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Abstract 

This is a PhD thesis by publication which consists of five papers. Each manuscript focuses on 

a different aspect of the understanding of the origin and controls on the development of 

anabranching rivers. Anabranching rivers have been defined as a system of multiple channels 

characterized by stable alluvial islands that divide flows at discharges up to nearly bankfull; 

they are the least understood river type. Better understanding of fluvial styles and their 

deposits is crucial to improve characterization of fluvial petroleum reservoirs. The lateral 

continuity of sand-bodies as well as sandstone and mudstone distributions are often hard to 

predict, especially when channel bodies are below seismic resolution. In such cases, reliance 

on modern analogues and scaling relationships are essential. To explore the relationship 

between facies distribution and changes in river style, we conducted a field investigation of a 

reach that presents a change from single channel to anabranching in the dryland Neales River, 

Australia (Paper 1). An additional motivation for focusing our investigation on a dryland case 

study is that dryland endorheic basins have been prevalent throughout geological history and 

their deposits can be of significant economic importance as hydrocarbon reservoirs. Based on 

the grain size and channel geometry (width and depth) data presented in this paper we 

conclude that the planform geomorphology exerts a greater control on channel bed material 

size than channel geometry. Therefore, to investigate the factors controlling the change 

between single channel to anabranching in this reach of the Neales River, sedimentologic, 

topographic, geologic, and remote sensing data were collected (Paper 2). We propose that the 

development of anabranching in this site is related to a downstream change in floodplain 

width, which occurs downstream of a fault, due to a lithological change from more resistive 

to more erosive substrate.  Statistically significantly larger floodplain width values in the 

anabranching reach compared to the single channel reach allow me to propose that the change 

in floodplain width is a primary control in the development of anabranching. This is in 
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accordance with other Australian anabranching rivers, highlighting that a change in 

floodplain width seems to be necessary for the development of anabranching; as opposed to 

the control on floodplain width itself.  To investigate the mechanisms that unravel which 

conditions are necessary within a fluvial system for a downstream increase in floodplain 

width to result in the development of anabranching we carried out a series of morphodynamic 

numerical simulations using boundary conditions from field-scale modern anabranching 

rivers spanning different climatic and geologic settings as well as hypothetical floodplain 

aspect ratios (Paper 3). We propose that anabranching rivers can originate from alluvial bar 

growth similar to the origin of braided rivers.  This occurs on floodplains where the flow has 

a large aspect ratio (width divided by depth), which favors bar growth and the development 

of anabranching systems. Floodplains with large aspect ratios favor the development of 

anabranching because the reduction in bar-top shear stress caused by emergence of deep 

anabranches stabilizes the bar and hastens their transition to large, immobile islands. 

Compared with field measurements, our simulations accurately predict the number of active 

channels, supporting the validity of this explanation for the origin of anabranching rivers.  

Avulsion has been proposed as another mechanism for anabranch formation. However, little 

is known about the thresholds that trigger avulsion, partly because of the scarcity of ongoing 

avulsions and because of our inability to predict when they will occur in order to be able to 

observe them. To gain further insight into avulsion processes, and the generation of new 

anabranching channels, we investigated a 2007 avulsion event that took place in one of the 

anabranching reaches of the tropical Magdalena River, Colombia (Paper 4). This was selected 

because it forms an excellent example of a recent avulsion that led to the formation of 

anabranching channels, and had not previously been investigated. On a regional scale, the 

location of the avulsion node seems to be related to changes in gradient caused by a fault.  On 
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a reach scale the position of the avulsion node seems to be linked to the location of the 

channel’s thalweg, which is up against the bank where the avulsion node is located. The 

trigger of the avulsion and maintenance of the newly avulsed channels can be ascribed to 

high discharge magnitudes related to the 2007 -2008 and 2010-2011 extreme La Niña events. 

To test this trigger hypothesis on a larger temporal and spatial scale, we collected a record of 

satellite images from three South American rivers, hundreds of kilometers apart (Paper 5) and 

recorded the occurrences of  avulsion activity during 41 years and 12 La Niña events. Results 

show that the frequency of avulsion activity significantly increases during La Niña 

conditions. Discharge data from one of the case-studies (the Magdalena River) suggests that 

this is ultimately related to increases in the magnitude of river discharge during the cold 

phase of ENSO. We suggest that the intensity of la Niña occurrences seems to play a 

significant role in the triggering and development of partial and full avulsions because the 

onset of three events reported in this study corresponds to strong La Niña phenomena (1975-

1976, 1998-1999, 2007-2008 and 2010-2011).   

This thesis contributes to the understanding of the origin and controls on the development of 

anabranching rivers by using a variety of field, remote sensing and novel modeling 

approaches. The anabranching rivers investigated in this thesis are located in four continents, 

spanning different climatic and tectonic settings.  I have contributed new field observations 

for previously unstudied anabranching rivers (Neales and Magdalena rivers) in two of the 

least-well studied climate zones for anabranching. The hypotheses presented in this thesis are 

globally applicable as they are based on first order controls (floodplain width and ENSO) ad 

mechanisms (bar formation and avulsion).   
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1. Contextual Statement 

Anabranching rivers are defined as a system of multiple channels characterized by 

stable alluvial islands that divide flows at discharges up to nearly bankfull (Nanson and 

Knighton, 1996). The origin of anabranching rivers is not well understood, compared to other 

planform patterns, such as braided or meandering. Anabranching rivers are challenging to 

understand because empirical methods for channel-pattern discrimination and prediction are 

not successful in classifying them.   

Understanding of planform patterns is relevant for several disciplines, such as 

sedimentary geology, geomorphology and stratigraphy. Disciplines focused on the rock 

record make use of planform patterns defined in modern fluvial systems to aid interpretation 

of preserved fluvial deposits, in order to better understand the conditions in which fluvial 

deposits were formed in the geologic record. Thus, a better comprehension of the 

mechanisms and processes generating modern planform patterns is required to improve the 

understanding of fluvial sequences in the geologic record. Improving the understanding of 

fluvial sequences has economic implications, as twenty percent of the world’s remaining 

reserves of hydrocarbons are hosted in fluvial reservoirs (Keogh et al., 2007). Most 

hydrocarbon company’s assets are from large paleo-fluvio-deltaic systems. The largest rivers 

on Earth at present are described as mega-rivers, classified as those with mean discharges 

larger than 17,000 m3s-1. These mega-rivers tend to adjust to an anabranching configuration 

(Latrubesse, 2008; 2015), therefore it seems that the likelihood of many fluvial petroleum 

reservoirs being accumulated in anabranching river deposits is high. This underscores the 

economic importance of understanding the formation, channel geometry and facies 

distribution of anabranching rivers.  

This thesis aims to increase understanding of the controls on the development of 

anabranching rivers, in order to improve interpretations of the ancient record. To achieve this 
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aim my thesis focuses on the investigation of the following: 1) the relationship between facies 

distribution and channel geometry in a modern dryland river that transitions from single 

channel to anabranching; 2) the factors controlling the change from single channel to 

anabranching in the aforementioned river. This led to investigation of (3) whether 

anabranching rivers can be formed by alluvial bar growth, using morphodynamic modeling. 

An alternate mechanism for anabranch formation is avulsion, and so I also investigated (4) 

the causes of an avulsion that led to anabranch formation in a modern tropical river; which 

led to5) investigating the relationship between El Niño Southern Oscillation and crevasse 

splay formation and avulsion occurrence. 

The field based studies presented here are from two opposing climatic zones, one is 

from a dryland river in Australia and the other is from a tropical river in Colombia. I chose to 

focus my research in these climatic zones because few studies have concentrated on the 

understanding of anabranching rivers from these settings. While most of the research has 

concentrated on the study of temperate anabranching (anastomosing) rivers (e.g. Columbia 

and Lower Saskatchewan rivers, Canada; Makaske, 2001; Smith et al.,1989). This bias in the 

knowledge of anabranching rivers is partly because non- temperate anabranching rivers are 

located in remote areas with scarce information (e.g. hydrology, climatic and detailed 

topographic data). Therefore, contribution from dryland and wet tropical areas is novel and 

useful to enable comprehension of anabranching rivers on a wider climatic spectrum. For the 

field studies presented in this thesis detailed remote sensing, topographic, sedimentologic and 

when possible bathymetric data were collected to explore the research gaps and lines of 

investigation listed above. As a product of the research I conducted on these sites, this thesis 

presents a comprehensive dataset of quantitative grain size (facies) as well as channel and 

channel belt geometry data from these tropical and dryland river case studies that can be used 

as analogues to improve the characterization of fluvial petroleum reservoirs.  
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In the following paragraphs I summarize the key points of the papers presented in my 

thesis and how the manuscripts are linked.  

In the first paper I present a literature compilation of fluvial dryland reservoirs to 

demonstrate the global importance of intracratonic dryland basins. I emphasize that 

intracratonic basins have been common throughout geological time and that significant 

hydrocarbon reservoirs are contained in these basins.  Results from the literature compilation 

demonstrate the need for new modern analogue data from dryland fluvial systems to improve 

the characterization of these reservoirs. This motivated the investigation of a reach from the 

ephemeral Neales River, in the Lake Eyre catchment. The selected study reach has a complex 

planform, with a downstream transition from single channel to anabranching. Field 

observations show that the coarsest bed material is deposited within a discrete reach length at 

the apex of the waterhole and in the distributary channels, while the smallest and best-sorted 

bed material was found in the anabranching channels. Results of the observations of the 

channel bed grain size, the geomorphology and the channel geometry (width and depth) 

allowed us to infer that the channel bed grain size is more strongly related to planform 

geomorphology than the channel geometry (width to depth ratios). Based on the grain size 

and channel geometry data presented in this paper, I conclude that the planform 

geomorphology exerts a greater control on channel bed material size than channel geometry. 

This interpretation is based on the analysis of satellite imagery, topographic survey data and 

grain size descriptions. In this paper, I provide channel geometry data and grain size data that 

will improve understanding of dryland fluvial sedimentology. The changes in planform 

morphology described in this manuscript motivated the investigation of the controls causing 

this change, which is the focus of the second manuscript.  

In the second paper, I present sedimentologic, topographic, geologic, and remote 

sensing data of a reach of the Neales River, which exhibits a change from single channel to 
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anabranching, in order to explore geologic and topographic controls causing that planform 

change. I propose that the development of anabranching in this site is related to a downstream 

change in floodplain width, which occurs downstream of a fault, due to a lithological change 

from more resistive to more erosive substrate.  Statistically significantly larger floodplain 

width values in the anabranching reach compared to the single channel reach allow me to 

propose that the change in floodplain width is a primary control in the development of 

anabranching. This is in accordance with other Australian anabranching rivers, highlighting 

that a change in floodplain width seems to be necessary for the development of anabranching; 

as opposed to the control on floodplain width itself. I conclude by stating that further 

investigation is needed to unravel which other conditions are necessary within a fluvial 

system for a downstream increase in floodplain width to result in the development of 

anabranching. This motivated the investigation presented in the third manuscript.  

In the third paper, I present series of morphodynamic numerical simulations using 

boundary conditions from field-scale modern anabranching rivers spanning different climatic 

and geologic settings as well as hypothetical floodplain widths. These simulations were 

conducted to investigate under what conditions would an increase in floodplain width result 

in a change in planform to anabranching.  Results from all simulations show that alluvial bar 

growth can be a precursor to formation of anabranching rivers.  The emergence of bars causes 

flow bifurcation, and bifurcation instability leads to the emergence of multiple, stable 

anabranches.  As the anabranches increase their cross-sectional area, flood depths on bars are 

reduced until they become stable islands, a hallmark of anabranching rivers. Compared to 

field measurements, our simulations accurately predict the number of active channels, 

supporting the validity of our new explanation for the origin of anabranching rivers. The 

stratigraphy of large sandy islands of modern anabranching rivers (Latrubesse and 

Franzinelli, 2005; Sambrook-Smith et al., 2009) also appears to support that the formative 
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stages of anabranching rivers have fluvial elements similar to braided streams, further 

substantiating our model. I propose that floodplain width is a key parameter as it provides the 

planform space needed for numerous anabranches to form and to promote enlargement of the 

channels’ cross-sectional area. 

In the fourth paper, I shift focus to that of avulsion, which is another mechanism by 

which anabranching can form. In this paper, I investigate the causes that generated a 2007 

avulsion event that took place in one of the anabranching reaches of the tropical Magdalena 

River, Colombia. In this paper, I (i) present a collection of satellite images that allow 

documentation of the morphological evolution of the site and (ii) provide topographic, 

bathymetric and sedimentologic data to elucidate the possible causes of this avulsion event. I 

demonstrate that, contrary to what has been proposed (Mohrig et al., 2000), avulsion can 

occur in channels where superelevation is not closely scaled to channel flow depth. This has 

also been observed on a modern Brazilian avulsive system (Makaske et al., 2012). Given the 

lack of available data, having an additional study demonstrating the same finding indicates 

that the widely held idea that superelevation is important for avulsion is perhaps not likely to 

be as critical a previously thought. From my analysis of results, I am able to suggest reasons 

for the Magdalena River avulsion occurrence on regional, reach and temporal scales. On a 

regional scale, the location of the avulsion node is related to changes in gradient caused by a 

fault, while on a reach scale it is linked to the location of the channel’s thalweg, which is up 

against the bank where the avulsion node is located. The trigger of the avulsion and 

maintenance of the newly avulsed channels can be ascribed to high discharge magnitudes 

related to the 2007 -2008 and 2010-2011 extreme events of the cold phase of El Niño 

Southern Oscillation (ENSO). This finding motivated the research presented in the fifth 

manuscript.  
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In the fifth paper, I test if the hypothesis that high discharge magnitudes caused by the 

cold phase of ENSO can be a trigger for avulsion on a larger temporal and spatial scale.  I 

show that the frequency of avulsion activity significantly increases during the cold phase of 

ENSO. I based this on geomorphological observations derived from forty-one years of 

satellite imagery from three South American rivers and a statistical investigation of discharge 

data.  This investigation provides observations of landscape changes and the link to ENSO. I 

demonstrate that the frequency of avulsion activity increases during la Niña in three different 

catchments that are hundreds of kilometers apart. For one river, I established that the 

magnitude of river discharge increases during the cold phase of ENSO, when there is also an 

increase in avulsion activity.  I suggest that the intensity of la Niña occurrences seems to play 

a significant role in the triggering and development of partial and full avulsions because the 

onset of three events reported in this study corresponds to strong La Niña phenomena (1975-

1976, 1998-1999, 2007-2008 and 2010-2011).  These findings provide useful information for 

application to flood hazard management and for the interpretation of avulsive sequences in 

the stratigraphic record 

In this thesis I propose a physics-based model for the origin of anabranching rivers 

based on alluvial bar growth. Using boundary conditions from four field-scale anabranching 

rivers to drive numerical simulations, I show that the origin of anabranching systems may be 

linked to alluvial bar growth and subsequent bifurcation abandonment, which leads to 

emergence of deep, stable anabranches. I also propose that the aspect ratio of the floodplain is 

a key parameter as it provides the planform space needed for numerous anabranches to form 

and to promote enlargement of the channels’ cross-sectional area. This is in accordance with 

the results from the case study from the Neales River where anabranching occurs 

immediately downstream of a widening of the floodplain, and observations relating 

anabranching to floodplain width from two previous studies (Amos et al., 2008; Latrubesse, 
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2015). Additionally, this highlights the importance of floodplain morphodynamics in the 

understanding of river style, which to date has been the focus of few studies. Another 

significant contribution of this thesis is the documentation of the formation of anabranching 

channels via an avulsion. Furthermore, in this thesis I show that avulsion activity can be 

controlled by global climatic patterns, such as ENSO. Each of the research contributions 

made as a part of this thesis have application to the improved interpretation of fluvial 

sequences in the rock record. 
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2. Literature Review  

Rivers display an incredible breadth of planform patterns that are classically described 

as straight, meandering, braided, or anabranching (Leopold and Wolman, 1957; Ferguson 

1987; Nanson and Knighton, 1996). Anabranching rivers are defined as a system of multiple 

channels characterized by stable alluvial islands that divide flows at discharges up to nearly 

bankfull (Nanson and Knighton, 1996). Of these four planform patterns anabranching are 

perhaps the most intriguing, for the following reasons. Firstly, mega rivers (mean discharges 

larger than 17,000 m3s-1), tend to adjust their planforms to anabranching patterns (Jansen and 

Nanson 2004; Latrubesse, 2008; Carling et al., 2014). Secondly, anabranching rivers are 

present in a wide range of settings, contrary to the misconception that anabranching rivers 

only occur in low-energy settings. As demonstrated by the compilation presented in Nanson 

and Knighton (1996) the occurrence of anabranching rivers is not regionally constrained by 

hydrologic, sedimentologic or climatic conditions. Thirdly, anabranching rivers cannot be 

explained by stream power or by standard channel pattern discriminant diagrams, as opposed 

to other river types.  

Understanding of planform patterns is relevant for disciplines such as sedimentary 

geology, geomorphology and stratigraphy. These disciplines make use of planform patterns 

defined in the modern to understand and predict the conditions in which fluvial deposits were 

formed in the geologic record. Thus, an improved comprehension of the mechanisms and 

processess that generate planform patterns is required to improve the understanding of fluvial 

sequences in the geologic record.  

This literature review is divided in two main sections. The first section provides an 

overview of anabranching rivers in the modern, while the second section focuses their 

deposits. This chapter also highlights the research gaps that I explore in my thesis.  
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2.1 Anabranching rivers in the modern 

2. 1.1 River planform patterns: classifications with emphasis on anabranching 

The seminal work of Nanson and Knighton (1996) proposed to divide river patterns 

into single channel and anabranching, which can then be further classified as straight, stable-

sinuous, meandering and braided. Nanson and Knighton’s (1996) compilation of 

anabranching rivers demonstrates that anabranching rivers can be present in very diverse 

climatic and tectonic settings as well as in low (mud dominated) to high energy (gravel 

dominated) settings (Fig. 1A). To reflect this diversity Nanson and Knighton (1996) classify 

anabranching styles according to grain size, island-form, ridge-form and lateral migration. 

This classification shows that anabranching styles range from cohesive sediment 

anabranching rivers, known as anastomosing rivers, to gravel-dominated stable anabranching 

rivers. 

Subsequent classifications have incorporated channel pattern and floodplain 

geomorphology while maintaining the division between single and multiple channel belts 

(e.g. Makaske 2001; Fig. 1B). Under this classification, individual channel belts may be 

braided, meandering or straight channels (as per Nanson and Knighton 1996). Makaske’s 

(2001) work focuses on anastomosing rivers and proposes that dynamic equilibrium of the 

anastomosing system is attained by the balance between rates of channel creation and channel 

abandonment.  

Other classifications use the association of alluvial river channel form and governing 

factors such as sediment caliber, sediment supply, channel stability and channel gradient (Fig 

1C; Church 2006 and references therein). Thus, models using this latter approach deduce 

conditions of fluvial sedimentation by using known physics of sediment transport. 

Interestingly, these models only incorporate anastomosing rivers and exclude the other type 



22 
 

of anabranching rivers. This omission might have created the misconception that 

anabranching rivers are only present in low energy conditions.  

Quantitative models for pattern discrimination have provided insights about potential 

key parameters for the formation of anabranching river patterns. For instance, Eaton et al. 

(2010) proposed a channel pattern classification based on theoretically derived channel 

discriminant functions, which ultimately relates to alluvial bar growth.  Eaton et al. (2010) 

concluded that predicting pattern discrimination is a three variable problem that involves 

slope, discharge and relative bank strength, whereas anabranching rivers plot between single 

thread (includes straight and meandering rivers) and braided space (Fig. 1D). Unfortunately, 

this channel classification only considers the hydrodynamic effects that produce braiding and 

anabranching in equilibrium systems, making the application of this method limited.  

Another study comparing empirical stream power-based classification and a physics-

based bar pattern predictor demonstrated that the development of anabranching cannot be 

explained by stream power (Kleinhans and van der Berg, 2011). River confinement, bank and 

floodplain strength, degradation or aggradation and avulsion were proposed as additional 

factors controlling their formation (Kleinhans and van der Berg, 2011). A recent 

morphodynamic modelling study focused on the continuum of river patterns and concluded 

that bank erosion, secondary circulation, inclusion of at least two sediment fractions and 

vegetation are key elements for the modelling of channel patterns (Nicholas et al., 2013). 

An additional conundrum of anabranching river study is that mega rivers develop 

anabranching patterns instead of meandering or braided patterns (Latrubesse, 2008). Analysis 

of parameters such as hydraulic geometry, discharge, width to depth ratios , slope, grain size, 

stream power, specific stream power, and Froude number have been carried out in an attempt 

to understand why mega-rivers adjust anabranching configuration. However, as for the case 

of the non-mega anabranching rivers, characterization using the aforementioned parameters 
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fails (Latrubesse, 2008).  A recent empirical compilation shows that mega-rivers, which 

exhibit large floodplains and large discharges, are predominantly represented by 

anabranching rivers (Fig. 1E, Latrubesse, 2015). The reasoning behind this empirical 

observation remains elusive.  

2.1.2 Proposed models for the formation of anabranching rivers 

There is currently no unifying, physics-based understanding of the development of 

anabranching rivers (Carling et al., 2014), but a number of non-exclusive empirical models 

have been proposed to explain their origin. The models described below have been listed in 

Nanson and Knighton (1996), Abbado et al. (2005) and Kleinhans et al. (2012). The first 

model suggests that anabranching occurs when channels prograde from levee crevasses into 

standing water (Smith et al., 1989; Abbado et al., 2005) similar to distributary channel growth 

in a delta (e.g. Axelsson, 1967; Andrén, 1994; Edmonds and Slingerland, 2010). The second 

model suggests downstream base-level rise reduces stream gradients and creates in-channel 

sedimentation, crevassing, and avulsion (Smith, 1983). The third model suggests that 

anabranching rivers form because multiple channels have more sediment transport capacity 

per unit of stream power (Nanson and Knighton, 1996; Nanson and Huang, 1999; Tooth and 

Nanson, 2000; Jansen and Nanson, 2004). It has been recognized that not all anabranching 

systems would be able to enhance sediment transport to the point of achieving stable 

equilibrium (Nanson and Huang, 1999; Huang and Nanson, 2007) as in the case of the 

Columbia River (Abbado et al., 2005). This hypothesis has been criticized for its lack of 

empirical support and because it seems to only apply to Australian anabranching rivers that 

have low aggradation rates and wide (although the latter is debatable) floodplains (Abbado et 

al., 2005, Kleinhans et al., 2012). The width of these so-called “wide” Australian floodplains 

is in the same order of magnitude (10-20km, Cooper Creek; Knighton and Nanson, 2000) or 

even smaller (1-3km, Fitzroy River catchment; Amos et al., 2008) than other non-Australian 
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anabranching floodplains (1.3km, Columbia River, Kleinhans et al., 2012; 12-30km, Paraná 

River; 10km, Congo River; 7-30km, Magdalena River; Ashworth and Lewin, 2012). A fourth 

model proposed that anabranching (including anastomosing) is the result of frequent 

avulsions and slow abandonment of previous channels (Makaske, 2001; Jerolmack and 

Mohrig, 2007). Thus, dynamic equilibrium of the anabranching system is attained by the 

balance between rates of channel creation and channel abandonment (Makaske, 2001).  

