each timestep and each running 

scenario to calculate the island size distribution. The language used is Python that was 

applied in the Google Colab environment (https://colab.research.google.com/) instead of in 

the local drive to accommodate faster computational time. The steps involved are: 

https://colab.research.google.com/
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1. Import all the library/packages necessary 

2. Import and convert all images to be binary 

3. Crop the image to exclude scale and upstream island 

4. Calculate each island size in comparison to total delta size to get dimensionless island 

size 

5. Plot probability density function to be compared with theoretical island size 

distribution dominated by bifurcation only using R 

#Connect to Google Drive 

from google.colab import drive 

from google.colab import files 

drive.mount('/content/drive') 

#Install libraries 

!pip install opencv-python 

!pip install numpy 

!pip install pandas 

#Import the libraries needed 

from google.colab.patches import cv2_imshow 

from array import array 

from numpy import savetxt 

import numpy as np 

import cv2 as cv2 

import csv 

import pandas as pd 

#Upload the results in the folder 'Island_sizes' inside your Google D

rive 

#Import the image 'USXX_TXX.png' 

image = cv2.imread("/content/drive/MyDrive/Colab Notebooks/US8.1/US8.

1_T051.png") 

#Crop the image 

crop = image[70:360, 92:415] 

#Show the cropped image 

cv2_imshow(crop) 

#convert the color space to gray 

gray = cv2.cvtColor(crop, cv2.COLOR_BGR2GRAY)  
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#apply Otsu's thresholding: determines an optimal global threshold va

lue from the image histogram (bimodal if the image is binarised) 

thresh = cv2.threshold(gray,0,255,cv2.THRESH_OTSU + cv2.THRESH_BINARY

)[1] 

#count the number of pixels that are not black (>0) in an image 

pixels = cv2.countNonZero(thresh) 

#finding white object from black background 

#cv2.RETR_EXTERNAL = contour retrieval mode; take only hierarchy-

0 level contour 

#cv2.CHAIN_APPROX_SIMPLE = contour approximation method; removes all 

redundant poins and compresses the contour (e.g. 4 points for rectang

ular) 

cnts = cv2.findContours(thresh, cv2.RETR_EXTERNAL, cv2.CHAIN_APPROX_S

IMPLE) 

#len() = returns the number of characters in the string or length;  

#example mylist = "Hello", len(mylist) = 5 

cnts = cnts[0] if len(cnts) == 2 else cnts[1] 

total = 0 

#cv2.boundingRect => to draw approximate rectangle to highlight the r

egion of interest after obtaining contour from an image 

#np.zeros => return a new array of image size, filled with zeros (0.x

x) 

#image.shape => acquire image size (width, height) 

#cv2.fillPoly => to add polygon on an image (original image, addition

al image, colours) 

#cv2.countNonZero => for counting the number of non=zero pixels in th

e image 

#+= => to add another value with the variable's value and assigns the

 new value to the variable 

for c in cnts: 

    x,y,w,h = cv2.boundingRect(c) 

    mask = np.zeros(image.shape, dtype=np.uint8) 

    cv2.fillPoly(mask, [c], [255,255,255]) 

    mask = cv2.cvtColor(mask, cv2.COLOR_BGR2GRAY) 

    pixels2 = cv2.countNonZero(mask) 

    total += pixels2 

    cv2.putText(image, '{}'.format(pixels2), (x+150,y+45), cv2.FONT_H

ERSHEY_SIMPLEX, 1, (255,255,255), 1) 

    print (pixels2) 

cv2_imshow(thresh) 