The empirical models described above present a good understanding of particular 

anabranching systems. However, in order to fully understand the controls and mechanisms on 

river morphology, it is imperative that globally applicable models for anabranch formation 

are developed, since the physical principles controlling river formation are universal.  

For instance, a recent literature review of multichannel rivers (braided and 

anabranching) emphasizes the lack of physical basis in the understanding of planform 

classification (Carling et al., 2014). These authors highlight that non-exclusive formation 

mechanisms (e.g. (i) islands excised from floodplains (avulsion) and (ii) islands formed by 

within-channel accretion (initially as mid-channel bars) have been observed in both braided 

(e.g. Zanoni et al., 2008) and anabranching rivers. Thus there is clearly more that we need to 

understand in terms of the fundamental conditions under which braided or anabranching 

planform development occurs. They conclude that defining the conditions under which 

avulsion or flow splitting around accreting bars mediate channel division is key to 

advancement of the understanding of planform classification (Carling et al., 2014). This 

provides the motivation for exploring the link between these two fundamental mechanisms 

and the development of anabranching systems in my thesis. 

2.2 Anabranching river deposits including the rock record 

Interpretation of channel pattern in the geologic record is challenging. It is highly 

dependent on the quality of the outcrop exposures and it is virtually impossible if the only 



25 
 

information available is borehole data (Bridge and Tye, 2000). Despite these challenges, 

interpretation of channel pattern can be achieved by using facies models, channel geometry 

data and in some cases high quality seismic images (Miall, 1985; Fielding et al., 2009; Smith 

et al., 2009). Although my thesis does not deal with ancient anabranching systems, this 

section has been included because I aim to provide a better comprehension of the controls 

and mechanisms controlling the development of anabranching to improve the understanding 

of these systems in the subsurface and in the geologic record. Hence, the need to summarize 

what is known about anabranching systems in the geologic record.  

Interestingly, the number of interpreted anabranching rivers in the ancient seems to be 

limited compared to braided or meandering systems (Makaske, 2001). Makaske (2001) 

proposes that this bias exists because of: (i) the limited sedimentological database from 

modern anastomosing (and anabranching), which still holds true despite the increase of 

studies focusing on the understanding of anabranching rivers; (ii) the comparatively large 

scale of anastomosing (and anabranching) rivers as a floodplain-wide fluvial form, which has 

been later confirmed by the empirical database of Latrubesse (2015); and (iii) the difficulty of 

proving the coexistence of active multiple channels in the ancient (North et al., 2007).  

Since anabranching systems occur in a variety of tectonic and climatic settings, 

including in aggrading basins with high preservation potential (Makaske, 2001) these systems 

should be more abundant in the geologic record than has been interpreted.  

The following sections present: (i) a brief description of geomorphic and sedimentary 

features of anabranching rivers in different climates; (ii) the proposed criteria to recognize 

anabranching rivers in the geologic record; and finally (iii) a summary of what is known 

about channel and sandstone body geometry of anabranching, braided and meandering rivers 

.   

2.2.1 Geomorphic and sedimentary features of anabranching rivers in different climates  
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Anabranching systems can be found in a wide variety of climatic settings (Knighton 

and Nanson, 1996) ranging from temperate (e.g. Columbia and Lower Saskatchewan rivers) 

to arid (e.g. Channel Country Rivers, Australia) to humid tropical (e.g. Magdalena River, 

Colombia; Negro River, Brazil). Table 1 presents a concise list of the prominent geomorphic 

and sedimentary features of each system. 

Probably one of the most recognized facies models for anabranching rivers is the one 

derived from the anastomosing reaches of the temperate Upper Columbia River in Canada 

(Makaske, 2001 and references therein; Fig. 2A). This facies model is very similar to the one 

derived from the temperate lower Saskatchewan River (e.g. Smith, 1989). The main 

difference between the two facies models is that the Upper Columbia River contains cross-

valley fans, which the lower Saskatchewan River does not. These fans are formed as a result 

of the gradient difference between the valley floor and the mountain range. Interestingly the 

facies and geomorphologic elements from a wet tropical anastomosing river, the Magdalena 

River, are similar to the ones described in the lower Saskatchewan and Columbia rivers 

(Smith, 1986). From these humid anastomosing rivers is that the preconception  that all 

anabranching rivers are characterized by sandy or heterolithic channel deposits encased in 

mudstone might have started. 

A detailed description of the geomorphic elements and textural description of the 

anabranching reaches of the upper inland Niger delta can be found in Makaske (2001).The 

upper inland Niger delta, Mali, is located in an intracratonic dryland setting in a slowly 

subsiding basin;  the system aggrades at a rate of 0.14 mm/year (Makaske, 2001).   The 

anabranching rivers developed in the Lake Eyre catchment, Australia, have developed in an 

intracratonic dryland setting relatively similar to the upper inland Niger delta, also with very 

low aggradation rates 0.04m/yr. These have been the focus of multiple studies (Gibling et al., 

1998; Knighton and Nanson, 2000; Tooth and Nanson, 2000; Knighton and Nanson, 2001; 
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Fagan and Nanson, 2004). In these dryland settings, levees are present but they are not as 

significant as in humid settings (Fig. 2 C1). Waterholes are noteworthy geomorphic elements 

of drylands which are self-scouring sections of channels that retain water (Knighton and 

Nanson, 2000; Valeix et al., 2010). Interestingly, channel body deposits south of the 

Goonbabinna waterhole, Cooper Creek, revealed that the channel was not purely encased in 

mud but that the upper units surrounding the channel were composed of mud deposits with 

sand deposits underneath (Fig. 2 C2; Gibling et al., 1998).  

Although formal facies models have not been published for any of the mega-rivers, it 

seemed relevant to at least include one example of the fluvial deposits of one of the 

anabranching mega-rivers. Latrubesse and Franzinelli (2005) present a detailed study of the 

evolution of the late Quaternary deposits of the Negro River, Amazon Basin. The most 

impressive anabranching reach of the Negro River exhibits multiple vegetated islands known 

as the Mariuá archipelago. This reach presents sandy islands capped with mud sediments 

(Fig. 2 D1 and D2), thus in this case the channels are also not encased by mud deposits. It has 

been interpreted that these cross-bedded sandy sequences represent channel bars; hence they 

were not formed by avulsion events.  

As in the case of the channel body deposits south of the Goonbabinna waterhole in 

Australia, the stratigraphy of the Mariuá islands exemplifies that not all anabranching rivers 

fit the model of sandy channel fills encased by mud. 

Whilst the facies models described in this section are derived from different climatic 

and tectonic settings they have several common elements such channels with low width to 

depth ratios (when compared to other river styles), and natural levees that taper out laterally 

into floodplain deposits and floodbasins. These would thus be useful geomorphic elements to 

research further in order to advance the comprehension of anabranching systems.  

2.2.2 Recognition of anabranching style in the geologic record 
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In sedimentary geology the term fixed-channel floodplain style has been used to refer 

to anabranching rivers because: (i) it is virtually impossible to determine if the channels were 

active at the same time (a hallmark of anabranching), even if the channel bodies are at the 

same stratigraphic level (North et al., 2007; Gibling, 2006; Davies and Gibling, 2011); and 

(ii) anabranching systems show little evidence for lateral migration of channels and bars 

(Gibling, 2006).  

Davies and Gibling (2011) proposed the following six defining criteria in order to 

recognize fixed-channel alluvial plains in the geologic record based on outcrop exposures and 

published literature: (i) isolated ribbon sand bodies with steep channel margins at the base 

and sharp flat upper terminations, commonly grading laterally into heterolithic wings of 

crevasse/levee deposits; (ii) a high proportion of fine-grained overbank sediment encasing 

coarser-grained channel bodies; (iii) ribbon channel bodies that commonly share an upper 

stratigraphic termination; (iv) laterally stable channels with predominant (but not exclusive) 

vertical accretion; (v) channels arranged in 3D networks (not visible in vertical facies 

profiles); and (vi) splays at similar levels thinning out in opposite directions (Fig. 3A). 

As discussed by Davies and Gibling (2011) the style described in their 

aforementioned criteria is characterized by sandy or heterolithic channel deposits encased in 

mudstone. Therefore, fixed channels with a different textural configuration are not 

considered, for example: (i) sand-dominated systems, where sandy channels are separated by 

sandy ridges or islands and are not encased within mud; and (ii) mud-dominated systems 

where muddy channel sediments exhibit reworked pedogenic mud aggregates, with banks 

reinforced by clay. Davies and Gibling (2011) also propose that the expansion of trees in the 

Early Pennsylvanian marks the onset of anabranching because vegetation promotes island 

stabilization and river avulsions due to increase of log jams. However, this hypothesis does 
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not consider anabranching systems that are not formed via avulsion and assumes that the only 

mechanism to promote island stabilization is through vegetation.  

Davies and Gibling (2011) recognize the limitations of their approach, however, their 

criteria seem to perpetuate the notion that anabranching rivers are only represented by the 

humid, organic reach type. As in the case of modern anabranching systems, this knowledge-

gap emphasizes the need for the development of models that are based on processes, rather 

than developing ill-conditioned and ill-defined models; a point previously made by Carling et 

al. (2014). 

2.3 Channel body geometry: where do fixed river systems plot? 

Channel body geometry (Fig. 3C) relationships are an important aspect of well 

correlation and subsurface modeling (Bridge and Tye, 2000; Martinius and Naess, 2005; Tye, 

2013; Lunt et al., 2013). Improved understanding of relationships between channel deposit 

width and depth will result in better interpretation of subsurface data. Channel body geometry 

relationships are also important because they reflect processes such as lateral migration 

versus vertical accretion.  

Compilation of channel body geometries extracted from the geologic record has 

allowed the construction of width to depth plots. These data sets were constructed using 

information from published literature, where tight envelopes were constructed around the 

collective data (Gibling, 2006). Figure 3B shows the envelopes for fixed, meandering and 

braided channel bodies presented in Gibling (2006). Comparison of these envelopes shows 

that the narrowest channel bodies are present in fixed rivers, while the channel bodies from 

meandering rivers have intermediate widths, braided systems have the widest and thickest 

channel bodies. This trend reflects the fact that fixed-channels, as the name indicates, show 

little evidence for lateral migration of channels and bars. Conversely, the dimensions of 

meandering rivers reflect the lateral migration of the system. In braided systems, the channel 
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bodies are composed of small bodies, that present many smaller, erosionally based bodies 

that are laterally and vertically stacked. These bodies encompass barform deposits and 

bedload sheets (Gibling, 2006). 

The contrasting trend between fixed and braided river systems is also clearly 

illustrated in Figure 3A. The overlapping between envelopes reflects the variation of systems 

and factors such as catchment area, tectonic setting and climate might affect the broad trend 

previously mentioned. 

Despite the fact that Gibling’s (2006) dataset is an excellent compilation, the 

geometric data from Quaternary fixed systems is limited to two examples from mid-size 

temperate rivers (Columbia and Rhine-Meuse), and only 14% of the examples from the rock 

record are not from northern latitudes. This reflects the need for expanding these types of 

geometric datasets to include rivers in different settings.  

2.3 Conclusion  

This literature review highlights the limited quantitative understanding the fluvial 

community has about the processes generating anabranching systems in the modern 

environment. This translates to the ancient, as the deposits we observe in the rock record are 

the result of sediment deposition by physical process, and there is a lack of physical basis in 

the understanding of planform classification. Defining the conditions under which avulsion or 

flow splitting around accreting bars results in channel division has been identified as key to 

advancing the understanding of planform classification (Carling et al., 2014) and of better 

understanding the mechanisms by which anabranching rivers form. Investigating anabranch 

formation by bar formation and avulsion form key foci of my PhD thesis. 

There is limited availability of channel and channel belt geometry data, and facies 

descriptions. Hence, there is a need for developing a dataset encompassing a larger spectrum 

of river systems, for example including equatorial and southern hemisphere rivers, and those 
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from non-temperate climates. This will enable the broad trends observed in the Gibling 

(2006) dataset to be tested; will they still hold true if more variability in factors such as 

catchment area, tectonic setting and climate are considered? My research includes two new 

case-studies that provide detailed observations from two previously unstudied rivers in 

remote southern hemisphere locations, one from a dryland climate and the other from a 

tropical humid climate.  

The similarities between geomorphic elements from different climatic settings also 

emphasize the importance of understating first order controls to improve physical models and 

to start moving towards the prediction stage of sedimentary geology.  
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Table and figure captions 

 

Table 1. Comparison of sedimentary features of anabranching rivers in The Upper Columbia 

River (Makaske, 2001 and references therein); the Upper Inland Niger Delta, Mali (Makaske, 

2001); Channel Country Rivers, Australia (Gibling et al., 1998 and references therein); Negro 

River, Brazil (Latrubesse and Franzinelli, 2005). 

 

Figure 1. Selected planform pattern classifications. See text for a detailed description of each 

classification. 

 

Figure 2. Geomorphologic and sedimentary features observed in climatic end members of 

anabranching rivers presented as a textural facies model (A-C1) or as a part of topographic 

transects (C2-D1). D2) Field photo of a representative bank of the Mariuá Islands. The sandy 

core of the island has planar cross-bed stratification at the bottom and fine-grained sediments 

at the top. See text for a comprehensive description of each system.  

Figure 3. A) Sedimentary signatures of fixed-channel alluvial plains. Note the contrast in 

sand-body geometry between the anabranching fixed-channel deposits of the Arroyo del 

Agua Formation and the sheet-like braided-fluvial sandstones of the underlying El Cobre 

Canyon Formation (Cutler Group (Pennsylvanian-Permian), New Mexico, USA) Modified 

from (Davies and Gibling, (2011) B) Width : thickness (depth) plots of Fixed, meandering 

and braided channel bodies. Data from Gibling, (2006). C) Sketch depicting the difference 

between a channel and a channel body deposit where lateral migration prevails.  

  



33 
 

Table 1 

 Upper Columbia River, BC, 
Canada 

Upper 
Inland Niger 
Delta, Mali 

Channel 
Country 
Rivers, 
Australia 

Negro 
River,  
Amazon, 
Brazil 

 
Climate 

 
Temperate 

 
Dryland 

 
Dryland 

 
Humid 
tropical 
 

Geomorphic 
elements 
associated 
with 
channels 

Crevasse splays, floodbasins, 
levees, channels 

Levees are 
present but 
not as large as 
in humid 
settings, 
channels, 
floodplains 

Levees, 
channels and 
waterholes. 
Accretionary 
benches are 
present along 
convex banks 
in sinuous 
reaches. 
 

Levees, 
channels 

Geomorphic 
elements 
associated 
with 
floodplains 

Marshes lakes and mires Dune 
complexes 
and seasonal 
lakes 

Aeolian dunes 
and saline 
lakes 

Lakes 

     
Sediment 
type 

Coarse silt to coarse sand, 
deposits of this caliber can be 
interbedded/interlaminated 
with muds or organic muds. 
Lakes and marshes exhibit 
laminated clay and silt that 
can present bioturbation, 
while marsh deposits consist 
of organic and clastic mud 

Fine-grained 
sediments are 
present in the 
floodplain 
while sand 
deposits can 
be either 
present in 
dune 
complexes or 
in channel 
fills. The 
coarsest grain 
size is 
observed in 
terraced 
alluvial fan 
deposits 

Mainly sand-
sized mud 
aggregates 
with suspended 
fines and 
quartz sand. 
Floodplains are 
bounded by 
desert 
pavement 
(colloquially 
known as 
Gibber plains 
in Australia).    

Sandy 
islands 
capped 
with mud 
sediments 
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ABSTRACT

Intracratonic dryland basins have been common 
throughout geological time and significant hydrocarbon 
reservoirs are contained in these basins. Based on a 
literature compilation of fluvial dryland reservoirs, the 
authors demonstrate the need for new modern analogue 
data from dryland fluvial systems, and present new field 
data from the Neales River, in the Lake Eyre catchment. 
The selected study reach has a complex planform, with a 
downstream transition from single channel to anabranching. 
Results of the observations of the channel bed grain size, 
the geomorphology and the channel geometry (width and 
depth) allow the authors to infer that the channel bed grain 
size is more strongly related to planform geomorphology than 
the channel geometry (width to depth ratios). Based on the 
grain size and channel geometry data the authors present, 
the authors conclude that the planform geomorphology 
exerts a greater control on channel bed material size than 
channel geometry. This interpretation is based on the 
analysis of satellite imagery, topographic survey data and 
grain size descriptions. In this paper, the authors provide 
channel geometry data and grain size data that will improve 
understanding of dryland fluvial sedimentology. The authors 
hope this contributes to enhancing hydrocarbon exploration 
and production in petroleum reservoirs developed in dryland 
fluvial settings.

KEYWORDS

Dryland, reservoir, modern analogue, ephemeral, channel 
geometry, channel planform, endorheic basin, Lake Eyre Basin. 

INTRODUCTION

Dryland endorheic basins have been prevalent throughout 
geological history and their deposits can be of significant 
economic importance as hydrocarbon reservoirs, examples 
include; the Rotliegend Group, UK; the Sergi Formation, 
Brazil; the Upper Triassic Argilo-Gréseux Inférieur, North 
Africa; and the Productive Series, Caspian Sea (George and 
Berry, 1993; Turner et al, 2001; Hinds et al, 2004; Scherer et 
al, 2007; Abbasi et al, 2012). Parts of these reservoirs are of 
fluvial origin, thus to establish reservoir volume and produc-
ibility, quantitative estimates of grain size and channel body 
dimensions are required. These data sets are often sparse and 
if 3D-seismic data was available, channel bodies can be be-
low seismic resolution (Bridge and Tye, 2000; Gibling, 2006). 
Modern analogue investigations at field and reservoir scales 

provide valuable information.  Dryland fluvial reservoirs can 
be particularly challenging because of the relatively high vari-
ability in sediment transport conditions that generate these 
deposits.  The term dryland is ascribed to deserts or semi-
deserts spanning low to high latitude regions (Tooth, 2000). 
Warm dryland settings have been defined as areas with low 
precipitation to potential evapotranspiration ratios (< 0.65) 
with scarce, irregularly distributed or temporally variable 
vegetation cover (Tooth, 2000). The interplay of low annual 
precipitation and high evapotranspiration regulates fluvial 
activity and results in the presence of ephemeral rivers (Bull 
and Kirkby, 2002), in which the magnitude of flow events 
can vary significantly. The impact of these variable river 
discharges on geometries and deposits of ephemeral rivers 
is not well understood, which has significant implications for 
interpretation and the modelling of deposits in the rock record. 
For example, high magnitude events generate deposits of large 
calibre, whereas low magnitude events can accumulate finer-
grained deposits. If preserved, these may form baffles within 
channel body reservoir deposits.  Present understanding of 
dryland fluvial environments and their hydrodynamics is 
limited by the scarce number of gauging stations, the irregular 
occurrence of rainfall, the ephemeral nature of the streams 
and the unevenness of the spatial distribution of precipitation 
(Knighton and  Nanson, 1994; Sweet, 1999; Tooth, 2000). 

The intracratonic dryland in Lake Eyre catchment, central 
Australia is a widely used analogue for ancient dryland reservoirs 
(Hinds et al, 2004; Scherer et al, 2007; Brookfield, 2008). Previous 
research has focused on the terminal splay complexes that form 
where rivers debouch into Lake Eyre (Lang et al, 2004; Fisher 
et al, 2008), the geomorphology and sedimentology of the 
Channel Country rivers to the east of Lake Eyre (e.g. Gibling et 
al, 1998; Knighton and Nanson, 2000; Fagan and Nanson, 2004), 
the cenozoic stratigraphy (Croke et al, 1998) and sediment 
provenance (Menacherry, 2008) of the lower Neales River to the 
west of Lake Eyre, and the playa lake deposits (Magee et al, 1995). 
Vast tracts of river within this large basin have not been studied, 
to date the geomorphology and fluvial sedimentology of the 
rivers to the west of Lake Eyre have not been described through 
field investigation. The river systems to the west of Lake Eyre have 
patterns as complex as those in the east with different geologic 
and climatic controls, such as a different tectonic configuration, 
underlying lithology and an uneven temporal precipitation 
(Costelloe et al, 2005; Waclawik et al, 2008). The investigation 
of the channel geometry and deposit grain size of these rivers 
will result in data from a wider range of studied dryland fluvial 
conditions being available to enable datasets to be created that 
contain improved ranges of natural variability for incorporation 
into subsurface interpretations.  
The purpose of this paper is to: 
1. highlight the worldwide applicability of the Lake Eyre 

catchment as a modern analogue for fluvial reservoirs 
in dryland endorheic basins; by presenting examples of 
dryland endorheic basins throughout geologic time and 
a global map of dryland sequences containing petroleum 
reservoirs; 
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2. provide a process-based-model based on detailed 
topographic and sedimentologic survey data from a 
new field investigation site at the Neales River, Lake Eyre 
catchment; and, 

3. produce an up-to-date dataset that contains channel 
geometry data from the Neales River data, and published 
datasets from modern drylands and their ancient 
counterparts. 

This paper’s aim is that the channel geometry data and in-
vestigation of process-controls on deposit lithology presented 
in this study will be incorporated into the development of pe-
troleum reservoirs in dryland fluvial settings. This would lead 
to a better understanding of the uncertainty in the prediction of 
channel body reservoir deposit geometries, connectivity, qual-
ity, and reservoir volumes. 

BACKGROUND

Global context of ancient drylands and dryland 
reservoir sedimentology

Figure 1 presents the locations of identified dryland deposits 
on palaeogeographic maps of the Middle–Late Permian, Middle 
Triassic and Late Jurassic (data from Scotese, 2000), which span 
most of the time range when the supercontinent Pangaea ex-
isted (Mid-Carboniferous to Jurassic; Klein and Beauchamp, 
1994). Sustained arid climates prevailed during Pangaea times, 
mainly because of the effect of continentality, meaning that the 
climate was affected because of  the remoteness from the ocean 
and oceanic air  (Crowley, 1994; Henderson et al, 2012). After 
the Late Triassic, global climate changed as a result of the frag-
mentation of Pangaea and thus, aridity decreased worldwide 
(Klein and Beauchamp, 1994; Scotese, 2000).

Although the presence of drylands is not restricted to the 
geologic time when Pangaea existed and its occurrence depends 
on non-mutually exclusive factors, such as global atmospheric 
circulation, continentality, rain-shadow created by topography, 
and cold upwelling ocean currents (Thomas, 1997); it greatly 
illustrates the relationship between aridity and continentality, 
and the occurrence of ancient drylands in intracratonic basins. 
As shown in Figure 2, dryland petroleum reservoirs are pres-
ent globally. Their worldwide distribution reflects the fact that 
palaeogeographic configuration of continents were different in 
the past, favouring at times when ample dryland formation. In 
some cases those reservoirs contain significant hydrocarbon 
accumulations, for instance the sandstone bodies of the Sergi 
Formation, Brazil host 2,277 million BBL. (362 million m3) of 
oil in place (Scherer et al, 2007).

The heterogeneity and complexity of these ancient dryland 
successions reflects the interplay of both subaqueous (fluvi-
al and lacustrine) and aeolian processes, requiring complex 
multi-process facies models to effectively characterise their 
variability (e.g. George and Berry, 1993; Mountney, 2012). 
These multi-process facies models contain lithofacies compris-
ing conglomerates, sandstone, mudstone and evaporites (Table 
1). Table 1 presents a summary of ten dryland reservoir succes-
sions, from eighteen published articles. Conglomeratic facies, 
including intraformational conglomerates, are interpreted to be 
generated by fluvial deposition during storm events (e.g. Brook-
field, 2008) and in some cases by alluvial fans (e.g. Mancini et 
al, 1985; George and Berry, 1993; Howell and Mountney, 1997). 
Sandstone facies are associated with a wide variety of deposi-
tional environments spanning sheetflood fluvial deposits (see 
North and Davidson, 2012 for a useful discussion on this term), 
ephemeral channels and short-lived lacustrine deposits (e.g. 
Turner et al, 2001; Scherer et al, 2007; Melvin et al, 2010), and 

aeolian dunes (e.g. George and Berry, 1993; Howell and Mount-
ney, 1997;  Scherer et al, 2007). Mudstone facies are ascribed 
to overbank, floodplain and lacustrine deposits (e.g. Turner et 
al, 2001; Hinds et al, 2004; Abbasi et al, 2012). Evaporite accu-
mulations are attributed to deposits of playas while calcretes 
are used as indicators of arid paleosols (e.g. George and Berry, 
1993; Howell and Mountney, 1997; Turner et al, 2001; Brook-
field, 2008). Only two of the eighteen compiled references pre-
sented in Table 1 contain quantitative channel geometric data, 
showing the lack of quantitative geometric data available from 
published studies of fluvial reservoirs developed in dryland 
settings. In some of those publications, the river is described 
as being ephemeral, but no information about the planform 
geometry is presented or discussed, thus it is not possible to 
infer the three-dimensional shape of the sandstone body or 
the reservoir geometry. This is due to the difficulty of obtaining 
three-dimensional data of body geometry from subsurface data. 

Modern analogues provide an opportunity to observe lat-
eral changes in deposit geometry and grain size along the same 
temporal surface while knowing the present temperature,  
precipitation and recent (holocene) climate conditions. The 
fluvial systems of the Lake Eyre catchment offer an excellent 
opportunity to fill gaps in knowledge highlighted in subsurface 
studies through detailed descriptions of these modern dryland 
depositional systems. 

Regional setting Neales River, Australia

The Neales River is one of the major fluvial systems within 
the Lake Eyre catchment in central Australia, an endorheic ba-
sin with an area of 1,200,000 km2 (Geoscience Australia, 2011). 
Lake Eyre is the depositional centre, a large playa lake with a 
minimum elevation of -15.6 m AHD (Australian Height Datum). 
The presence of significant sedimentary deposits from the Late 
Palaeocene-Early Eocene age has been used as evidence to sug-
gest that the basin has been endorheic since the Early Palaeo-
gene (Benbow et al, 1995; Alley, 1998). The Neales River has a 
catchment area of 35,000 km2 (Geoscience Australia, 2011) and 
extends to 430 km, draining an area to the west of Lake Eyre. 
Climate in the Neales River catchment is arid with a mean an-
nual precipitation of 160 mm, a mean minimum temperature of 
15° C and a mean maximum of 29° C (Bureau of Meteorology). 
Rainfall is non-periodic and is dependent on moisture brought 
on by westerly circulation and occasional incursions of tropical 
systems from the north (Kotwicki and Isdale, 1991; Croke et al, 
1996). The significant topographic features are the west of Lake 
Eyre are the Denison Ranges (Fig. 3b; maximum elevation of 
400 m AHD), which form a relatively proximal sediment source 
to Lake Eyre and are important geologic control for the rivers 
draining the catchment to the west of the playa lake. 

The Neales River was selected as the focus of this study’s 
investigation for the following reasons: 
1. it has a complex planform geomorphology; 
2. its fluvial geomorphology and sedimentology have not 

been previously studied, when such studies have been con-
ducted on the eastern rivers (Channel Country) and thus 
providing a useful comparison of the Lake Eyre catchment 
analogue data; and, 

3. the sedimentary deposits at the terminus on the Neales 
River in Lake Eyre (the Neales Terminal Splay Complex) 
have previously been studied (Lang et al, 2004), offering a 
useful downstream calibration point of sediment calibre 
for this paper’s study.

The Neales River displays numerous changes in river pattern 
along its length, often transitioning between single channel and 
anabranching morphologies. Anabranching rivers are defined 
as a network of hydrodynamically-connected multiple channels 
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UFUF

Figure 1. Palaeogeographic maps showing the location of identified ancient dryland deposits (triangles; modified from Scotese, 2000). The stars show the palaeogeographic location 

of dryland reservoirs (Late Jurassic: NF= Norphlet Formation, SF= Sergi Formation; Middle Triassic: AGI= Argilo-Greséux Inférieur, SSG= Sherwood Sandstone Group; Permian: GF= 

Gharif Formation, RG= Rotliegend Group, UF=Unayzah Formation).

Continued next page.
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Table 1. A summary of literature research of petroleum reservoirs in dryland sequences. The summary contains information about 
formation names, lithofacies, interpreted depositional environments, age and reservoir locations. 

Continued from previous page.

Table continued next page.
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separated by stable islands (cf. Nanson and Knighton, 1996; 
Makaske, 2001). The reach selected for the detailed analogue 
investigation occurs downstream of a constriction point, likely 
formed due to the difference in erodibility between the Cre-
taceous mudstone-dominated formations and the Proterozoic 
to Cambrian metamorphic rocks and diapiric breccia  exposed 
in the Denison ranges (Rogers and Freeman, 1993; Fig. 3b). 
Gradient change due to fault movement could also cause the 
constriction point (e.g. Holbrook and Schumm, 1999) but  fur-
ther investigation is required to determine this. At this con-
striction point, a large waterhole has formed (the Algebuckina 
Waterhole). Waterholes are self-scouring sections of channels 
that retain water and are a reoccuring feature in the Lake Eyre 
catchment and in other dryland settings (e.g. Knighton and 
Nanson, 2000; Valeix et al, 2010). The Algebuckina Waterhole 

is 2.5 km long, and terminates in distributary channels, some 
of which develop into an anabranching reach after approxi-
mately 1.5 km (Fig. 4). The anabranching reach then extends for 
approximately 30 km downstream until its confluence with the 
Peake Creek, downstream from which the planform is a single 
channel until it debouches into Lake Eyre (Figure 3b).

Methods

This investigation of fluvial geomorphology and sedimentol-
ogy in the selected study reach of the Neales River focused on 
the description of channel geometries, spatial changes in chan-
nel geometry and channel bed material grain size (as a proxy 
for likely reservoir deposit grain size). These data are then com-
pared with available data from studied rivers to the east of Lake 

Table continued from previous page.

Figure 2. A map showing present locations of petroleum reservoirs in dryland sequences. The references are listed in Table 1. 
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Eyre. Satellite image mapping was carried out using ArcMap 
software and images from Google Earth Pro to enable the plan-
form morphology of channels to be described. Fieldwork was 
then conducted with detailed topographic transects surveyed 
using a Real Time Kinematic Geographic Positioning System 
(RTK GPS). The transect locations were established to obtain 
channel geometric data of a regionally significant waterhole 
(transect 1, length: 2 km), its distributary channels (transect 2, 
length: 2.1 km) and the downstream anabranching channels 
(transect 3, length: 3.6 km; see Fig. 4). Channel width and depth 
values was then extracted from the survey data. Channel depth 
was measured from the highest point on the levees or adjacent 
floodplain to the deepest part of the channel. Channel width 
was measured between the highest points of the channel on 
either side, as illustrated in Figure 5. Standard grain size de-
scriptions of surficial channel bed material were recorded for 
all channels traversed by the surveyed transects. These visual 
observations of grain size included the range and the dominant 
grain size (using the Wentworth Scale), sorting, and any spatial 

variation in grain size within the locality of the transect location 
(e.g. patchiness of the grain size distribution along the channel 
bed or the presence of bars).  

Results

MAPPING AND FIELD OBSERVATIONS 

Satellite image interpretation resulted in the mapping of 
channels, as depicted in Figure 4. Field investigation at the site 
confirmed this channel pattern with one very significant differ-
ence: distinct channels with a coarse bed material size, located 
in the northern areas of transects 1 and 2 exist that were not 
included when mapping channels based on the satellite imag-
ery because they lacked distinct boundaries (Figure 4). They 
occur in an area of floodplain that is lower in elevation than the 
floodplain to the south by 1.3 m in T1 (proximal to the water-
hole) and 1.1 m in T2 (proximal to the distributary channels). 

CHANNEL WIDTH AND DEPTH VALUES

All channel width and depth measurements are plotted in 
Figure 6. These can clearly be described as plotting in three 
regions of the graph as a function of channel depth (Fig. 6). The 
Algebuckina Waterhole is the deepest of all channels followed 
by the two distributary channels from T2 that contained water. 
As a result the depths plotted are due to the water depth and 
are an under-representation of true channel depth. The Alge-
buckina Waterhole also contained water at the time of survey-
ing, however this location had previously been fully surveyed 
by Costelloe (2011). The authors were able to combine their 
survey data with Costelloe (2011) to obtain a good estimation 
of channel depth. This provides an estimation of water depth 
in the Algebuckina Waterhole to be 4.8 m. The water depth in 
the two T2 distributary channels that contained water is un-
likely to be as great as this; however, if this depth of water was 
applied to these, the resultant estimated total depths of these 
T2 channels would be smaller than the Algebuckina Waterhole 
at T1. The third grouping of data is from channels with depths 
less than 2 m and a range of widths between 11.3–91.1 m. This 
group of shallow channels contains channels that are located 
in the northern, lower-elevation floodplain areas of transects 
1 and 2, the three shallower (dry) T2 distributary channels and 
all of the anabranching channels of transect 3. No trends were 
apparent based on width or the width to depth ratio (w:d). No 
evidence for lateral migration of channels was observed in the 
field or from satellite images.

BED MATERIAL GRAIN SIZE 

Observations of channel bed material are presented in 
Figure 8. Bed material grain sizes ranged from silt to cobble. 
In most surveyed channels, bed material grain size was rela-
tively similar across the width of the channel. Transects were 
not surveyed on the axes of bends and major barforms were 
only observed in some of the surveyed channels. 

The maximum grain size observed was 30 cm (long axis 
length). Overall, the anabranching channels (T3) contain the 
finest channel bed material with a predominant grain size in the 
sand fraction (Figs 7 and 8). The bed material in the channels 
located in the low elevation floodplain areas of T1 and T2 are 
more poorly sorted and contain gravel fractions up to pebble. 
The coarsest bed material was observed in the distributary 
channels with cobbles up to 30 cm (long axis). It is important 
to note that these observations of bed material clasts would 
not have been transported as bed-load. This is an ephemeral 
river and observations were made from dry channels. Some 

Figure 3. Map locations of: (a) the Lake Eyre catchment, Australia and its major 

watercourses, the circle indicates general area of previous studies of Channel Country 

rivers, east of Lake Eyre (e.g. Knighton and Nanson, 2000); (b) the location of the 

study site in relation to the mid–lower Neales River and Lake Eyre. The rectangle in 

(b) depicts the area of the image presented in Figure 4.
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Figure 4.  (a) Satellite image of the study site and (b) with major flow paths an-

notated. The symbols show the location of the measured channels along the three 

transects. Blue lines show channels mapped from satellite image interpretation.  

Grey shading blocks out the interfluves to show the floodplain and channels 

within the study reach. Image from Google Earth. For the location of the study 

reach see Figure 3.

Figure 5. A sketch depicting the method used to calculate the width and depth 

of surveyed channels. The black line depicts an example of a channel cross-section 

from survey data.

of the finer grain sizes are likely to have been deposited from 
saltation and suspension transport, during and after the waning 
flow stage of the hydrograph. Some finer grains may have been 
deposited following aeolian transport. Conversely, some finer 
grain sizes may have been eroded as the result of wind action. 
No obvious aeolian reworking or aeolian-deposit morphologies 
were noted within the channel bed deposits. 

INTERPRETATION

Based on the spatial distribution of these observations of 
channel bed grain size, geomorphology and channel geometry, 
the authors infer that the channel bed grain size is more strong-
ly related to planform geomorphology than channel geometry 
(w:d ratios). Focusing on the coarsest particles observed in each 
channel as an indicator of flow competence (and disregarding 
the finest fractions as these may be the result of saltation or 
suspension load), the coarsest particles were observed in the 
distributary channels (in T2; cobble), followed by the shallow 
channels to the north of T1 and T2 (pebble) and followed by 
the anabranching channels (in T3; typically coarse–very coarse 
sand and one channel with pebble). It must be noted that bed 
material in the water-filled channels (T1 in the Algebuckina 
Waterhole and two T2 distributary channels) was not observed. 
The location of the coarsest observed bed material being in 
the distributary channels fits with the likely occurrence of high 
discharge through the waterhole, which is the main conduit for 
flow in this reach, followed by rapid deposition at its terminus 
and within the distributary channels as flow competence de-
creases downstream. The authors expected the bed material 
size within the waterhole (T1) to be smaller than that observed 
in the T2 distributary channels. Deposition of the largest clasts 
in these channels may happen during peak discharge (Fig. 9). 
Deposition within the waterhole is likely to dominate during the 
waning stage of flow when competence is less and bed material 
size may be smaller. It is perhaps that the smallest maximum 
bed material size occurs in the anabranching channels where 
flow is distributed through the greatest number of channels (11 
dominant channels) and therefore is likely to have decreased 
competence. Both bed material size and channel depth are fair-
ly consistent between all anabranching channels in this tran-
sect (T3). The relatively large bed material clast sizes observed 

Figure 6. A plot showing depth and width data for the surveyed channels within 

the studied reach of the Neales River. 
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in the shallow channels of T1 and T2 in combination with their 
floodplain elevation indicates that these channels are conduits 
for flow during extremely high discharge flood events, rather 
than during lower-flow discharges. These shallow and broad 
channels are located in a relatively low-elevation region of the 
floodplain, which is still of greater elevation than the bed of 
the waterhole channel. Low flow discharge (below bankfull in 
the waterhole) is transported through the waterhole and dis-
tributary channels, and that moderately-high discharges (over-
bank events) deposit sediment onto the proximal floodplain (as 
levees), thus resulting in this area of floodplain being higher 
in elevation than the distal floodplain to the north. This lower 
floodplain to the north, distal to the waterhole and distributary 
channels is interpreted to receive flow only during larger floods 
(very high discharge events). When the entire floodplain is in-
undated, flow competence is relatively high in this location due 
to the constriction of the floodplain. These shallow channels 
therefore transport relatively large clasts as bed-load. These 
observations and interpretations are significant when think-
ing about the interpretation of the subsurface. Such variability 
in channel geometry and grain size across a single floodplain 
or downstream along a short reach not predicted from satel-
lite image mapping, which is not likely to be incorporated into 
palaeo-environmental reconstructions and geological models 
to explain or predict subsurface geology. 

DISCUSSION

Channel Geometry 

Figure 10 presents a comparison between this paper’s channel 
geometry data with those from the Channel Country (Knighton 
and Nanson, 2000) and from a global dataset of ancient dryland 
river deposits reviewed and presented by Gibling (2006). The 
observation that channel geometry varies as a function of river 

Figure 8. The depiction of grain size observations for each of the surveyed chan-

nels. Note the difference between the grain size distributions observed in T3 

channels compared with those from T2 and T1. The transect and river planform 

geometry are labelled. S = silt, vfs = very fine sand, fs = fine sand, ms = medium 

sand, cs = coarse sand, vcs = very coarse sand, g = granule, p = pebble and 

c = cobble. Circles indicate observed grain sizes and shaded bars depict the grain 

size range for each channel. Blank spaces represent channels for which grain size 

was not observed (those containing water). Gravel fraction is localized in patches 

in channels 2, 4 ,10 and 12. Isolated granules are present in channels 5 and 13. 

Gravel fraction is evenly distributed in channels 15 and 16. 

Figure 7. Photographs of channel bed material depicting representative examples of: (a) and (b) low elevation floodplain channels from T1 and  T2; (c) anabranching 

channels from T3; (d) and (e) distributary channels from T2; (f ) shows an example of patchy coarse fraction distribution—the tree is approximately 3 m high.
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pattern is consistent with observations from other parts of the 
Lake Eyre catchment (the Channel Country rivers to the east), 
where waterholes are the deepest and anabranching channels 
are the shallowest (Knighton and Nanson, 2000; Fig. 10). The 
waterholes reported by Knighton and Nanson (2000) are all shal-
lower and wider than the Algebuckina Waterhole by values of 
3 m and 14 m respectively, when using their average data. Con-
versely, the anabranching channels Knighton and Nanson (2000) 
described are all deeper than the ones presented  from the Neales 
River by 2 m when comparing average depths from both locations. 

When comparing these modern analogue data with those 
from the ancient record (Fig. 10), it is important to note that 
the Gibling (2006) dataset presents channel body deposit width 
as opposed to channel width (Fig. 10a). The original articles 
that present these data however do not present any evidence 
for lateral migration. Some interpretations are of braided river 
(Porter, 1987; Hinds et al, 2004) or distal alluvial fan (Horne, 
1975; Porter, 1987) depositional environments. It is, therefore 
likely that the channel body data presented are similar to the 
width of the channel that produced the deposits as opposed 

to a meandering river that will produce a wider channel body 
than the channel that formed it. The channels reported in the 
present study are of low sinuosity and are fixed (not laterally 
migrating), they have a width that should be comparable with 
those presented in the Gibling (2006) dataset. In addition, Gib-
ling (2006) did not include channel body deposits of less than 
1 m thick in his analysis. Any comparison of this paper’s data 
with the Gibling (2006) dataset needs to be conducted for chan-
nels with depths of 1 m or greater.

From this study of the Neales River, the waterhole and dis-
tributary channels containing water had depths greater than 
1 m and are within the envelope of the ancient dryland global 
dataset (Fig. 10b). Some of the shallow channels in the north-
ern (low-elevation floodplain) areas of T1 and T2 and the 
anabranching channels (T3) plot within the lower right corner 
of the Gibling (2006) envelope (n=3), but the majority plot out-
side it (n=21), to the right (i.e. they have greater widths than 
the ancient global dataset would anticipate), or have a depth of 
less than 1 m, this is expected since the Gibling (2006) dataset 
does not contain channel body deposits of less than 1 m thick.

Figure 9. The conceptual model of lithofacies distribution as related to planform morphology based on the observations presented in this study. Logs show the expected 

vertical distribution of grain size based on some sparse subsurface field observations and interpretations of presented data.  See interpretation section for details. 
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Figure 10. (a) Sketch depicting the difference between a channel and a channel body deposit, based on Gibling (2006); (b) width versus depth of modern channels and 

ancient channel body deposits from drylands. Data is from the present study (see Figure 6 for symbols) and from published data (Knighton and Nanson, 2000; Hinds et al, 

2004; Gibling, 2006; Scherer et al, 2007). Data is explained in the legend, except for the two data points from Knighton and Nanson (2000), which represent mean width 

and depth values, one for waterholes (greater depth) and the other for anabranching channels.

Continued next page.
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This study also included the data from the only two pub-
lished descriptions of dryland petroleum reservoirs that report 
channel body width and thickness measurements taken from 
outcrops (Hinds et al, 2004; Scherer et al, 2007) in this compari-
son plot (Fig.10b). They are in concordance with the range of 
the Gibling (2006) dataset and overlap with the w:d geometries 
of channels presented in this study.

Despite the fact that waterholes are preserved in the geologic 
record (Falcon-Lang et al, 2004) there is no geometric data re-
ported in the literature. This lack of data surrounding waterhole 
geometry and characteristics of their preserved deposits results 
in much uncertainty regarding how they would effectively be 
incorporated into subsurface models. Identification of a water-
hole deposit in the subsurface will depend on whether their fill 
and/or geometry is markedly different to that of nearby chan-
nels. The authors and other studies (e.g. Knighton and Nanson, 
2000) note that geometry is different and further research is 
required to investigate the nature of their fill. 

Bed material grain size

Bed material grain sizes in this studied reach are typically 
poorly sorted. Largest grain sizes (bed load) range from cobble 
in the distributary channels, pebble in the channels located in 
the low elevation floodplain and predominantly sand in the 
anabranching channels. Observations from the terminus of the 
Neales River in Lake Eyre (the Neales Terminal Splay Complex; 
Lang et al, 2004), 128 km downstream of the study site, are of 
channel bed material grain sizes of fine–very coarse sand. Over-
all, bed material grain size is decreasing downstream. The in-
terpreted processes controlling deposition of the largest clasts 
at the study site, at the terminus of the waterhole, however show 
that the change in grain size downstream is not a gradual one. 
Instead of a gradual decrease in bed material size downstream, 
the authors observed deposition of the largest clasts close to 
the apex of the waterhole; changes in geomorphology therefore 
exerting a primary control on clast size. On a catchment-scale, it 
is clear that the relatively coarse size of bed material observed at 
the study site is likely to be related to the proximity of the source 
(the Denison Ranges; 3.5 km upstream). Some publications in-
terpret the presence of conglomerates in dryland successions 
as the result of deposition during flood events in ephemeral 
rivers (e.g. Mancini et al, 1985; Turner et al, 2001; Scherer et al, 
2007). Though the observations support this, they importantly 
highlight that a range of differently sized deposits can form 
during flood events in ephemeral rivers, and the location of 
conglomerates may provide a useful tool for the interpretation 
of flow dynamics and planform morphology. 

The occurrence of mud drapes, mud curls and mud in-
traclasts also been described as characteristic of deposits of 
ephemeral rivers. Based on observations of modern ephemeral 
rivers in Kenya; Reid and Frostick (2007) proposed that ephem-
eral rivers carry significant amounts of clay as suspended load 
during the last stages of flow (e.g. several grams of clay per litre). 
These are then deposited to form mud drapes within the chan-
nel, as opposed to perennial rivers which do not attain low 
enough velocities within channels to deposit clays until after 
channel abandonment. Although desiccation cracks and mud 
curls were observed in the Neales River, they were not predomi-
nant unlike the coarse fraction. None of the channels contained 
thick mud deposits; the thickest were in rare localised scours 
with a maximum mud thickness of up to 5 cm. It is, however, 
likely that upon drying of water within the Algebuckina Water-
hole and two water-filled distributary channels, a thicker mud 
deposit will be present than in the locations observed during 

this study. Whether this is preserved or not during subsequent 
flow events is not known and would require coring within these 
channel deposits to investigate. It is also possible that mud was 
deposited in the channels surveyed and this has since been 
eroded by aeolian processes. Despite this, similar processes 
are likely to have occurred in similar settings in the geologic 
past, which would result in the preservation of similar deposits; 
that is those that do not include mud drapes in channel body 
deposits. Rivers in the eastern Lake Eyre catchment Channel 
Country are well known to be dominated by mud, and in par-
ticular, mud-aggregates (silt- and sand-sized mud clasts that 
are transported as bed-load; e.g. Gibling et al, 1998; Maroulis 
and Nanson, 1996). These were not observed in this study. The 
occurrence of mud deposits within ephemeral channels is likely 
to be a function of mud availability, distance from the source 
area, energy of flow events, and the presence of localised areas 
of scour within channels that would be more likely to pond 
waning flow and deposit any suspended load. 

In addition to the proximity of the source as a control on 
bed material grain size, it is likely that river discharge exerts an 
important control. There are no gauging stations on the Neales 
River to provide discharge data, although it has been modelled 
(Costelloe et al, 2005). The modelling suggests that this is a flashy 
system with events that last a maximum of 9 days. In contrast, 
flood events in the Channel Country rivers typically have a du-
ration of 24–96 days for single-peak and complex multiple-peak 
events, respectively (Knighton and Nanson, 2001). In the Chan-
nel Country rivers, the sediment traverses approximately 700 km 
from the Great Dividing Range before being deposited at the sites 
where anabranching has been described. Conversely, the present 
study site is adjacent to the Denison Ranges and 200 km from 
the Stuart Ranges, which are the western limit of the catchment 
and the most distant source for these western rivers. In addition, 
the surface geology of the Channel Country rivers is dominated 
by the mudstone and sandstone of the Winton and Mackunda 
Formations, whereas in the Neales River metamorphic rocks 
and diapiric breccia are present. This variability between the 
mud-dominated Channel Country rivers and the sand-gravel 
dominated Neales River is likely to be primarily controlled by 
the outcropping geology in these different parts of the basin. This 
shows that the Lake Eyre basin is able to provide a wide range 
of different fluvial analogues. Not all anabranching rivers of the 
Lake Eyre Basin are mud-dominated, some are sand-dominated. 
The authors hypothesise that it is likely that the three surveyed 
channels that contained water at the time of the study (of a total 
of 27 channels) will likely have a mud deposit overlying coarser 
bed material, as a result of the suspended load trapped within 
these ponded reaches of channel once discharge waned. The 
thickness of any such deposit will depend on the amount of sus-
pended load present during waning stages of the last discharge 
event and its preservation potential. 

APPLICATIONS TO RESERVOIR CHARACTERISATION AND 
THE SUBSURFACE

Any deposit observed in the modern environment has been 
preserved since it was deposited and has the potential to be 
preserved in the rock record. How commonly this occurs is a 
pertinent question that enables researchers to focus on deposi-
tional settings deemed most likely to be preserved. It is known 
from the rock record however that low-preservation potential 
deposits do get preserved over geological time. This is why a 
process-based interpretation of sedimentary deposits and mod-
ern landforms is important to enable robust interpretation of 
deposits observed in the ancient record.

Continued from previous page.
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The Lake Eyre Basin (Tertiary–Recent) is a low accom-
modation setting and has preserved up to a > 400 m thick 
succession. The underlying Eromanga (Late Triassic–Late 
Cretaceous) and Cooper (Late Carboniferous–Middle Trias-
sic) Basins were formed through similar geodynamic pro-
cesses, and have preserved economically important deposits 
from dominantly fluvial and lacustrine environments (e.g. Al-
ley, 1998). Within the Quaternary succession of the Lake Eyre 
Basin, reaches of the Channel Country rivers to the east have 
preserved sediments, the oldest of which that have been dated 
are 200–300 ka at 10–15 m below the floodplain surface (Ma-
roulis et al, 2007).  Thick Quaternary deposits, however are not 
as likely to occur in the rivers to the east. The Neales River has 
an incisional planform in its downstream reaches (Amos et 
al, 2012) and is interpreted to have incised as a result of cli-
mate changes that occurred between 50 and 31 ka (Croke et al, 
1998). While the sedimentary record of the Neales River has 
not been tested with drilling or deep excavation, preservation 
of Quaternary fluvial deposits has been observed in cut bank 
exposures (4.4 m thickness) in the region (Mann and Wadey, 
2013). They have not been dated, thus it is not possible to know 
the timescales of deposit preservation relative to potential in-
cision. The studied site on the Neales River presented in this 
paper certainly has the potential to be preserved. In addition, 
and perhaps more fundamentally, the analysis of data from a 
process-based perspective means that conclusions drawn can 
be applied to other localities. The exposure of bed-rock plays 
a key role in the constriction of the Neales River, resultant flu-
vial morphology and sedimentology downstream of this point. 
This is not something that would occur in strong aggradational 
systems. Although similar fluvial morphologies have been ob-
served to occur as a result of constriction caused by aeolian 
dune deposits (Knighton and Nanson, 2000). The authors are 
confident that their observations and the processes interpreted 
to control deposit character in this study reach may occur in 
aggradational systems, and may thus exist in the rock record.

Channel geometry relationships are an important aspect 
of well correlation and subsurface modeling (Bridge and Tye, 
2000; Martinius and Naess, 2005; Tye, 2013; Lunt et al, 2013). 
Improved understanding of relationships between channel 
deposit width and depth will result in better interpretion of 
subsurface data. At present, this does not necessarily result in 
a narrower range of likely channel body width; instead it results 
in awareness of the wide range of widths possible for any one 
thickness. Understanding factors such as the likely planform 
geomorphology of the river can help to narrow this range. 

Variability between channel and waterhole geometry and 
between waterholes in different fluvial systems (the Neales 
River versus Channel Country rivers) highlights the importance 
of improved channel geometric datasets to better understand 
variability in natural systems. This will enable a better way 
to apply channel body deposit width and depth geometries,  
realistic evaluation of uncertainty and interpretations of 
subsurface data. The factors controlling this variability in 
channel geometry are the focus of ongoing research. 

Results of this study indicate that significant changes in de-
posit grain size variation might be useful to predict changes in 
deposit architecture (related to the observed modern changes 
in planform morphology), as results show key variations in 
grain size at a reach scale are related to changes in planform 
geomorphology, with deposition of the largest clasts close to the 
apex of the waterhole. Of the channel bed deposits observed, 
the anabranching channels would potentially present the best 
reservoir quality since they showed the best sorting of all channels 
and grain sizes mostly in the sand fraction. Since anabranching 
channels are developed in the same temporal surface and form 
a connected network, it is likely that connectivity between the 

deposits of these channels would be good. The authors have 
presented a hypothesis that the deepest waterholes are likely to 
contain a mud deposit overlying the coarser (sand-gravel) bed 
material. If preserved, these mud deposits would form baffles or 
barriers to flow within the channel body reservoir deposits. The 
thickness of any such deposit and its preservation through the 
subsequent flood events would have a substantial impact on the 
role of such deposits as baffles or barriers to flow within preserved 
deposits in the subsurface. This indicates that these waterhole 
deposit successions would form a good focus for future research.

To generate the complex channel geometry and lithofacies 
distribution presented in this study by using commercially 
available modelling software, a specific algorithm would have 
to be created to reflect that complexity. It is important to be 
aware that the algorithm would be based on the dimensions 
provided by the user. The model would be stochastic, not pro-
cess-based, and therefore would not acknowledge sediment 
transport processess (De Boer et al, 2008). Despite the fact that 
the application and generation of stochastic models is direct 
and simple, the authors hope that when using modelling soft-
ware the user is aware of these limitations. Since it is not easy 
to incorporate the variability observed in this reach of river to 
subsurface models, perhaps one way in which these observa-
tions may be most useful is to enable geologists interpreting 
subsurface data from dryland successions to be aware of this 
potential causal mechanism for seemingly anomalous data.

CONCLUSIONS

This paper presents new data from a reach of the Neales 
River, Lake Eyre catchment, which was selected because it con-
tains a downstream transition in planform morphology from 
single channel to anabranching. The data presented in this 
study was then compared with published channel geometry 
data from the Lake Eyre catchment, ancient fluvial deposits and 
dryland petroleum reservoirs. The key findings of this paper are 
summarised below:
• This paper presents channel geometry (width and depth) 

data for 27 channels within the study reach on the Neales 
River, and a description of channel bed material grain size. 
Some significant channels in the northern areas of transects 
1 and 2 could not be easily defined from interpretation 
of satellite imagery and were only evident when the site 
was ground-truthed. Grain sizes ranged up to cobble and 
were typically poorly sorted. Channel widths range from 
11 m–91 m while depths range from 0.4 m–7.4m. Channel 
geometries fit into three trends, the deepest being the wa-
terhole and the next deepest being water-filled distributary 
channels. All other channels (dry distributary channels, 
anabranching channels and interpreted high-flow chan-
nels) all have a similar depth. The bed material of the wa-
terhole and water-filled distributary channels could not be 
observed. As for the others, the distributary channels had 
the largest bed load grain size (cobble) and anabranch-
ing channels had the smallest (sand). These observations 
show that geomorphology exerts a greater influence on bed 
material grain size than channel geometry. The coarsest 
bed material is deposited within a discrete reach length at 
the apex of the waterhole and in the distributary channels. 
The smallest and best-sorted bed material was found in 
the anabranching channels. A larger bed material size was 
observed in shallow, broad channels within a low-elevation 
region of the floodplain, distal to the waterhole and distribu-
tary channels. Which was interpreted to be deposited during 
very high discharge events. This relationship emphasises 
the importance of understanding the controls on sediment 
deposition by rivers and using a process-based approach 
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for understanding spatial variability. This approach could 
potentially provide better interpretations of the subsurface 
than probability-based geostatistical models often used in 
reservoir modelling. Ongoing research is focusing on un-
derstanding controls on planform geometry and sediment 
deposition in dryland fluvial settings. The variations in chan-
nel pattern, channel width and depth observed here in less 
than 8 km reach length highlights the challenges faced when 
interpreting dryland rivers in the subsurface. 

• Comparison of the channel geometry data presented in this 
study with the global channel body geometry dataset for 
ancient dryland river deposits showed that the dry channels 
at the field site were wider and shallower than the channel 
bodies. Conversely, channel geometry dimensions of the wet 
channels at the field site that contained water were within 
the range of the ancient dataset. 

• From this study site, anabranching channel deposits 
would likely present the best reservoir material due to 
the sorting and grain size fraction (sand). Conversely, the 
deepest channels would likely form baffles or barriers to 
flow because they may potentially contain mud deposits 
overlying coarser grain sizes (estimated to be sand-gravel 
sized). Results of this study indicate that significant changes 
in deposit grain size variation might be useful to predict 
changes in deposit architecture (planform morphology in  
modern) as results show that  variation in grain size is related 
to changes in planform geomorphology, with deposition of 
the largest clasts close to the apex of the waterhole.

• The Lake Eyre basin is a suitable modern analogue for many 
ancient intracratonic dryland basins but caution has to be 
taken when applying it to the geologic record. The deposi-
tional elements of the Lake Eyre Basin, as in any other natu-
ral system, contain a wide spectrum of deposits. The eastern 
Channel Country rivers contain finer grain sizes while this 
study shows that the rivers to the west are characterised by 
larger particle sizes. This is likely to be the result of their 
relative proximity to the source area, the surface geology, 
and flashiness of flood discharges.
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Abstract 

We present sedimentologic, topographic, geologic, and remote sensing data of a river reach 

exhibiting a change from single channel to anabranching, in order to explore geologic and 

topographic controls causing that planform change. The studied reach is part of the dryland 

Neales River, central Australia (western Lake Eyre catchment). Statistically significantly 

larger floodplain width values in the anabranching reach compared to the single channel 

reach allow us to propose that the change in floodplain width is a primary control in the 

development of anabranching. This is in accordance with other Australian anabranching 

rivers, highlighting that a change in floodplain width seems to be necessary for the 

development of anabranching; as opposed to the control on floodplain width itself. Research 

is needed to unravel which other conditions are necessary within a fluvial system for a 

downstream increase in floodplain width to result in the development of anabranching.  

Keywords: Anabranching river, boundary conditions, floodplain, planform morphology.  

 

1. Introduction   
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Anabranching rivers (including anastomosing) have been defined as a system of 

multiple channels separated by large, stable alluvial islands that divide flows at discharges up 

to nearly bankfull (cf. Nanson and Knighton, 1996). Anabranching rivers are challenging to 

understand because empirical methods for channel-pattern discrimination and prediction are 

not successful in classifying these types of fluvial system (Tooth and Nanson, 2004; 

Kleinhans and Van den Berg, 2011). While the proposed mechanisms for anabranch 

formation include avulsion (Knighton and Nanson, 1996; Jerolmack and Mohrig 2007; 

Kleinhans et al., 2012) and in-channel bar accretion (Huang and Nanson, 2000; Jansen and 

Nanson, 2004; Huang and Nanson, 2007) the controls favoring the formation of anabranching 

are not fully understood (Carling et al., 2014). 

Among all anabranching rivers, Australian anabranching rivers are considered an 

outlier. Interestingly, anabranching Australian rivers have been excluded from some of the 

physically based methods for channel pattern discrimination and from some of the proposed 

hypotheses for the development of anabranching. The justification for this is that Australian 

anabranching rivers are developed under complex boundary conditions (Eaton et al., 2010; 

Kleinhans et al., 2012) such as very low aggradation rates and wide floodplains. However, 

the width of these so-called “wide” Australian floodplains is in the same order of magnitude 

(10-20km, Cooper Creek; Knighton and Nanson, 2000) or even smaller (1-3km, Fitzroy 

River catchment; Amos et al., 2008) than other non-Australian anabranching floodplains 

(1.3km, Columbia River, Kleinhans et al., 2012; 12-30km, Paraná River; 10km, Congo River; 

7-30km, Magdalena River; Ashworth and Lewin, 2012; Latrubesse., 2015). Since the 

physical principles controlling river formation are universal, in order to fully understand the 

controls on river morphology, it is important that non-exclusive globally applicable models 

are developed.  

The lack of data available for many Australian anabranching rivers impedes further 
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investigation into the controls on anabranching, both for Australian rivers and for the 

development of globally applicable models. Additionally, sedimentologic descriptions of 

dryland rivers are sparse. Thus, this case-study represents a useful contribution to the global 

knowledgebase. The sedimentological descriptions presented here are valuable for the 

interpretation of dryland anabranching systems in the geologic record. In this paper, we 

present new data from a dryland river in central Australia (western Lake Eyre catchment), 

which offers an ideal setting to investigate the controls on the development of anabranching 

due to changes in river pattern from single channel to anabranching that occur along its 

length. 

The river systems to the west of Lake Eyre have patterns as complex as those in the 

east which have been previously studied (known as the Channel Country rivers: Gibling et 

al., 1998; Knighton and Nanson, 2000; Knighton and Nanson, 2001; Tooth and Nanson, 

2004; Fagan and Nanson, 2004) but they have developed under slightly different controls, 

such as a different tectonic configuration, underlying lithology and a more uneven temporal 

precipitation (Costelloe et al, 2005; Waclawik et al, 2008). The similarities and differences 

between these systems will enable comparisons to be made which should help the controls on 

fluvial style to be better explored.  

We (1) explore the controls that geology and topography (boundary conditions) play 

in the change from single channel to anabranching and (2) evaluate the geologic, topographic 

and sedimentologic evidence to elucidate the possible controls that generate this change in 

river planform. We aim to contribute to the discernment of anabranching rivers globally to 

move towards a more comprehensive understanding that is universally applicable.   

  

2. Background and regional setting 
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The Neales River is one of the major fluvial systems of the western part of the Lake 

Eyre catchment, central Australia, which has a catchment area of 1,200,000 km2 (Geoscience 

Australia, 2011; Fig. 1). It extends for 430 km and has a catchment area of 35,000 km2 

(Geoscience Australia, 2011). Along its course, the Neales River changes its river pattern 

between single channel and anabranching in several locations. The Neales River’s headwaters 

start on the stony tablelands (elevation 300 m), located at the western border of the Lake Eyre 

catchment (Costelloe et al., 2005). Then the river crosses the Proterozoic to Cambrian rocks 

exposed in the Denison Ranges (Rogers and Freeman, 1993; Fig. 2B), which form a 

constriction point. Downstream from the constriction point a large waterhole is present (the 

Algebuckina Waterhole). Waterholes are self-scouring sections of channels that retain water 

and occur commonly in the Lake Eyre catchment and in other dryland settings (e.g. Knighton 

and Nanson , 2000; Valeix et al, 2010). The Algebuckina Waterhole is 2.3 km long; at its 

terminus flow continues downstream through five distributary channels, some of which 

develop into an anabranching reach after approximately 1.5 km (Fig. 2C). The anabranching 

reach then extends for approximately 30 km, downstream of which it merges with the Peake 

Creek and becomes single channel until it debouches into Lake Eyre. Similar changes from 

single channel to anabranching are also observed in the Peake Creek, indicating that the 

studied reach is regionally representative. These systems present a transition from single 

channel to multiple channels with stable islands, wide floodplains and contain self-scouring 

sections of channels termed waterholes. 

We refer to single channel sections as river sections containing a dominant channel 

where coexisting channels could not be interpreted in satellite images. Distributary channels 

are referred to here as the channels present in the transition from the waterhole (single-

channel) to the anabranching (multiple-channel) section of the studied reach.  

2.1 Geology 
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The basement of the Denison Ranges, located upstream of the study reach, is 

composed of Paleoproterozoic metamorphics intruded by Paleoproterozoic and 

Mesoproterozoic granites and basic dikes (Rogers and Freeman, 1993). Faulted blocks of 

Cambrian to Ordovician diapiric breccia also crosscut the basement. Jurassic sandstone 

surrounds the basement and therefore creates a change in topography around the foothill of 

the ranges while the lowlands are composed of Cretaceous mudstone dominated formations 

(Fig. 2B). It has been proposed that the Denison Ranges were uplifted during the Tertiary 

because Jurassic and Cretaceous units proximal to the Denison Ranges are upturned 

(Ambrose et al., 1981). Pleistocene tectonic activity has been inferred to the south of the 

study area by vertical displacement of a surficial gypsite layer (Ambrose et al., 1981). 

Earthquakes (1988-2013) of magnitude up to 4.5 have been reported with epicenters less than 

4km from the field sites suggesting neotectonic activity in the area (SARIG, 2014).  

2.2 Climate and Rainfall 

Climate in the Neales River catchment is arid; mean annual rainfall is 160 mm, mean 

annual pan evapotranspiration rate is 3760mm (Costelloe, et al., 2005). Mean minimum 

temperature is 15°C and the mean maximum is 29°C (Bureau of Meteorology, 2013). Most of 

the rainfall takes place from December to March (Fig. 3A) despite the fact that the catchment 

is south of the influence of the Australian Monsoon (Croke et al., 1999; Costelloe et al., 

2005). However, significant events can occur during the winter due to the moisture brought 

by westerly circulation. This non-periodic behavior of precipitation confirms that the 

temporary variability of rainfall in the Neales catchment is one of the highest in Australia 

(Allan, 1985; Costelloe et al., 2005). Figure 3B illustrates the correlation between rainfall 

events and waterhole levels in the Algebuckina Waterhole. Although waterhole levels 

increase with significant rainfall events, water can be retained in the waterholes for months 

even if subsequent precipitation events do not occur.  
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No gauging stations are present in the Neales catchment. Nevertheless, anecdotal data 

suggest that in-channel flow events take place one or twice per year while floodplain 

inundation occurs roughly once every 10 years (Kotwicki, 1986). Rated discharges from the 

Algebuckina Waterhole based on opportunistic discharge measurements taken in the field 

during moderate flow levels indicate values up to 9,000 ML/day (Costelloe et al., 2005).  

 

3. Methods 

3.1 Remotely sensed data  

To investigate the interplay between planform geometry, topography and geology we 

compiled several sources of information. Satellite image mapping was carried out using 

ArcMap software and images from Google Earth Pro, to enable the planform morphology to 

be described. To investigate if there were any changes in gradient and planform geometry, a 

longitudinal profile was constructed from a hydrologically enforced (and smoothed; 

Geoscience Australia, 2011) digital elevation model derived from a one-second (30m 

resolution) shuttle radar topography mission (SRTM).To obtain a robust longitudinal profile, 

lines perpendicular to the floodplain and spaced every 500m were created; the mean elevation 

of each line was determined and used to generate the longitudinal profile. This provides an 

overall floodplain slope, which is a more robust metric than a profile generated from one 

centerline, which may span a range of geomorphic elements (channel, levee, and floodplain).  

Floodplain width was determined from the same lines used to obtain the longitudinal 

profile. The extent of the floodplain was determined by using satellite photos during flow 

events (http://landsatlook.usgs.gov) and by using the escarpment line between the floodplain 

and the interfluve, evident in SRTM data. Sinuosity of the anabranching channels was 

calculated for every combination of possible major flow path. The values reported here are 
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the mean sinuosity values of all these flow paths. Major faults and the distribution of rock 

units were extracted from the geologic map of South Australia, scale 1:100,000 (SARIG).  

3.2 Field and grain size analysis methods  

To explore the relationship between channel geometry (with and depth), grain size 

distribution and planform geometry, fieldwork was then conducted. Detailed topographic 

transects were surveyed using a real time kinematic GPS (centimetric horizontal and vertical 

accuracy). The transect locations were established in order to characterize topographic 

differences between the single channel (Transect 1, T1), transitional (Transect 2, T2) and 

anabranching sections (Transect 3, T3; Fig. 2C). The topographic survey was carried out at a 

detailed resolution (survey points separated by lateral distances of between 0.3 and 50 m) so 

that each geomorphic element was captured in the survey. Channel width and depth values 

were then extracted from these survey data; field observations were used to differentiate mid–

channel bars from channel banks. Channel depth was measured from the top of the bank or 

highest point on the levee to the deepest part of the channel. For channels with asymmetric 

banks, depth was measured from the lower of the two banks to the base of the channel. 

Channel width was quantified horizontally from the lowest of the two banks to the opposite 

channel wall.  

Standard grain size descriptions of surficial channel bed material were recorded for all 

channels traversed by the surveyed transects. These visual observations of grain size included 

the range and the dominant grain size (Wentworth Scale), sorting, and any spatial variation in 

grain size within the locality of the transect location (e.g. patchiness of the grain size 

distribution along the channel bed, or the presence of bars). Seventy-four surficial sediment 

samples (up to 5 cm below the surface) were collected along the transects. Where a surface 

lag was observed, this was sampled separately from the material below. These samples were 

representative of the observed geomorphic elements (floodplain, levee, channel bed and inter-
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distributary channel floodplain).  

To analyze the grain size quantitatively, samples were first oven dried at 50°C and 

sieved through a 2mm mesh (cf. Gale and Hoare, 1991). The organic matter was then 

removed by chemical digestion using 30% hydrogen peroxide following the procedure 

outlined in Lewis (1984). To increase the time of the reaction, the beakers and their contents 

were left in a warm bath at 65°C until little or no reaction was occurring. Afterwards, the 

samples were oven-dried. The  fraction smaller than 2mm was analyzed in a Beckman 

Coulter LP13320 laser sizer with samples running with the aqueous liquid module, and 2 

micron filtered fresh water as a fluid medium. This was capable of measuring grains with a 

long axis of 1.8mm-0.38 m. The fraction larger than 2mm was weighed to incorporate the 

result from grain sizes larger than 2mm with the results obtained from the laser sizer; the later 

values were normalized so that the percent of each grain size was adjusted by the ratio of the 

mass of the sample smaller than 2mm and the total mass. Thus, the total grain size 

distributions presented are a weighted average of the gravel fraction and the sand-clay 

fraction. Since the largest mesh size used was 2mm, sediment samples plotted at this size 

should be regarded as containing grain sizes of 2mm and larger. Statistical parameters were 

calculated in GRADISTAT after the grain size distributions were normalized using the R 

Project for statistical computing (R Core Team, 2013).  

 

4. Results  

4.1 Regional controls 

A lithological change occurs in the studied reach, between the competent 

metamorphic and igneous Proterozoic to Cambrian rocks, which outcrop in the Denison 

Ranges and proximal area, and the more easily erodible Cretaceous sedimentary rocks which 

outcrop downstream (Fig. 2). That lithological change coincides with a change in floodplain 
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width (Fig. 2B) and a convexity on the longitudinal profile (Fig. 4). This lithological change 

occurs due to an 8km long major fault (striking NW-SE) to the east of the Denison Ranges 

(Figs 2 and 4). It is unknown if the fault is active due to the lack of detailed structural and 

thermochronological studies in the area.  

After the river crosses onto the more easily erodible Cretaceous sedimentary rocks, 

the floodplain width increases (Fig. 2B). This increase in floodplain width also coincides with 

a change in planform geometry; from a bedrock-controlled low-sinuosity channel to the start 

of the straight Algebuckina Waterhole (Fig. 2). Floodplain width increases downstream along 

the length of the Algebuckina Waterhole and ‘transitional’ planform reaches, to a fluctuating 

but consistently increased floodplain width in the anabranching reach. The floodplain widths 

measured in the anabranching reach are significantly larger (mean = 2069m) than those in the 

single channel reach (mean = 1038m; p = 2.89x10-7, df. = 15.75; Fig. 4). Down-valley 

floodplain slope in the anabranching reach is 0.0007, while in the single channel reach 

(downstream of the fault) is 0.0002. 

4.2 Topographic data 

The most prominent features in T1 are the waterhole and its alluvial ridge, and a low 

elevation floodplain which contains shallow channels (Fig. 5A). The waterhole is deep (7.9 

m) and narrow (66 m) and exhibits natural levees, which are defined by the first significant 

break in topography (Fig. 5B). The northern levee has a larger area and a shallower slope 

(cross sectional area = 8.87m2, slope = 0.02) than the southern levee (cross sectional area = 

5.59 m2, slope = 0.06). Due to the presence of water in the waterhole, we were only able to 

measure to the water level. The total depth of the waterhole presented here was estimated by 

combining our results with those from a previous survey conducted by Costelloe (2011). The 

difference in elevation between the highest point on the waterhole levee and the lowest 
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floodplain elevation is approximately 1.3m. The area of low elevation floodplain contains 

channels with depths of 0.3 -1.2 m and widths of 16.9 – 55.7 m (Fig. 6A and 7).   

Transect 2 displays five distributary channels and an area of low elevation floodplain 

that contains shallow channels (Fig. 5C). The two distributary channels that contained water 

are the deepest, since the measured depths to the water levels (4.2 and 3.9 m) were greater 

than that measured to the base of the other, dry, channels (< 2 m). In the channels containing 

water, the depth of water above the channel bed was not measured, so these represent an 

underestimate of channel depth (Table 1). In this transect, only the northern side of the most 

northern distributary channel contained a levee (Fig. 5C), with a cross-sectional area of 

29.21m2 and a slope of 0.04. The width of the low elevation floodplain is 1017.9m and the 

difference in elevation between the top of the northern distributary channel levee and the low 

elevation floodplain is approximately 1.1m. As in T1, the low elevation floodplain contains 

channels shallower than 2m (Fig. 6B and Table 1).  

Transect 3 contains multiple anabranching channels across the floodplain (Fig. 5D). 

These channels were all dry; their depths do not exceed 2m and no distinctive levees were 

observed (Figs. 5D, 6C, 7). This transect has the widest floodplain, confirming the 

observation based on the remotely sensed data (Fig. 4).  

From comparison of these data it is apparent that the waterhole is the deepest of all 

channels (7.9m) followed by the two distributary channels that contained water, which have 

depths larger than ~ 4m (Figure 5). Depths in the distributary channels with no water range 

from 1.5 to 2m. The channels from the northern part of T1 and T2 (the areas of low elevation 

floodplain), and all of the T3 channels have depths smaller than 2m. In the transitional reach, 

the two deepest channels are the ones from which the majority of the anabranches develop 

(Fig. 2C). In all three transects the floodplain is bounded by desert pavement.  
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Dunes and ripples were only observed inside the channels of T3. Dunes display crest 

heights of no more than 20cm and wavelength of no more than 50cm. Ripples present crests 

heights of no more than 5cm and wavelength of no more than 10cm. Vegetated shadow bars 

are present throughout the floodplains of all transects (Fig. 7A). Their height ranges from 

0.5m to 1m, their longitudinal axis is no more than 10m and their cross section is no wider 

than 5m. Scours downstream of trees were commonly observed in the low elevation 

floodplain in T1 and T2 (Fig. 7B).  

The waterhole, the distributary and the anabranching channels are distinctly bounded 

by riparian vegetation (Eucalyptus coolabah and Acacia Fig. 6C and 8C). The channels in the 

lower elevation floodplain present scattered trees instead of a distinct tree line. Shrubs such 

as salt and emu bush (Altriplex and Eremophila) as well as grasses are present throughout the 

floodplain and in most of the cases are stabilizing the shadow bars.  

4.3 Grain size distributions 

Grain size distributions are presented in Figure 9. The floodplain sediments from the 

anabranching reach (T3) show the tightest floodplain grain size distribution observed in the 

entire field area (Fig. 8G). Conversely, floodplain sediments in T1 and T2 are very 

heterogeneous, gravel patches on the floodplain are present in both of these transects (Fig. 

8A, 8D). 

The sample taken in the only levee present in T2 (i13) has the same mean grain size 

as the levee samples of T1, which is very coarse silt, but its distribution is narrower (Fig. 8B, 

8E).  

Overall, the anabranching channels (T3) contain the finest and most consistent 

channel bed material with a predominant grain size in the sand fraction (Fig. 8H). The bed 

material in the channels located in the low elevation floodplain areas of T1 and T2 are more 

poorly sorted and contain gravel fractions (Fig. 8C, 8F). The highest percentage of sand-
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gravel sediments and largest gravel sizes were observed in the floodplain of the distributary 

channels and in the distributary channels of T2 (Fig. 8E). It must be noted that bed material in 

the water-filled channels (T1 in the Algebuckina Waterhole and the two deepest T2 

distributary channels) was not observed.  

The overall poor sorting observed in the sediments can likely be explained by the 

ephemerality of the system. Some of the finer grain sizes are likely to have been deposited 

from saltation and suspension transport, during and after the waning flow stage of the 

hydrograph. Some finer grains may have been deposited from later aeolian transport while 

some may have been eroded as the result of wind action. An additional factor contributing to 

the poor sorting is the stratigraphy underlying and surrounding this river system. While the 

coarse bed material observed at the study site is likely to be related to the Denison Ranges, 

only 3.5 km upstream, the more proximal Cretaceous mudstones could be a local supply of 

fine grain sediments. Material on the interfluve (desert pavement) comprises both cobble and 

mud and this is also likely to be brought into the river system. 

 

5 Controls on planform geometry 

Significantly larger floodplain width values in the anabranching reach compared with 

the single channel reach (Figs. 2 and 4) suggests that this downstream change in floodplain 

width is linked to the development of anabranching. This observation is consistent with the 

observations from Knighton and Nanson (2000; a study of Cooper Creek, eastern Lake Eyre 

catchment, central Australia) and Amos et al. (2008; a study of the Fitzroy River, north-

eastern Australia). Knighton and Nanson (2000) highlight the importance of flow 

convergence and divergence in the developing of anabranching due to floodplain constriction 

points present in-between sand dunes. Amos et al. (2008) conducted a statistically-based 

catchment-scale analysis and found that the anabranching reaches have a tendency towards 
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wider floodplains and lower valley slopes. In a recent compilation of mega-rivers 

(Latrubesse, 2015) anabranching rivers, on average, have wider floodplains compared to 

other planform patterns.  

In the present study, the increase in floodplain width occurs downstream of a change 

in underlying lithology caused by a fault. It is therefore important to explore whether we can 

relate the subsequent change in planform morphology and floodplain width to the lithological 

change (and change in resistance to erosion) or other tectonic forcing, such as fault-controlled 

change in slope.  Current geomechanical studies, such as the one presented in Hillis and 

Reynolds (2003) are regional, thus with the available data it is not possible to determine if 

this particular fault is active. However, there is some evidence that does not rule out this 

possibility. This fault is part of a series of lineaments that are likely to have been reactivated 

as high-angle reverse fault during the uplifting of the Deninson Ranges in the Tertiary 

(Ambrose et al., 1981; Waclawik et al., 2008). Fault plane focal mechanisms from 

earthquakes in the area indicate that a compressional regime is active in the study area (Hillis 

and Reynolds, 2003) with the maximum horizontal stress at an orientation that could 

reactivate these faults with a reverse sense. In the hypothetical case that the major fault is 

active, slope adjustment could have taken place to compensate different aggradation rates at 

each side of the fault. Incision rates could be higher in the waterhole due to tectonic control. 

It is interesting to note that the Algebuckina Waterhole is the deepest waterhole in the Neales 

River catchment (Costelloe, 2011) and is deeper than the waterholes in the Channel Country 

rivers (Knighton and Nanson, 2000). Studies in tectonically active zones in Italy and in 

Nevada have demonstrated that river incision can increase due to tectonic forcing (Holbrook 

and Schumm, 1999; Whittaker et al., 2007). The inflection in the longitudinal profile between 

the major fault and T1 (Fig. 4) could also be related to tectonic forcing. It is not likely to be 

caused by a fall in base level because the proposed limit of lacustrine deposition during Lake 
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Eyre’s highstand is 100 km downstream of the study area (Croke et al., 1998). To test 

whether the fault is currently active and causing the change in planform morphology and 

floodplain width, further detailed structural and thermochoronogical studies would have to be 

carried out.  

In addition to the major fault, there is an inferred fault depicted in the geologic map 

(Fig. 2B) which aligns with the change between the transitional reach and the anabranching 

reach. However, there is neither a dramatic change in slope nor a change in lithology here; 

both formations at each side of the inferred fault are predominantly composed of mudstone. 

Thus, this inferred fault is either not playing a role in the establishment of anabranching or 

the fault was interpreted to be there incorrectly. The latter could easily occur because the 

geologic mapping was conducted over a large remote area. 

Given that floodplain width dramatically begins to increase immediately downstream 

of the major fault, and reaches a relatively stable wider floodplain value at the point at which 

an anabranching planform is established (Fig. 4), it is likely that the change in floodplain 

width is resulting in the change in planform, not the other way round. Other studies have 

shown an association between the two, but not implied which one is the result of the other 

(Knighton and Nanson, 2000; Amos et al., 2008; Latrubesse, 2015). We tentatively 

hypothesize that the development of anabranching is linked to an increased floodplain width, 

if other conditions are met, and thus the cause by which width increases is not important. 

There is clearly a need for more case studies of anabranching rivers, to add to the available 

data. We suggest that the key question that now needs to be answered is: what other aspects 

are required in a fluvial system for a downstream increase in floodplain width to result in the 

development of anabranching? Morphodynamical modelling could be a powerful tool to 

explore other conditions necessary for the development of anabranching, and will be the 

focus of further investigation.  
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6. Conclusions 

In this study, we have investigated the role that geology and topography play in 

controlling the change from single channel to anabranching in a reach of the Neales River, 

Australia.  

The studied reach is described in detail. We conclude that this development of 

anabranching is related to a downstream change in floodplain width, which occurs 

downstream of a fault, due to a lithological change from more resistive to more erosive 

substrate. We do not reject the possibility that neotectonic activity could play a role on the 

change in planform morphology (slope change and differential subsidence), but there is not 

sufficient data available to evaluate whether the fault is presently active or not. We 

hypothesize that development of anabranching is the result of an increase in floodplain width. 

The key question to be answered next is what other aspects of this fluvial system enables a 

threshold to be crossed upon a downstream increase in floodplain width, that results in the 

development of anabranching. We expect these physical controls to be globally applicable, 

not specific only to Australian rivers. Future models explaining the development of 

anabranching  should not exclude Australian anabranching rivers from their models. 
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Table and figure captions 

 

Table 1. Width and depth channel data extracted at transects T1, T2 and T3. Location of 

waterhole and channels Ca-Ce is detailed in Figure 5. Depths of the distributary channels 

around 4m are minimum depths because this channels contained water and it was not possible 

to measure total depth. 

Figure 1. A) Location map of the study site in relation to the mid-lower Neales River and 

Lake Eyre, black lines depict main watercourses, light grey lines show the extent of the type 

of planform geometry S.C.= single channel, An.= anabranching and dark grey lines represent 

contour lines. The dashed grey rectangle displays the area of the satellite image presented in 

Figure 1B, while the black rectangle shows the area of the image presented in Figure 2. Inset 

shows the Lake Eyre catchment (grey shade), Australia and the dot the location of the field 

area. Watercourses and catchment limits are from Geoscience Australia, 2011 

(ftp://ftp.bom.gov.au/anon/home/geofabric/). B) Satellite image of the field showing the 

studied change from single channel to anabranching in the Neales River.  

 

Figure 2. A) Satellite image of the field site during a flow event December 12 2001 

(http://landsatlook.usgs.gov/). B) Geologic map of the field area scale 1:100.000 (South 

Australian Resource Information Geoserver- SARIG), blue lines represent channels that 

could be mapped at a scale of 1:10000 from the satellite image. Qha1= Present day Holocene 

alluvium; Qha2= Holocene sand capping dune fields; Qa3= Pleistocene-Holocene deposits; 

Kmo= Oodnadata Formation; Kmb= Bulldog Shale; Knc= Cadna-owie Formation; JK-a= 

Algebuckina Sandstone; EOd2= Diapiric breccia; Nk= Neoproterozoic Curdimurka 

Subgroup; Le1= Paleoproterozoic Gneiss; dashed black line represents Inferred fault; solid 
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black line depicts observed fault.  C) Dark blue lines show mapped channels, black lines 

display location of topographic transects (T1, T2 and T3), the light blue depicts the 

Algebuckina waterhole, grey colored areas represent the interfluve and white areas the 

floodplain visually interpreted from satellite images and SRTM data. S.C.= single channel, T. 

= transition, An.= anabranching. Dashed black lines show the limits of S.C. and T. reaches 

shown in Figure 4. Solid grey lines show the location of observed faults while dashed grey 

lines inferred faults.  (South Australian Resource Information Geoserver- SARIG). D) 

Satellite image of the investigated reach. 

 

Figure 3. A) Minimum, mean and maximum of the monthly rainfall (total of all available 

daily rainfall data for the month) for the Oodnadatta station (See Figure 1 for location) 1987-

2012 as well as the monthly rain for 2011 and 2012. B) Monthly rainfall for the Oodnadatta 

station 2000-2007 and waterhole levels for the weather station at the Algebuckina waterhole 

(See Figure 2 for location). The waterhole level dataset is only available for 2000-2007. Data 

from the Australian Bureau of Meteorology and from the Department of Water and Natural 

resources, South Australia. 

 

Figure 4. Longitudinal profile of the studied reach (grey line) and changes in floodplain width 

(solid black line) with distance downstream. Arrows show the location of tributary 

confluences (T.C.). The dark grey vertical rectangle shows the fault location (See location of 

fault in plan view in Figure 2C), dashed vertical lines show the location of planform 

geometry boundaries, S.C.= single channel, T. = transition, An.= anabranching, AW= The 

Algebuckina waterhole. Locations of transects (T1, T2 and T3) are shown by the black 

circles.  
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Figure 5. Cross-sections of the surveyed transects A) T1 W= waterhole. B) Detail of 

waterhole in T1 with previous published topographic surveys from Costelloe (2011). Notice 

the variability in depth between 2001-2003 and 2009. C) T2. Ca, Cb, Cc, Cd, and Ce are the 

distributary channels. D) T3. In all plots black triangles indicate channels containing water 

and cross-hatching denotes observed desert pavement. In all plots dark grey arrows show the 

location of the grain size samples, f= floodplain, c=channel, l=levee, i= inter-distributary 

channel floodplain.  Note the exaggerated vertical scale. Flow direction is towards the reader 

in all the figures. 

 

Figure 6. Satellite image with respective cross sections of A) low elevation floodplain T1, B) 

low elevation floodplain T2 and C) extract of T3. For all figures the black horizontal line 

indicates the transect line, the white asterisk shows locations of photos presented in Figure 

8A and 8C, and grey vertical arrows indicate the correlation of major features between the 

satellite image and the cross-section. Black arrows show how width and depth of channels 

was determined. Flow direction is towards the reader.   

 

Figure 7. Field photos of: A) example of vegetated shadow bars outlined by dashed lines, 

flow direction is from right to left; B) channel located in the low elevation floodplain T1, 

white line highlights the scour, flow direction is left to right; C) a channel in T3, flow 

direction is towards the reader. 
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Figure 8. Grain size distribution of samples collected from different elements along each of 

the transects (T1, T2 and T3). Sample location is shown in Figure 5. See text for details. In 

T1 levee arrows indicate increasing distance from channel on southern and northern levees as 

labeled. Location of photos 8B and 8C is shown in Figures 6A and 6C respectively. A 

detailed grain size description is provided in the data repository.  

 

Figure 9. Field photos of: A) example of uneven distribution of the coarse fraction; B) 

channel bed material in the low elevation floodplain channels from T1; C) gravel deposits at 

the terminus of the waterhole in T2, flow direction is towards the reader ; D) channel bed 

material in one of the distributary channels from T2. 
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Table 1 

 
Channel width (m) Channel depth (m) 

NRT1- Waterhole 65.93 7.42 
NRT1 51.72 0.67 
NRT1 24.88 1.16 
NRT1 23.89 0.48 
NRT1 19.26 0.69 
NRT1 46.28 0.34 
NRT1 16.87 0.52 
NRT1 55.72 0.89 
NRT1 52.34 0.30 
NRT2- Ca 71.88 2.00 
NRT2- Cb 36.72 1.34 
NRT2- Cc 52.77 4.22 
NRT2- Cd 49.09 1.74 
NRT2- Ce 58.20 3.96 
NRT2 14.93 1.23 
NRT2 13.80 0.64 
NRT2 50.92 0.77 
NRT2 23.23 0.59 
NRT2 27.27 0.30 
NRT2 85.64 0.30 
NRT2 78.00 0.66 
NRT2 29.42 0.56 
NRT2 54.43 0.45 
NRT2 12.78 0.37 
NRT2 69.10 0.52 
NRT2 69.10 0.49 
NRT2 86.05 0.42 
NRT3 39.19 0.77 
NRT3 31.33 0.68 
NRT3 11.32 0.77 
NRT3 13.53 1.04 
NRT3 26.58 0.76 
NRT3 35.46 0.95 
NRT3 43.73 1.28 
NRT3 46.82 1.16 
NRT3 20.52 1.11 
NRT3 11.90 1.41 
NRT3 19.90 0.98 
NRT3 14.95 0.79 
NRT3 14.12 1.08 
NRT3 49.22 1.45 
NRT3 21.70 1.82 
NRT3 32.20 1.69 
NRT3 16.67 0.90 
NRT3 45.54 1.03 
NRT3 28.77 1.49 
NRT3 56.54 1.05 
NRT3 23.82 1.21 
NRT3 16.36 0.78 
NRT3 15.77 0.63 
NRT3 16.08 1.27 
NRT3 58.56 0.46 
NRT3 44.22 0.57 
NRT3 77.97 0.58 
NRT3 14.30 0.73 
NRT3 12.64 0.91 
NRT3 78.36 0.44 
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Figure 2  
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Figure 3  
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Figure 4  
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Figure 5  
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Figure 7 
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Detailed results of grain size analysis 

Results from the grain size analysis are presented, grouped by both transect and geomorphic 
element (Fig. 9). Sample location within the transects is illustrated in Figure 5.  

Transect 1 

Levee 

Grain sizes in the T1 levees exhibit a positively skewed distribution with mean grain sizes 
ranging from very coarse silt to very fine sand (method of Folk and Ward, 1957). Grain size 
decreases laterally away from the waterhole in both levees (Fig, 10B). The southern levee 
contains smaller mean grain sizes (d50 0.59mm- 0.86mm, fining exponent =0.004) and a 
more gradual fining rate compared to the northern levee (d50 0.89mm- 1.4mm, fining 
exponent =0.01).  

Floodplain 

Transect 1 floodplain sediments display a variety of grain size distributions, with mean values 
ranging from coarse silt to very coarse sand (Fig. 9). The different grain size groups 
described below represent the grain size heterogeneity observed in the floodplain deposits. 
From that wide spectrum, five groups were established and are detailed from finest to 
coarsest as follows: i) the finest grain sizes are present in desiccation-cracks and are observed 
throughout the floodplain; a good example was collected to the north of the waterhole with a 
mean grain size of coarse silt (f15), ii) southern proximal sediments (f01, f03) exhibit fine 
skewed distributions with a mean grain size of very coarse silt, iii) sediment samples 
containing bimodal distributions with the smallest mode at the clay fraction and the largest 
mode at the fine sand fraction (f13, f20, f29), iv) poorly sorted sediments with a polymodal 
distribution and mean grain sizes ranging between very fine sand and fine sand were 
generally observed on the channel overbanks (f18, f22, f23, f26), v) gravel patches on both 
the northern and the southern sides of the floodplain (f02, f16) exhibit a coarse tail with grain 
sizes larger than coarse sand (Fig 10A).  

Channel bed material 

Channel bed material in the waterhole was not sampled. Mean bed material grain size from 
the channels located in the northern low-elevation section of the floodplain ranges from 
medium sand to very coarse sand and all samples exhibit a coarse tail. The deepest of these 
channels exhibits the largest sand –gravel fraction (96.5%; c24). The bed material in the 
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channels located in the low elevation floodplain areas is poorly sorted and contains gravel 
fractions up to pebble (up to 6cm; Fig. 10B). 

Interpretation – T1 Grain size 

The finest grain sizes are located in the levees, whereas the coarsest distributions are present 
in the sampled low-elevation floodplain channels and in the gravel patches located in the low-
elevation floodplain.   

T2 

Floodplain 

The T2 floodplain sediment samples display a broad range of mean grain sizes from coarse 
silt to medium sand (Fig. 9A). From that range, three groups were established and are listed 
from finest to coarsest as follows i) the sample with the finest grain size, coarse silt, displays 
a very fine skewed distribution and is a good example of overbank deposits containing fine 
grain sizes (f22), ii) very poorly sorted with a polymodal distribution and mean grain sizes 
ranging from very fine to medium sand are common throughout the floodplain (f17, f20, f23, 
f24, f29, f30), iii) samples taken from gravel patches in the most southern floodplain exhibit a 
coarse tail with mean grain sizes of  fine sand  and medium sand (f01, f03).  

Overbank between distributary channels  

Most of the samples collected on the overbanks of the distributary zone are bimodal, very 
fine skewed with mean grain sizes of very coarse silt; this includes the sample located on the 
northern levee of channel Ce (Figs 5 & 9). The floodplain between channels Cd and Ce is 
lower elevation than the other inter-distributary floodplains, and is where the coarsest grain 
sizes were observed. A significant gravel deposit extends laterally for approximately 50m and 
presents cobbles up to 20 cm (long axis length, Fig. 10C). Its grain size distribution has a 
coarse tail with grain sizes larger than very coarse sand (i12, 93% sand-gravel fraction). The 
other sample collected from within this area has a mean size of very fine sand (i11).  

Channel bed material 

The channel bed material was sampled in two of the dry distributary channels and in the 
channels within the northern low elevation section of the floodplain. Five of the seven 
samples have a coarse tail, are poorly to very poorly sorted and mean grain sizes range from 
medium to very coarse sand. The distributary channel Cd presents cobbles no larger than 20 
cm (long axis length, Fig 10D), the sample taken at this channel for quantitative grain size 
analysis (c10) shows the highest percent of grain size larger than 2mm of all channels (Fig. 
5B, 9 and 10D).  

Interpretation – T2 Grain Size 

The coarsest grain size distributions were observed on the floodplain close to the deepest 
channel in the distributary zone (i12) and in the distributary channels (c04, c10) followed by 
the channels located in the low-elevation floodplain. The deposition of this coarse bed 
material within the distributary channel zone indicates a decrease in competence at the 
waterhole termination. 

T3 

Floodplain 
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Floodplain sediments from T3 present fine-skewed distributions with mean grain sizes 
ranging from very coarse silt to coarse silt (Fig. 9G).  

Channel bed material 

Mean grain sizes in the channel bed material from T3 range from coarse silt to coarse sand, 
mostly with a polymodal distribution (Fig. 9H). Predominant peaks occur at medium sand, 
coarse sand and coarse sand (>2mm). Five samples are dominated by the mid-range peak, and 
six samples are dominated by the coarsest peak (although three of these also contain the mid-
range peak). Only one sample is fine-skewed (c04) and it was taken in a location where mud 
deposits were less than 5cm thick, evenly distributed along the bed of the channel. 

Interpretation – T3 Grain Size 

No trend with distance from the floodplain edges was observed in the floodplain samples. 
There was no spatial pattern to channel bed material grain size. This suggests that flow 
intensity is consistent across the transect during in-channel flows and overbank floods.  

  



94 
 

4.3 Paper 3 

 

Morón, S, Edmonds, D. A., Amos, K., The role of floodplain aspect ratio in creating 
anabranching rivers. Submitted to Geophysical Research Letters.  
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1 Australian School of Petroleum, University of Adelaide, SA 5005, Australia.  

2Department of Geological Sciences and Center for Geospatial Data Analysis, Indiana 
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Key points 

 Anabranching rivers can originate from alluvial bar growth  

 Floodplain aspect ratio is a key parameter as it provides planform space for anabranch 

formation  

 Simulations show that vegetation is not a necessary condition for anabranch 

development  

Abstract 

Anabranching rivers are defined as a system of multiple channels separated by stable alluvial 

islands.  The origin of anabranching rivers is not well understood, especially compared to 

other planform patterns, like braided or meandering.  We propose that anabranching rivers 

can originate from alluvial bar growth similar to the origin of braided rivers.  This occurs on 

floodplains where the flow has a large aspect ratio (width divided by depth), which favors bar 

growth and the development of anabranching systems. To explore this principle we carried 

out a series of morphodynamic numerical simulations using boundary conditions from field-

scale modern anabranching rivers spanning different climatic and geologic settings as well as 

hypothetical floodplain aspect ratios.  Results from all simulations show that alluvial bar 

growth can be a precursor to formation of anabranching rivers.  The emergence of bars causes 

flow bifurcation.  Subsequent bifurcation instability leads to the emergence of multiple stable 
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anabranches.  As the anabranches increase their cross-sectional area, shear stresses on bars 

are reduced until they become stable islands, a hallmark of anabranching rivers. Floodplains 

with large aspect ratios favor the development of anabranching because the reduction in bar-

top shear stress caused by emergence of deep anabranches stabilizes the bar and hastens their 

transition to large, immobile islands. Compared with field measurements our simulations 

accurately predict the number of active channels, supporting the validity of this explanation 

for the origin of anabranching rivers.  

 

2. Introduction  

Rivers display an incredible breadth of planform patterns that are classically described as 

straight, meandering, braided, or anabranching [Leopold and Wolman, 1957; Ferguson 1987; 

Nanson and Knighton, 1996].   The origin of straight, meandering and braided rivers has been 

closely linked to alluvial bar growth on the river bed [e.g., Eaton et al., 2010; Kleinhans and 

van den Berg, 2011].  Small topographic perturbations on the river bed will grow into alluvial 

bars provided both the flow aspect ratio (defined as width divided by depth) and the non-

linear dependence of bedload transport rate on flow velocity are large [Parker, 1976; 

Fredsøe, 1978; Struiksma et al., 1985; Seminara and Tubino, 1989, Bridge, 1993; Crosato 

and Mosselman, 2009; Foreman et al., 2015].  When these two conditions are met, bars 

develop across the river channel leading to braided river patterns. Conversely, in channelized 

flows with smaller aspect ratios, bar growth is balanced by floodplain creation [Schuurman et 

al., 2015], leading to meandering or straight channel patterns.  This channel-centric view 

implicitly assumes channel width is in equilibrium which in turn sets alluvial bar growth 

patterns [Ferguson, 1986; Crosato and Mosselman, 2009; Eaton et al., 2010].   

Anabranching rivers, which have multiple channels that divide flow at all stages and 

are separated by stable islands, are difficult to fit into this framework because there is not one 
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main channel and individual channels may have straight, meandering, or braided patterns 

[Nanson and Knighton, 1996; Kleinhans and van den Berg, 2011]. One possibility is that the 

origin of anabranching rivers may not be related to bankfull discharge, but rather some larger 

flood discharge.  This point was realized by Alabyan and Chalov [1998] who found that some 

anabranching patterns are formed by flood discharges much greater than bankfull.  Other 

studies [Popov, 1962; Brizga and Finlayson, 1990] have suggested a similar origin for 

anabranching rivers wherein large flood discharges deform the floodplain surfaces, for 

instance by creating secondary channels, which aid in the formation of anabranching patterns.   

In this paper we test the idea that anabranching patterns emerge when the floodplain 

morphodynamically behaves like a channel at large flood discharges.  To do this we conduct 

numerical modeling experiments in Delft3D by varying the floodplain width and thus its 

aspect ratio (floodplain width divided by the flow depth).  We treat floodplain width as an 

independent variable, which assumes floodplain width and river hydrology are uncoupled.  

We make this assumption because there is little theory or empirical data to inform how 

hydrology and floodplain width are coupled.  On the other hand, there is evidence to suggest 

the two are often uncoupled.  Consider the case where floodplain width varies as the river 

crosses different geological lithologies [Warner, 2006; Notebaert and Piegay, 2013] or 

tectonic regimes [Astrade and Bravard, 1999].  Post-glacial rivers are often underfit because 

they occupy large valleys that were scoured by glacial meltwater [Riedel et al., 2007; 

Rittenour et al., 2007].   Also as rivers avulse [Wells and Dorr, 1987; Richards et al., 1993; 

Bristow, 1999], change hydraulic regime [Hsu et al., 1973; Woodward et al., 2008; Williams 

et al., 2015], or laterally migrate [Blum et al., 2013] they may occupy a new floodplain 

surface that is not coupled to the current hydrology.  

Our results show that if the floodplain aspect ratio is large and water velocity is fast, 

then the floodplain experiences alluvial bar growth that will transition into a river system 
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with an anabranching pattern.  Floodplains with large aspect ratios provide the planform 

space needed for numerous anabranches to form.  As anabranches deepen, more water flows 

through the channel, which reduces shear stresses over the bars until they become stable 

islands. Thus, our results suggest that anabranching rivers can originate from alluvial bar 

growth similar to the origin of braided rivers [Engelund and Skovgaard, 1973; Parker, 1976].  

 

2. Numerical Methods  

We carried out two sets of modeling experiments with Delft3D to test how the 

floodplain aspect ratio plays a role in the development of anabranching planform patterns. 

Delft3D (oss.deltares.nl/web/delft3d, version 2.16.01140) is a morphodynamic flow model 

that solves the depth-averaged Navier-Stokes equations for fluid flow under the shallow 

water assumption [Lesser et al., 2004].   All simulations were computed until they reached 

dynamic equilibrium, defined as the point where channel number fluctuates around a 

consistent mean value, and are compared when the same volume of sediment has entered the 

domain.   

2.1 Boundary and Initial Conditions 

Our modeling approach is to use measured boundary conditions from modern 

anabranching rivers to drive our simulations, so that our models have the same general 

morphodynamics as the field cases (Table 1).  In the first set of simulations we use field-

measured boundary conditions of the Negro River, Brazil, which is the third largest 

anabranching megariver [Latrubesse and Franzinelli, 2005; Latrubesse, 2015; Latrubesse 

and Stevaux, 2015]. Run AR1 has boundary and initial conditions that correspond to the 

field-scale Negro River.  In this set of simulations (runs AR1-10, Table 1) we keep all 

parameters constant – down-valley floodplain slope, discharge and median grain size – and 

systematically reduce the aspect ratio by decreasing floodplain width from its field measured 



99 
 

value.  For the second set of simulations we simulate three other field-scale anabranching 

rivers in addition to the Negro that span different climatic and geologic settings: Neales 

River, Australia; Congo River, Africa, Columbia River, Canada, (AN1-3, Table 1).   

Our model setup for all the simulations starts with a hypothetical plane river valley 

prior to the development of anabranching.  This condition would correspond to a scenario 

where water and sediment exit through a crevasse and a river avulses into an unoccupied 

valley. The lateral floodplain or valley walls are inerodible.  For each run the initial 

conditions consist of a uniform floodplain width and down-valley slope, with 1 cm white 

noise bumps on the surface. For the simulations of field-scale rivers the down-valley 

floodplain slope and width were measured in Google Earth or on a DEM, and averaged over 

the extent of the anabranching reaches.   Tests showed that model results are insensitive to 

white noise bump heights ranging between 0.1 cm and 10 cm.  

At the upstream boundary of the model we prescribe a flood hydrograph and an 

equilibrium concentration of non-cohesive sediment. The flood hydrograph fluctuates 

between maximum and minimum values, with flood duration consistent with the hydrology 

of the system (Table 1). The minimum and maximum discharge values are from gauging 

stations located within the anabranching reach and have data recorded over decades. Due to 

the absence of discharge values for the Neales River we used approximate values from within 

the Lake Eyre catchment. Because the Neales River is a dryland system with long periods of 

no flow, we chose a low flow nonzero discharge to make the computational time more 

efficient.  Sediment size is taken from published values, except in the case of the Neales 

River where we measured grain size from field samples collected in the anabranching reach.  

The downstream boundary condition for all simulations is a discharge-water surface elevation 

relationship based on normal flow equations that allows the flood wave to leave the domain 

with minimal change in flow velocity at the boundary.   
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2.1 Model Grid Considerations  

We used two different model grids for our simulations.  For simulations AR1-AR10, 

AN3 and BRD the model domain is a simple rectangle with two open boundaries (Fig. S1). 

For anabranching simulations with narrower floodplain widths, AN1 and AN2, instabilities 

from the upstream boundary propagate into the modeling domain when using a simple 

rectangular grid.  To overcome this limitation we modified the grid by extending it upstream 

to include a narrow 300m wide by 2500m long section, linked to the middle of the upstream 

boundary (Fig. S1B).  This modification has the effect of moving the boundary farther away 

from the area of interest and allowing the floodplain to develop free from boundary related 

instabilities.  We carried out a sensitivity test to determine if the development of alluvial bars 

was affected by the presence or absence of the channel. In both setups the alluvial bars 

developed. 

We scaled the grid cell size in a given model grid to the size of the domain (Table 1). 

The computational grid cells in all cases are square and of uniform size for a given model 

grid.  We used 20x20m grid cells for simulations AN1 and AN2 and a 100x100m grid cells 

for the rest of the simulations (AR1-AR10, AN3 and BRD). We tested for grid cell 

independence (20x20m, 50x50m and 100x100m) and found that the simulations evolve in the 

same manner regardless of our choice of grid cell size. 

To ensure that our simulations reproduce the effects of bank erosion we used a factor 

of erosion of adjacent dry cells of one. A factor of 0 reproduces only bed erosion. While this 

is not an ideal representation of bank erosion processes it has been used successfully in many 

published Delft3D simulations [e.g. Schuurman and Kleinhans, 2015]. 

2.3 Sensitivity Tests 

We performed a number of sensitivity tests to assess whether our choices in model 

and grid setup affect the development of anabranching in the simulations.  We tested our 
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model results and found that our conclusions do not depend on the chosen sediment transport 

equation, presence of cohesive sediment, grid cell size, Chezy coefficient, horizontal eddy 

viscosity and diffusivity, and morphological scale factor. We tested the Van Rijn [1984] and 

the Engelund and Hansen [1967] sediment transport equations. Alluvial bars developed in 

both cases. The bars took longer to develop when using the Engelund-Hansen [1967] 

equation, as expected, since the transport dependency on flow velocity is lower than in the 

Van Rijn [1984] equation [Crosato and Mosselman, 2009]. We use the Van Rijn [1984] 

sediment transport predictor in all the simulations. For horizontal eddy viscosity and 

diffusivity we tested values ranging from 0.001 to 0.1 and found alluvial bars and subsequent 

anabranch formation still occurred.  We used an intermediate value of 0.001 m2/s for both 

parameters in all simulations. We tested the effect of different Chezy coefficients 40, 51, 55, 

60 and 65 in our simulations and found that despite the fact that the instabilities develop 

faster with a higher Chezy coefficient the results are virtually the same. Chezy coefficients of 

40, 51 and 55 have been used in previous morphodynamic modeling studies [Schuurman et 

al., 2013; Nicholas, 2013a].  

We also tested the sensitivity of our results to the initial conditions.  Most notably 

absent from our initial conditions is a channel in the floodplain that pre-dates the onset of 

anabranching.  In other simulations, we found anabranching still developed with the channel 

present.  Despite the fact that the simulations do not account for the effect of vegetation and 

cohesive sediment we carried out a sensitivity test to investigate the effect of cohesive 

sediment on island stability. Island stability was enhanced when adding cohesive sediment.  

 

3. Modeling Results  

Results from the first series of simulations show that, holding all else constant, as the 

aspect ratio of the floodplain increases the planform pattern changes from single channel to 
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braided to anabranching (Fig. 1).  As expected when the floodplain aspect ratio is small, bar 

growth is dampened and the channel remains single thread. As the floodplain aspect ratio 

increases, alluvial bars emerge and the channel becomes braided with migrating bars 

[Colombini et al., 1987; Tubino et al., 1999].  As the aspect ratio continues to increase 

something interesting occurs: alluvial bars form on the bed as would be expected for flow 

through a large aspect ratio [Parker, 1976; Crosato and Mosselman, 2009, Schuurman et al., 

2013] but instead of becoming braided, stable anabranches form that are separated by 

immobile islands (Fig. 1).   

 In the second series of simulations we model floodplain morphodynamics for three 

field-scale anabranching rivers.  Those simulations also show that alluvial bar growth is a 

precursor to formation of anabranching (Fig. 1 and 2). 

 

4. Discussion 

4.1 How does alluvial bar growth lead to anabranching? 

The connection between alluvial bar growth and anabranching has been suggested 

before [Eaton et al., 2010] but it is unclear why it leads to anabranching in some cases and 

braided in others.   Initially, all the anabranching simulations have a large number of 

migrating alluvial bars and channels of roughly equal sizes (see example in Fig. 2B). 

Concomitantly, water and sediment split around these bars in nearly equal proportions.  For 

channel bifurcations, equal splitting is an equilibrium condition but it is inherently unstable 

[Bolla Pittaluga et al., 2003; Edmonds and Slingerland, 2008].  As the simulation progresses 

bifurcations are abandoned and the migrating alluvial bars coalesce into larger islands that 

roughly define a network of anabranching river channels (Fig. 2C). The emerging 

anabranches enlarge their cross-sectional area and capture more discharge. This process 

further accelerates the abandonment of the remaining bifurcations that have highly 
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asymmetric depth or discharge ratios (Fig. 2D) [Bolla Pittaluga et al., 2003, Miori et al., 

2006; Edmonds and Slingerland, 2008; Nicholas, 2013b].   

As bifurcations are abandoned most of the discharge is carried through fewer 

anabranches.  In response to the increased discharge, the anabranches significantly deepen 

and decrease their aspect ratio until the anabranch becomes stable (Fig. 3).  We define 

channel stability similarly to Eaton et al. [2010] as that condition where alluvial bar growth is 

dampened and channels plot in single channel space.  Indeed, we find that our channels in a 

given simulation evolve until they plot in stable space (Fig. 3).   

The emergence of stable anabranches has two stabilizing feedbacks on the fluvial 

system.  Firstly, the anabranches adjust their number and size to transport the supplied water 

and sediment.   This outcome means more water flows through the anabranches and reduces 

flooding depths and shear stresses on intervening islands, which stabilizes their planform 

location (Fig. 1 and Fig. 4).  Secondly, stable anabranches seemingly give rise to stable 

bifurcations.  This reciprocity arises because bifurcation stability is enhanced in the absence 

of migrating alluvial bars, after all migrating bars are a key mechanism for destabilizing 

channel bifurcations as observed in experiments [Federici and Paola, 2003; Bertoldi and 

Tubino, 2007], numerical models [Bertoldi et al., 2009; Schuurman and Kleinhans, 2015], 

and field cases [Burge, 2006; Zolezzi et al., 2009]. 

To further understand the results from the anabranching simulations, we compared 

them with a braided stream simulation based on parameters from the Brahamaputra River 

(Table 1) [Bristow, 1987].  In our braided stream run, we used similar hydrodynamic and 

sedimentologic conditions to run AR1, but decreased the aspect ratio by narrowing the width 

of the modeling domain to be consistent with the active braid belt width (Table 1, Fig. 1). 

Results from the braided simulation show that alluvial bars form at the beginning of the 

simulation and then transition into a braided channel (Fig. S2). In the braided system, alluvial 
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bars remain mobile, and do not coalesce into immobile islands, because flood depths over 

alluvial bars are deep and create enough stress to move them downstream (Fig. 4). The 

observation of continual bar migration is certainly related to imposing a flood hydrograph, 

which reflects the hydrology of natural rivers. During peak discharge the bars are submerged 

and reactivated, enhancing their migration. In the absence of a hydrograph bars become static 

[Schuurman et al., 2013].   

4.2 Comparison with other hypotheses for origin of anabranching 

There is currently no unifying, physics-based understanding of the origin of 

anabranching rivers [Carling et al., 2014], but multiple mechanisms have been proposed to 

explain their origin. 

Avulsion has been proposed as one of the mechanisms of anabranch formation [Smith et al., 

1989; Nanson and Knighton, 1996; Makaske, 2001; Tooth, 2005; Jerolmack and Mohrig, 

2007; Kleinhans et al., 2012]. In this model the presence of multiple channels is the result of 

frequent avulsions and slow abandonment of previous channels [Makaske, 2001; Jerolmack 

and Mohrig, 2007] and stable islands are formed due to floodplain excision via avulsion 

[Nanson and Knighton, 1996; Carling et al., 2014]. Thus, dynamic equilibrium of the 

anabranching system is attained by the balance between rates of channel creation and channel 

abandonment [Makaske, 2001].  Occurrence of avulsions in already established anabranching 

rivers (e.g. lower Saskatchewan River, Canada; Smith et al., 1989 and the Taquari River, 

Brazil; Makaske et al., 2012) provides empirical support for this hypothesis. Limited 

observations in our model runs suggest river avulsions do occur, but only after the 

anabranching pattern has been established, leading us to conclude that avulsions help 

maintain the anabranching pattern, but are not necessary to form it. 

Another model suggests that anabranching rivers form because multiple channels 

have more sediment transport capacity per unit of stream power [Nanson and Knighton, 
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1996; Nanson and Huang, 1999; Tooth and Nanson, 2000; Jansen and Nanson, 2004]. This 

model also proposes that channel width reduction and an increase in the number of channels 

can help an unstable system to attain stability without slope adjustment [Huang and Nanson, 

2007]. Our simulations partially agree with that hypothesis as they show that anabranching 

systems can reach dynamic equilibrium by creating multiple relatively deep and narrow 

channels via alluvial bar growth over a broad range of slopes. This outcome also provides an 

insight as to why many rivers present multiple channels and seem to be in dynamic 

equilibrium, a point raised in a recent literature review [Carling et al., 2014]. 

4.3 Comparison with Field Data and Implications for the Rock Record 

It is not possible to formally validate our model results, but it is interesting to note 

that our simulations of anabranching rivers predicts channel number in the different rivers to 

within ~25% (Fig. 2).  We take this as support for the notion that some anabranching rivers 

may originate from alluvial bar growth.  We also find empirical support for the idea that 

anabranching rivers tend to be associated with wide floodplains.  In a recent compilation of 

mega-rivers [Latrubesse, 2015] anabraching rivers, on average, have wider floodplains 

compared to other planform patterns.  A catchment-scale statistical analysis of the Fitzroy 

River, Australia [Amos et al., 2008] found that the anabranching reaches have a tendency 

towards wider floodplains. Admittedly, it remains unclear if in these cases floodplain width is 

uncoupled from river hydrology.  There are some cases where geologically controlled 

increases in floodplain width correspond with the onset of anabranching.  In the Neales River 

anabranching occurs immediately downstream of a widening of the floodplain [Morón et al., 

2014]. This observation is also consistent with the observations from the Cooper Creek, 

Australia where Knighton and Nanson [2000] highlight the importance of flow convergence 

and divergence in the developing of anabranching due to floodplain constriction points 

present in-between sand dunes.   
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To quantitatively test whether anabranching reaches tend to develop in wider 

floodplains we automatically measured the floodplain width of the entire track of the Negro 

and Congo Rivers. We outlined the floodplain boundaries by using satellite imagery and 

digital elevation model derived from a one-second (30m resolution, 

http://earthexplorer.usgs.gov/) shuttle radar topography mission (SRTM). Based on the 

outline of the floodplain we extracted the centerline by using an automated tool of the 

ArcGIS toolbox. We then derived a series of skeletal lines perpendicular to the centerline by 

using a Voronoi tessellation algorithm from the ArcGIS toolbox. This method is similar to a 

method described by Nyberg et al (2015). We ensured that the lines were properly identified 

so that we easily related them to their position relative to the downstream distance. Based on 

the centerline we also extracted the elevation form the DEM to rule out if changes in the 

longitudinal profile were coincident with a change in slope.  We identified the locations 

where anabranching and single channel were present and extracted the floodplain values.  

Floodplain widths in the anabranching reaches are significantly larger in both the Negro 

(mean=8435 m; p<2.2x10-16) and the Congo Rivers (mean=8688 m; p<2.2x10-16) compared 

to single reaches (Negro mean=435 m; Congo mean=1124 m). 

Our modeling most closely applies to sandy to gravel dominated anabranching 

systems (see Nanson and Knighton, 1996 for other kinds of anabranching systems).  If the 

origin of some anabranching patterns is indeed tied to alluvial bar growth, it would imply that 

the formative stages of anabranching rivers should have stratigraphic elements similar to 

braided streams. This facies would change to dominantly overbank deposits and avulsive 

facies as the system enters the stable, maintenance phase of anabranching.  This supposition 

is consistent with observations from the core of the large islands in the Negro River, Brazil 

where the facies are interpreted as sandy channel bars [Latrubesse and Franzinelli, 2005]. 

These sandy deposits are then overlain by muddy facies created by flooding and soil 
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development. Similarly, stratigraphic architecture of islands in the anabranching reaches of 

the Paraná River, Argentina [Sambrook-Smith et al., 2009] revealed sedimentary structures 

and bedforms typically formed on sandy bars, also similar to the ones in our simulations. We 

acknowledge that other anabranching systems influenced by cohesive mud have a different 

stratigraphy because they are in turn dominated by avulsion and they are therefore not 

captured in our models (e.g. lower Saskatchewan River; Smith, 1989).  

Data from ancient fluvial deposits suggests that the expansion of trees in the Early 

Pennsylvanian marks the onset of anabranching because vegetation promotes island 

stabilization and river avulsions due to increase of log jams [Davies and Glibling, 2011;  

Gibling and Davies, 2012].  Our simulations demonstrate that vegetation may not be a 

requirement for anabranching. In fact, island stabilization generated by purely physical 

mechanisms shown in this paper would favor the establishment of vegetation rather than vice 

versa [Davies and Glibling, 2011; Corenblit et al., 2015].  In this case, pre-Devonian 

anabranching rivers may go unrecognized in the stratigraphic record because the absence of 

plants would impede mud entrapment and pedogenesis, resulting in a sedimentary facies 

similar to braided streams.   

 

5. Conclusions 

We present a series of numerical simulations that show the emergence of alluvial bars 

on floodplains can lead to either braided or anabranching river patterns, where floodplains 

with large aspect ratios favor the formation of the latter.  Using boundary conditions from 

four field-scale anabranching rivers and nine hypothetical systems with different floodplain 

aspect ratios we show that the origin of anabranching systems may be linked to alluvial bar 

growth and subsequent bifurcation abandonment, which leads to emergence of deep, stable 

anabranches. Island stabilization is attained because the flood depth over islands decreases as 
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the cross-sectional area of the anabranches is enlarged. The aspect ratio of the floodplain is a 

key parameter; in wide, shallow floodplains the flood depths rapidly decrease as deep 

anabranches emerge, which stabilizes the bars.  Comparison with a simulated braided river 

shows that in narrow, deep floodplains the system remains braided because the flood depth 

over bars is maintained. 

Our simulations show that vegetation may not be a necessary condition for the 

development of anabranching systems.  This opens the question as to whether differentiating 

pre-Devonian braided rivers from anabranching rives is not possible because they would not 

present significantly different facies until the appearance of plants in the Devonian. 
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Table and figure captions 

 

Table 1. Boundary conditions and input parameters used in the simulations.  Floodplain width 

is referred here as the width of the entire anabranching belt and it is also the domain’s width; 

median grain size is the representative D50.  AR1-AR9, AN1, AN2, AN3 and BDR indicate 

the simulation number. Coordinates and location of anabranching rivers used in this study are 

listed on Table S1. We used a morphodynamical scale factor, multiplicative term applied to 

the erosive or depositional fluxes to/from the bed, for all our simulations to decrease 

computational time. Model stability considerations dictate a smaller value for simulations 

AN1 and AN2.Qmin= minimum discharge, Qmax= maximum discharge, s= down-valley slope, 

D50= mean grain size, FPW= floodplain width, CUB= channel at upstream boundary, MSF= 

morphological scale factor, %Qmax= percentage of maximum discharge in fluctuating 

interval, C= Chezy coefficient, V= viscosity, D= diffusivity.  Data sources: (a) Paiva et al. 

[2012]; (b) Latrubesse [2008]; (c) Knighton and Nanson [2000];  (d) Kleinhans et al. [2012];  

(e) Laraque et al. [2009];  (f) Censier [1996];  (g) Bristow [1987]. 

 

Figure 1. Relative bar movement, number of channels and mean shear stress at different 

floodplain aspect ratios (floodplain width/flow depth) at dynamic steady state (see text for 

definition).  Number of channels increases with the aspect ratio of the floodplain, while the 

bar movement and the mean shear stress decreases. Channel number was determined by 

examining both the plan view and cross-sections, while the mean shear stress was measured 

at an arbitrary cross section when the simulations reached dynamic steady state.  We define 

simulations as braided if there are multiple channels with continuously migrating bars (e.g. 

Eaton et al., 2010), simulations are considered anabranching if there are multiple channels 

and mostly immobile bars (sensu Nanson and Knighton, 1996). Simulations that display both 
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migrating bars and stable islands are transitional and occurred in between braided and 

anabranching space. Error bars show +/- 1 standard deviation. AR1-AR10, AN1, AN2, AN3 

and BDR indicate the simulation number; fpw= floodplain width. 

 

Figure 2. Comparison of aerial images (top) and numerical simulations output (bottom) of 

water depth for (A) Neales River, Australia; (E) Columbia River, Canada; (F) Congo River 

between Mobenga and Mokangamoi; and (G) Negro River, Brazil. In all cases flow is from 

left to right. (B-D) Show the development of bed instability and subsequent formation of 

anabranching channels for that model run. The boundary conditions for each simulation are 

presented in Table 1.  AN1, AN2, AN3, AR1 indicate the simulation number, NC= number of 

channels. Imagery in (E-G) are Google Earth aerial image ©Google Inc. 

 

Figure 3. On a discriminant diagram for channel patterns [Parker, 1976] the initial state of 

run AN1-3 and AR10 plot in braided space before morphologic change (solid symbols), 

whereas after anabranching develops individual channels (open symbols) within the network 

plot in meandering space. In all cases the values were spatially averaged over the reach scale.  

 

Figure 4. A) Net downstream migration distance of alluvial bars for different simulated 

anabranching and braided systems.  The migration was measured by tracking the downstream 

movement of the bar centroid through time. The anabranching simulations show the bar 

movement decreasing through time until they become stable islands. Conversely, bars in the 

braided simulations show continual movement. B) Mean water depth over bars for different 

simulated anabranching and braided systems measured at maximum discharge. The 

anabranching simulations show a decrease in the water column above the bars (that then 

become stable islands) through time until it plateaus around zero. On the contrary, in the 
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braided case the water depth over the bars is always non-zero. In both A and B, reported 

values are averaged over 6 different bars, and run time is normalized by total time elapsed; 

error bars show +/- 1 standard deviation. 

 

Figure 5. Changes in floodplain width (solid black line) and longitudinal profile (grey line) of 

the A) Congo and B) Negro rivers with distance downstream. Fluctuations in floodplain 

width within the anabranching reaches correspond to small scale constriction points as shown 

in the satellite images of the inserts. White arrows indicate flow direction. Boxed in boxplots 

display the 25 and 75 percentiles, the central line in each box represents the median and the 

bars extending from each box represent the 10 and 90 percentiles for each group of data. 
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Table 1  

  

Qmin 
(m3/s) 

Qmax 
(m3/s) 

s        
(m/m) 

D50 
(μm) 

fpw 
(m) 

Domain's 
length 
(m) 

CUB  MSF  % 
Qmax  

Grid 
cell size 
(m) 

Time 
step 
(min) 

C         
(m1/2 
/s) 

V 
(m2/

AR1 10700a 55600 

a 0.0001 300b 17000 60000 No 25 14 100x100 0.5 65 0.00

AR2 10700 55600 0.0001 300 15000 60000 No 25 14 100x100 0.5 65 0.00
AR3 10700 55600 0.0001 300 10000 60000 No 25 14 100x100 0.5 65 0.00
AR4 10700 55600 0.0001 300 7000 60000 No 25 14 100x100 0.5 65 0.00
AR5 10700 55600 0.0001 300 5000 60000 No 25 14 100x100 0.5 65 0.00
AR6 10700 55600 0.0001 300 4000 60000 No 25 14 100x100 0.5 65 0.00
AR7 10700 55600 0.0001 300 3000 60000 No 25 14 100x100 0.5 65 0.00
AR8 10700 55600 0.0001 300 2000 60000 No 25 14 100x100 0.5 65 0.00
AR9 10700 55600 0.0001 300 1000 60000 No 25 14 100x100 0.5 65 0.00
AR10 10700 55600 0.0001 300 500 60000 No 25 14 100x100 0.5 65 0.00
AN1 150 400c 0.0007 600 2500 10000 Yes 10 8 20x20 0.1 65 0.00
AN2 23 d 310d 0.0002 d 710d 1250 10000 Yes 10 14 20x20 0.1 65 0.00

AN3 32861e 41232 

e 0.0001 2000 

f 11500 45000 No 25 14 100x100 1 65 0.00

BRD 10000g 50000 

g 
0.00007 

g 200 g 3000 g 80000 No 10 14 100x100 1 65 0.00
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Contents of this file 
Figure S1, S2 and Table S1 
 
Introduction 
This supporting information shows the two model grids used in our simulations.  It also 
contains a table listing the coordinates and location of anabranching rivers used in this study. 
Additionally there is a summary and a figure of the evolution of the braided simulation 
(BRD). 
 
MODEL GRID  
We used two different model grids for our simulations. For simulations AN3, AN4, and BRD 
the model domain is a simple rectangle with two open boundaries (Fig. S1A). For simulations 
with narrower floodplain widths, AN1 and AN2, instabilities from the upstream boundary 
propagate into the modeling domain when using a simple rectangular grid. To overcome this 
we modified the grid by placing in the middle of the upstream boundary a narrow channel of 
width 300m and length 2500m (Fig. S1B). 
 

 
Figure S1. Planview of model setup for simulations A) AN3, AN4 and BRD, B) AN1 and 
AN2. Flow and sediment boundary conditions are specified at the incoming flow boundary.  
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Table S1. Coordinates and location of rivers where the parameters were extracted for the 
boundary conditions of the simulations.  

Anabranching 
River 

Latitude Longitude Country 

Columbia 51.018433° -116.527628° Canada 

Congo 
-0.775475° 17.507628° Limit between the Democratic 

Republic of Congo and Congo 
Negro -1.128808° -62.219586° Brazil 
Neales -27.863149° 135.875906° Australia 
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EVOLUTION OF THE BRAIDED SIMULATION 

Results from the braided simulation show that alluvial bars emerge at the beginning of the 
simulation (Fig. DR2). The development of bars generates flow bifurcation, and bifurcation 
instability from which the braided channels emerge. Despite the fact that the bars increase in 
size they remain mobile because the flood depths over alluvial bars are always deep enough 
to promote downstream movement. Another factor contributing towards bar mobility in our 
simulations is the hydrograph we chose, which reflects the conditions of natural rivers. 
During the peak discharge the bars are submerged and reactivated, enhancing their migration. 
This explains why our braided simulation does not exhibit a static phase which is contrary to 
the model results presented in Schuurman et al. (2013). 

 

 

Figure S2. Time series of cumulative erosion/sedimentation for simulation BRD. (A-B) 
Show the emergence of alluvial bars and (C-D) display the development of braided channels. 
Flow is from left to right. 
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4.4 Paper 4 

 

Morón, S., Amos, K., Investigating causes of river avulsion: a case study from the Magdalena 
River, Colombia. To be submitted.   
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Abstract 

River avulsion is a complex multistage process and the causes that generate avulsion are not 

fully understood. Here, we investigate the causes that generated a 2007 avulsion event that 

took place in one of the anabranching reaches of the tropical Magdalena River, Colombia. 

Based on a collection of satellite images we established that the avulsion event took place via 

the formation of a crevasse splay followed by maintenance and expansion of one crevasse 

channel, in-filling of a lake and development of a network of new channels. We also provide 

topographic, bathymetric, sedimentologic and discharge data to elucidate the possible causes 

of this avulsion event. On a regional scale, the location of the avulsion node is related to 

changes in gradient caused by a fault, while on a reach scale it is linked to the location of the 

channel’s thalweg, which is up against the bank where the avulsion node is located. We also 

show that levee height is not closely scaled to channel depth and therefore normalized 

superelevation does not play a role in the setup for avulsion in this site. The trigger of the 

avulsion and maintenance of the newly avulsed channels can be ascribed to high discharge 

magnitudes related to the 2007 -2008 and 2010-2011 extreme La Niña events. 

 

1. Introduction 
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Channel relocation or avulsion is a natural process by which flow diverts from an 

established river channel into a new course on the adjacent floodplain (Makaske, 2001; 

Slingerland and Smith, 2004). Understanding the causes of river avulsions has broad 

scientific and economic implications. Avulsion events can have tragic consequences for 

neighboring populations because they can result in loss of life and property damage (e.g. 

Soong and Zhao 1994; Sinha, 2009; Chakraborty et al., 2010). Avulsions have also been the 

focus of geological investigation because they are an important control on stratigraphic 

architecture in sedimentary basins where important resources, such as water and 

hydrocarbons, can be accumulated (e.g. Allen, 1978; Leeder, 1978; Mackey and Bridge, 

1995).  

Avulsion is a multistage phenomenon −initiation, flowpath selection and 

stabilization  that can refer to a wide array of processes operating at different scales (Hajek 

and Wolinsky, 2012). Partly because of that complexity, despite years of multidisciplinary 

research, the causes that generate avulsion are not fully understood. It is generally agreed that 

a setup and a trigger are required for the initiation phase of an avulsion (Mohrig et al., 2000; 

Slingerland and Smith, 2004). The setup relates to the long-term aggradation of the river, 

while the trigger is a short-term event that causes channel abandonment, such as floods or 

earthquakes (Slingerland and Smith, 1998; Brizga and Finlayson, 1990; Gupta et al., 2014). 

Normalized superelevation (levee height above the floodplain divided by the channel depth) 

has been used to estimate the extent of the aggradation and therefore to assess whether a 

channel is likely to avulse (Mohrig et al., 2000). Based on mean normalized superelevation 

measurements, ranging between 0.6 to 1.1, from fluvial outcrops and a modern avulsive 

system, Mohrig et al. (2000) proposed that avulsion is likely to occur in systems where 

channel depth is closely scaled to levee height. However, a study of a recent avulsion on the 

Taquari megafan, Brazil, demonstrated that avulsion can take place when channel flow depth 
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is not closely scaled to levee height (normalized superelevation values of ~0.3; Makaske et 

al., 2012). Other studies have proposed that sufficient gradient advantage is required to drive 

avulsion, thus if the cross-valley slope is larger than the down-valley slope avulsion is likely 

to occur (e.g. Mackey and Bridge, 1995). However, a study of the Mississippi River 

demonstrated that gradient advantages were widespread yet avulsion only occurred four times 

over the last 5000 years (Aslan et al., 2005). 

In relation to the trigger component of the initiation phase, an outstanding question is: 

what is the threshold that makes a trigger efficient enough to drive an avulsion?  For instance 

the avulsion events in the Taquari River, Brazil, were triggered by moderate floods (Makaske 

et al., 2012) while channel relocation of the Pastaza River, Ecuador, was triggered by large 

magnitude floods linked to the cold phase of El Niño Southern Oscillation (ENSO, Bernal et 

al., 2012). The discrepancies between different case studies highlight our lack of 

understanding of the reasons why avulsions tend to be sporadic and limited to certain 

locations (e.g. Blum et al., 2013). 

An alternative view of avulsion initiation is that in-channel aggradation may reduce 

the flow capacity, forcing the flow out of the channel and therefore driving avulsion 

(Makaske, 2001). This mechanism has been observed in flume tank experiments (e.g. Sheets 

et al., 2002; Murray and Paola, 2003) where because the channels are erosionally confined, 

the absence of levees impedes the possibility of crevassing or superelevation (Hajek and 

Wolinsky, 2012).  

The study of Holocene avulsions in the Saskatchewan River in Canada, the Rhine–

Meuse system in the Netherlands and the Mississippi River in the USA (Smith et al., 1989; 

Törnqvist 1994; Morozova and Smith 1999, 2000; Stouthamer 2001; Stouthamer and 

Berendsen 2001; Törnqvist and Bridge 2002; Aslan et al., 2005) has provided valuable 

information about the long-term dynamics of avulsion. However, unfortunately, the low 
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resolution of dating methods and preservation biases prevent us from investigating the factors 

causing the initiation phase of avulsion. The scarcity of ongoing river avulsions makes it 

challenging to investigate the conditions under which avulsions are generated at an event 

scale and to develop more comprehensive models that explain the formation and maintenance 

of river avulsions.  

Here, we investigate a 2007 avulsion event that took place in an anabranching reach 

of the tropical Magdalena River, Colombia.  The investigation of this recent event offers an 

exceptional opportunity for exploring the likely causes for this avulsion. In this paper we: i) 

present a collection of satellite images that allow us to document the morphological evolution 

of the site; and  ii) investigate the likely causes for this avulsion event by using topographic, 

bathymetric and sedimentologic data. In this paper we provide a detailed dataset from a 

tropical river that will contribute towards a better understanding of the causes that can 

generate a river avulsion. 

 

2. Background 

2.1 Regional setting 

The Magdalena River is a major fluvial system that drains most of the Colombian 

Andes. It has the highest sediment yield, ~ 850 T/km2/yr, of all the rivers terminating in the 

Caribbean Sea (Restrepo and Syvitski, 2006). The Magdalena River has a drainage basin area 

of 257,438 km2 and extends for 1612 km (Restrepo et al., 2006). It starts at an elevation of 

3685 m and flows along the intermontane basin bounded by the Eastern and Central 

Cordillera of the Colombian Andes (Fig. 1A). At the town of El Banco (Fig 1B), the 

Magdalena River intersects the buried end of the Central Cordillera and divides into multiple 

anabranching channels; this section is known as the Mompox Tectonic Depression (Smith, 

1986; Kettner et al., 2010), which extends for approximately 100 km and covers an area of 
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9800 km2. Swamps, marshes and lakes are also predominant in the floodplains of this section 

of the Magdalena River (Fig. 1B) and it has been proposed that these features prevail because 

of the negative topography of the floodplain (Smith., 1986; Syvitski et al., 2012; Lewin and 

Ashworth, 2014; Latrubesse, 2015). Within the Mompox Tectonic Depression, the two main 

branches are the Brazo de Mompox and the Brazo de Loba (Fig. 1B). The Brazo de Mompox 

used to be the main fluvial transport route between1500 and 1860 (Posada, 1998), whereas 

today the most transited branch is Brazo de Loba. At the end of the Mompox Tectonic 

Depression, the anabranching channels converge into a single channel and the river planform 

is meandering until it finally forms a delta and terminates into the Caribbean Sea. 

The reach investigated in this study is located 30 km downstream of El Banco within 

the Mompox Tectonic Depression, on the Brazo de Loba (Fig. 1B). In 2007, an avulsion 

event took place at the location of the field site, generating multiple channels that are now 

fully established (Fig. 2). We refer here to avulsion in the sense of a partial avulsion (cf. 

Slingerland and Smith, 2004), since multiple avulsion channels have formed from the one 

avulsion node. 

2.2 Climate 

The Magdalena basin is characterized by high precipitation with an average rainfall of 

2050 mm/yr for the entire basin (Instituto de Hidrología, Metereología y Estudios 

Ambientales, IDEAM). There are two wet and two dry seasons, which generate a bimodal 

river pattern discharge, with a lower peak in June and a higher peak in November or 

December (Fig. 2). The meridional oscillation of the Intertropical Convergence Zone (ITCZ) 

controls the annual hydrological cycle and defines these two rainy seasons (Restrepo et al., 

2014). The first season extends from May to June, when the ITCZ is migrating from north to 

south. The second and stronger season occurs when the ITCZ shifts northward (Restrepo et 

al., 2014). Sixty percent of the inter-annual variability of river discharge is associated with El 
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Niño Southern Oscillation (ENSO), with increase in discharge during the cold phase (known 

as La Niña) and a decrease in river discharge during the warm phase (El Niño; Restrepo and 

Kjerfve, 2000). 

 

3. Evolution of the fluvial system 

The study site adjacent to the Brazo de Loba exhibited a series of permanent lakes 

before the avulsion took place (Fig. 3A, 3B). Inspection of forty years of satellite imagery 

allowed us to determine that despite the fluctuation in the areal extent of the lakes due to 

interannual climatic variability (Fig. 2) the lakes were perennial. Comparison of satellite 

images between 1973 and 2006 show that the parent channel enlarged its width around the 

avulsion node by thirty three percent. In 2007, on a relatively straight section of the studied 

reach, the natural levees of the parent channel were breached at two locations from which 

multiple crevasse channels developed at a right angle from the parent channel (Fig. 3C). 

These multiple channels connected the parent channel and the series of permanent lakes. 

Comparison of satellite images from the dry season, in order to minimize the effect of 

fluctuating stage, indicates that by 2010 only the most downstream node was active, the 

majority of the lakes were drained and a network of channels crossing the former lake 

location was established (Fig. 3D). Satellite images from 2011exhibit the largest number of 

active channels (Fig. 3E).  By 2014 some of the channels were either abandoned or appeared 

to have reduced water levels, for instance the channels originating from the upstream 

crevasse splay were completely abandoned (Fig. 3F).   

 

4. Methods 
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To investigate the possible causes of this avulsion event we collected topographic, 

bathymetric and sedimentologic data. We conducted a bathymetric survey using an 

echosounder with a single transducer and a frequency of 455 kHz. The bathymetric survey 

was interpolated in Petrel using a 5 by 5 grid increment and the convergent interpolation 

method. The channel depth was adjusted relative to the banks. A forced elevation of 3 m and 

1.7 m was added to the channel boundary of the main parent and the newly formed channels, 

respectively. These two values were average values of bank height obtained from the 

topographic survey. 

Topographic transects were surveyed using a real time kinematic GPS, accurate to 

centimeter scale vertically and laterally. The transect locations were established in order to 

obtain topographic cross-sections of the channels and floodplains upstream and downstream 

of the avulsion node (Fig. 2F). The topographic data were post-processed to ensure that the 

position and elevation was corrected for differences in position and elevation due to the data 

being collected on different days. Channel width and bank height data were extracted from 

the topographic survey. Bank heights were incorporated with the bathymetric data to obtain 

full channel cross-sections and channel depth values.  

Channel bed material was collected by using a bottom grab sampler deployed from a 

boat. Fifty seven samples were processed in the sedimentology laboratory of the Institute of 

Artic and Alpine Research of the University of Colorado, Boulder. The organic matter was 

removed by chemical digestion using 30% hydrogen peroxide following the procedure 

outlined in Lewis (1984). To increase the time of the reaction the beakers and their contents 

were placed on a hot plate until little or no reaction was occurring. Afterwards, the samples 

were oven-dried. The 2 mm fraction was analyzed in a Malvern Mastersizer 3000 laser 

diffraction system with samples running with the aqueous liquid module, and 2 μm filtered 
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fresh water as a fluid medium. This was capable of measuring grains with a long axis of 0.01-

2000μm. 

To investigate if there were any changes in gradient that would correspond to the 

location of the avulsion node, a longitudinal profile was constructed from a digital elevation 

model derived from a one second (30 m resolution) shuttle radar topography mission (SRTM; 

earthexplorer.usgs.gov). This 30 m resolution is sufficient to capture the width of the channel 

and to reflect any major topographic changes. The longitudinal profile was generated over a 

greater distance than the field data collection area to capture regional changes in gradient.  

4.2 Field data 

4.2.1 Bathymetric survey 

Bankfull depth in the parent channel ranges from 3.1 m to 23.6 m and in the newly 

formed channels from 1.7 m to 7.7 m (Fig. 4). In the parent channel, the thalweg is very 

distinct and it is up against the left bank close to the avulsion node. At the location of the 

2007 avulsion, the thalweg does not have a continuous constant depth. Localized scours exist 

both upstream and downstream of the avulsion node. The discontinuity of the thalweg scour 

close to the avulsion point is neither related to the location of the survey lines nor to the 

interpolation method (Fig. DR1). In the bends downstream of the avulsion node, the depth of 

the thalweg fluctuates, with larger depth values against the outside bends. The parent channel 

presents two distinct submerged bars (Fig. 4). The bar upstream of the avulsion node is 

elongated, while the bar downstream of the avulsion node is associated with one of the inner 

bends of the parent channel.  

The bankfull depth range in the newly formed channels is relatively consistent; 90% 

of the measured depths are smaller than 4.5 m (Fig. 4B). Bankfull depths larger than 4.5 m 

occur in the channel reach between the major avulsion point and the next avulsion node 

downstream (N1in Fig. 4A), with thalweg depths up to 7.7 m, up against the right bank. 
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Apart from this reach, the depth of the recently developed channels is also relatively 

consistent across the width of each channel. Bar and bedform dimensions are presented later, 

in conjunction with the results from the bed material grain size (see Section 4.1.3). 

4.2.2 Topographic data 

Topographic survey data of the three main transects are presented in Figure 5. Some 

of the natural levees on the parent channel have been anthropogenically modified where 

farmers constructed artificial levee-like features to prevent flood waters from overspilling 

onto the proximal floodplain (the highest points on the transects). This anthropogenic 

modification was easily distinguished in the field and it is evident on the cross-sections, thus 

we were able to easily calculate natural levee heights. The parent channel at Transect 1 

displays the widest dimensions of all the channels in the study site (420 m; Fig. 5A)  

Transect 2 displays two channels (Fig. 5B). The parent channel is wider and deeper 

than the avulsed channel. The floodplain in between the two channels exhibits a swale with 

an elevation difference of 2.4 m, measured between the highest point of the overbanks 

(excluding the anthropogenic feature) and the lowest point in the floodplain.  

Transect 3 contains the parent channel, and eight active and two dry anabranching 

channels (Fig. 5C). The difference in scale between the newly-formed anabranching channels 

and the parent channel is evident, the newly formed channels being substantially narrower 

than the parent channel (Fig. 5C). Marshes are present along this transect, with the ones on 

the western part of the transect being the lowest (2.3 m). The natural levee on the right bank 

of the parent channel is well defined and presents little anthropogenic modification, in 

contrast to the modification superimposed on the levee of the left bank. Despite the fact that 

the recently formed anabranches were only formed in the last eight years, the levees and 

alluvial ridges are distinct. 

4.2.3 Surficial and bed material grain size 
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Bed material in the parent channel was typically medium sand size while in the 

recently-formed anabranching channels the typical bed material was fine sand (Fig. 6, sample 

location in Fig. DR2). The coarsest bed material sampled within the study site was pebble, 

with clasts sizes up to 6 cm (long axis length). This was located at the first avulsion node 

within the newly formed anabranching channels, at the point of diffluence (N1 in Fig. 4). In 

the parent channel, the grain size in the upstream bar (see bar location in Fig. 4) ranges from 

medium to coarse sand. At the bottom of the thalweg scour, close to the avulsion node, grain 

sizes are in the mud fraction (silt and clay). The mud was consolidated and a different color 

(gray with red mottling) to the unconsolidated mud obtained proximal to the banks and in low 

velocity zones (brown), thus it is interpreted that at this location, pre-existing stratigraphy, 

presumably old floodplain deposits, is exposed on the river bed. This therefore means that we 

cannot calculate bar thickness by subtracting the deepest thalweg scour from the bar top 

elevation (4.5 m) at this location. In a cross section across the channel from the avulsion node 

(from bathymetry data presented in Fig. 4), the height difference between the bar top and the 

deepest depth at which sandy bed material was observed is 3 m. Only seven bed material 

samples were collected across this 600 m wide channel, with no samples collected between 

this location with sandy bed material and the consolidated mud at the base of the thalweg. 

Hence, this value of 3 m provides a conservative estimation of bar height.  

In the recently developed channels, fine sand is the predominant bed material grain 

size (Fig. 6). In general, the finest grain size (clay and silt) is observed in the shallower parts 

of the channels, which is generally close to the banks and it is likely to be related to bank 

collapse. However, this fraction is not likely to be preserved in the system, as it would be 

transported during high energy events. Bars in the newly developed channels were observed 

at nodes N1 and N2 and in other locations detailed in Figure 4.  Bar height in the recently 

developed channels is up to 1 m, with a mean height of 0.6 m, while bar width is 
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approximately 20 m. Bedform wavelength is up to 5m and the amplitude is approximately 

0.1m. 

 

5 Discussion of avulsion controls 

5.2 Setup  

The observed cross-floodplain topographic unevenness between the natural levees and 

the floodplain (Fig. 5) constitute a setup for avulsion. This topographic unevenness reflects 

the differential aggradation between the alluvial ridge and the floodplain, which in turn 

causes lateral instability which can make a system prone to avulsions (Smith et al., 1989; 

Mohrig et al., 2000; Hajek and Wolinsky, 2012). Normalized superelevation values (ratio of 

levee height to channel depth, Fig. 7A) calculated for the parent channel at measured 

transects range between 0.1 and 0.3 (Table 2, Fig. 7B) are lower than the range of 0.6-1.1 that 

has been proposed to be critical for the development of avulsive fluvial systems (Mohrig et 

al., 2000).  The study by Mohrig et al., (2000) presents data from paleochannel fills and 

recently avulsed modern systems; in both systems the mean superelevation is 0.6 and 

maximum values are up to 1.75 for the modern and 1.5 for the ancient (Fig. 7B). Based on 

this empirical normalized superelevation range it has been proposed that perching of the 

water surface above the floodplain is not sufficient to drive avulsion; thus Mohrig et al. 

(2000) proposed that avulsion will only occur if the channels aggrade and are perched to a 

point where the channel bankfull depth is close to the superelevation of the adjacent 

floodplain (Fig. 7B). Nevertheless, normalized superelevation values (~0.3) from a modern 

Brazilian avulsive system (Makaske et al., 2012) and from our study (0.1-1.3, Fig. 8B) 

demonstrate that systems where superelevation is not closely scaled to channel flow depth 

can avulse. This is not surprising as a closer inspection of the modern dataset presented in 

Mohrig et al. (2000) shows that the highest frequency of normalized superelevation values is 
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around 0.25-0.5, which is within the range of our data.  This suggests that additional controls 

in the setup phase should be considered when determining the critical conditions for avulsion 

occurrence.   

Another proposed metric to determine whether a fluvial system has sufficient gradient 

advantage to establish a new river course on the floodplain is the comparison between the 

downstream gradient of the parent channel and the floodplain gradient (Mackey and Bridge, 

1995). Topographic information extracted from SRTM data, collected prior to the avulsion, 

shows that in our study site the downstream gradient on the parent channel (1x 10-4) was 

smaller than the floodplain gradient (4x10-4). This suggests that the presence of gradient 

advantage may have enabled the occurrence of the avulsion event.  

In-channel aggradation has also been proposed as a factor contributing to the setup for 

avulsion, as this may reduce the flow capacity of a channel, forcing the flow out of the 

channel (Makaske, 2001; Sheets et al., 2002; Murray and Paola, 2003). Lack of historic 

bathymetric data prevent us from directly evaluating this hypothesis. This is thought to be 

unlikely, as the parent channel is a main navigational route for large barges and its 

navigability has not been affected.  

A key question to be answered is why the avulsion node is located on a relatively 

straight section of the studied reach, just downstream of the inflection point between two 

bends, instead of on the apex of the downstream bend (Fig. 4).  Hydrodynamically, outer 

meander bends are the most likely location of avulsion, as flow velocities and shear stress 

against the outer bend are high, making them more easily eroded (Chrzastowski et al., 1994; 

Slingerland and Smith, 2004; Kleinhans et al., 2008). Interestingly, on this site the thalweg is 

located up against the left bank of the river at and just downstream of the point of avulsion, 

i.e. definitely downstream of the inflection point between two bends and at a position where 

it would normally be assumed that the thalweg would be located in the center of the channel 
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or towards the outside bank (right bank) of the approaching downstream bend (Fig. 4A). 

Flow velocities, shear stress and erosion are thus higher on the left bank at this site. We do 

not have bathymetric data from prior to the avulsion, but assuming that the thalweg position 

was similar at the time provides a plausible reason for the creation of the crevasse and 

explains the location of the avulsion node.  

We also evaluated whether the location of the avulsion node is likely to have been 

related to changes in downstream gradient in a regional scale. Changes in gradient can cause 

gradient advantages (Kleinhans et al., 2008) or force the parent channel to re-route its path as 

the floodplain slope is larger than the downstream gradient (Mackey and Bridge, 1995).   At 

this site, the location of the avulsion node coincides with an inflection in the longitudinal 

profile (Fig. 7). Comparison between this slope data and the geological map shows that a 

thrust fault (Colorado Fault) interpreted from aeromagnetic surveys (Mantilla et al., 2006) 

corresponds with this inflection point in the longitudinal profile, and is thus likely the cause 

of the change in stream gradient. The fault passes through the avulsion node and also 

coincides with the orientation the main crevasse channel (Fig. 8).  

Near the avulsion node and thus where the fault is located we observed consolidated 

muds with redoximorphic features, which could be pre-existing stratigraphy moved by the 

fault. Deeper scours downstream of this location were observed in other parts of the parent 

channel, yet these had sandy bed material at their base. This indicates that an additional 

factor, such as the fault, is influencing the exposure of consolidated muds at the base of the 

avulsion node scour. Results from the bed material grain size analysis (Fig. 6) demonstrate 

that the change in gradient is not related to the introduction of larger bedload clasts, as the 

bed material grain size is very consistent along the parent channel. It is thus likely that the 

avulsion occurred at this location as a result of tectonic forcing. The relationship between 
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tectonic forcing and avulsion setup has been investigated before using numerical approaches 

(Mackey and Bridge, 1995) and empirical data (Gupta et al, 2014). 

Furthermore, on a regional scale we also observe that the fluvial system seems to be 

avulsing preferentially towards the south west. We based this inference on the natural re-

routing of the discharge from the Brazo de Mompox to the Brazo de Loba that took place in 

1860 (Posada, 1998), on the location of the multiple diffluence nodes that are present along 

the Brazo de Loba and its channel network (Fig. 8), and on the abundance of lakes and 

marshes in the south-west area of the Mompox Tectonic Depression. Seismic data and 

geophysical surveys indicate that there is more accommodation space and subsidence towards 

the southwest (Fig. 9), which fits with these observations as it provides space for the system 

to avulse and deposit sediments. This will likely result in increased slopes towards the 

southwest and thus preferential migration of the fluvial system to this location. Steering of 

fluvial systems due to tectonic forcing has been documented from both natural and 

experimental studies (e.g. Kopp and Wonsuck, 2015). 

We propose that on a regional scale the avulsion location is controlled by a fault 

which has resulted in a regional change in stream gradient. On a reach scale the location of 

the avulsion node is hydrodynamically controlled by the thalweg location up against the left 

bank. Levee height is not closely scaled to channel depth and therefore normalized 

superelevation does not play a role in the setup for avulsion at this site. 

5.3 Triggering and maintenance of newly avulsed channels 

We propose that the trigger for the avulsion event is related to the high discharge 

magnitudes that occurred in 2007, 2008 and 2010, enabling the erosion and maintenance of 

the newly formed channels (Fig. 8A). These high discharge values from 2007 and 2008 are 

the largest of the last decade, and the values from 2010 are amongst the largest of a 70 year 

period. More than one million people in the Department of Bolivar, the state where the study 
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site is located, were affected during the 2008 floods (Viloria de la Hoz, 2011). Anecdotal 

evidence from people we spoke with who lived in the field area confirmed the catastrophic 

nature of the 2007, 2008 and 2011 floods. 

The cause of these high discharge magnitudes is not related to anthropogenic 

activities. Rainfall data from a meteorological station 8 km upstream the field area shows that 

rainfall values in 2007 were also the highest of a thirty-six year record (Fig. 10 A). A 

Colombian study concluded that the extreme 2010 La Niña (cold phase of ENSO) 

phenomenon significantly impacted Colombian weather patterns and increased flood 

occurrence, especially on the floodplains of the Magdalena River (Hoyos et al., 2013). In 

order to evaluate whether ENSO could have caused the large discharge magnitudes that 

triggered the avulsion event at our study site, we compared the discharge and precipitation 

data with the Multivariate ENSO index (MEI). MEI is a widely used index that reflects the 

strength and phase (La Niña or El Niño) of ENSO conditions and combines six variables 

measured over the tropical Pacific which are: sea-level pressure, surface zonal and meridional 

wind components, sea surface temperature, surface air temperature and cloudiness (Wolter 

and Timlin, 1988, 2011). Negative low values of MEI indicate La Niña conditions, while 

positive MEI values indicate El Niño conditions. Figure 8 shows the correspondence between 

large discharge and precipitation values in 2007 and 2010 with very low values of the MEI in 

2007 and 2010. This correspondence suggests that La Niña events from 2007-2008 and 2010-

2011 caused the large discharge events that triggered and maintained the newly avulsed 

channels.  

The cold phase of ENSO (La Niña) in Colombia is linked to a decrease in the average 

air temperature, which in turn increases precipitation and river flow (Poveda et al., 2001). 

Similar effects of ENSO in fluvial systems elsewhere have been widely reported: cold phases 

of ENSO (La Niña) have been correlated with the occurrence of episodic sedimentation in the 
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floodplains of two Bolivian rivers (Aalto et al., 2003); with avulsion triggering in the Pastaza 

River, Ecuador (Bernal et al., 2012);  with an increase in flooding events and stream power in 

the rivers of the Amazon Basin (Bookhagen and Strecker, 2010); and with storm events, 

stream activation and lake infilling (in an otherwise playa lake) in the ephemeral Lake Eyre 

catchment, Australia (Kotwicki and Isdale, 1991; Kotwicki and Allan, 1998). 

We also evaluated if seismic activity could have triggered the avulsion event, as this 

site is located in an active foreland basin. We reviewed historic seismic activity records from 

the area indexed by the Colombian Geological Survey in the last two decades 

(http://seisan.sgc.gov.co/RSNC/), and found that no seismic activity was registered in the 

area during 2007. An epicenter of an earthquake located in the field area occurred in 1996 but 

no avulsions were observed in the satellite images during that year. This rules out the 

possibility that seismic activity could have been the trigger of the 2007 avulsion event.  

The stability of the crevasse channel, which connects the parent channel with the 

newly formed channels, might be related to the magnitude of the angle of bifurcation 

(Mosselman et al., 1995; Burge, 2006; Edmonds and Slingerland, 2008). The high angle 

(~70˚) of bifurcation between the parent and the crevasse channel seems to be hydraulically 

efficient so that flow velocity is high enough to impede sediment accumulation at the 

avulsion node, maintaining the crevasse channel. Interestingly, the local inhabitants of the 

field area unsuccessfully attempted to close the crevasse channel by placing two rows of large 

vertical metal pipes across the crevasse channel (pipes approximately 20 cm diameter and 

spaced 50 cm apart). Their aim was to enhance sedimentation, to try to infill the newly 

formed channel and reduce discharge down this channel and into the newly formed 

anabranches. This was not successful; the pipes placed across the crevasse channel’s thalweg 

have fallen over, enabling continued flow of water and sediment through this channel (Fig. 

DR3).  
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Crevasse channels formed at hydrologically inefficient angles are prone to accumulate 

sediment at the avulsion node, resulting in the abandonment of the crevasse channel (e.g. 

Makaske et al., 2012).This seems to have been the case of the other crevasse channels which 

were formed in 2007 at a reverse angle from the parent channel (Fig. 3C). These crevasse 

channels were abandoned after 2011(Fig. 3E).  Other work has shown that stable bifurcations 

can be a function of an upstream meander bend (Kleinhans et al., 2008). The spiral flow and 

transverse bed gradients associated with the bend steer sediment transport so that one channel 

conveys the flow and the other conveys sediment, creating a stable balance between the 

morphodynamics of the two channels (Kleinhans et al., 2008). However, as discussed in 

Section 5.1 the avulsion node in this field site is associated with a relatively straight section 

of the channel between bends, thus is not related to the upstream meander bend.  

We propose that La Niña events from 2007-2008 and 2010-2011 caused the large 

discharge events that triggered the formation and maintenance of the newly avulsed channels.  

We also suggest that the high angle between the parent and the crevasse channel is 

hydraulically efficient and therefore contributed to the maintenance of the newly formed 

channels.  

5.4 Potential evolution of the avulsion site 

The key remaining question is: how will the system continue to evolve? One scenario 

could be for the newly-formed channels to continue to expand and for the parent channel to 

decrease in size, until all the channels reach a similar cross sectional area. In this scenario 

dynamic equilibrium would be attained, as in the case of other anabranching rivers, by the 

balance between rates of channel creation and channel abandonment (Makaske, 2001). 

Alternatively, the avulsion can heal and become abandoned or the crevasse channel can fully 

avulse, with the parent channel becoming abandoned. From a morphodynamic point of view 

this is usually evaluated by comparing the initial and boundary conditions of the avulsion in 
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phase diagrams (Slingerland and Smith, 1998). However, the lack of bathymetric data 

prevent us from calculating the parent and crevasse channel bed slope immediately after the 

occurrence of the avulsion to evaluate this hypothesis. It is also worth remembering that this 

avulsion and its evolution will be influenced by the major upstream avulsion node at El 

Banco (Fig. 1) and likely decreasing discharge of the Brazo de Mompox and increasing 

discharge on the Brazo de Loba over a timescale of hundreds of years. Other crevasse splays 

and avulsions along this network of channels will also have an influence on discharge at the 

studied site. This superimposition of avulsions throughout the Mompox Tectonic Depression 

over the natural timescale of change in this system is unlikely to be unusual, and presents an 

additional complexity that will impact on the future evolution of the river at the studied 

avulsion site. 

From a climatic point of view, interannual variability related to ENSO is likely to 

contribute to the evolution of the newly formed channels. The effects of the current (2015) 

warm phase of ENSO (El Niño; 

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso_advisory/index.shtml) will 

likely result in decreased precipitation and discharge, potentially preventing the maintenance 

of the newly avulsed channels. This will depend on the duration and intensity of the 2015 El 

Niño event.  

 

6. Conclusions 

Here we investigated a 2007 avulsion event that took place in one of the anabranching 

reaches of the tropical Magdalena River, Colombia and explored the likely causes for this 

avulsion. We used satellite imagery, topographic, bathymetric and sedimentologic data to 

assess the possible causes of this avulsion event.  
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On a regional scale the location of the avulsion node is controlled by a fault which 

coincides with, and is likely the cause of, a change in gradient. On a reach scale the location 

of the avulsion node is hydrodynamically controlled by the thalweg location up against the 

left bank. We also show that levee height is not closely scaled to channel depth and therefore 

normalized superelevation does not play a role in the setup for avulsion in this site. 

The avulsion took place via a crevasse splay forming followed by maintenance and 

expansion of one channel, in-filling of the lake and development of a network of new 

channels. We suggest that the high angle magnitude between the parent and the maintained 

crevasse channel is hydraulically efficient, resulting in the maintenance of this channel and 

the downstream anabranches, and the abandonment of the other crevasse channels with a low 

angle of divergence from the parent channel. The trigger of the avulsion and maintenance of 

the newly avulsed channels can be ascribed to high discharge magnitudes related to the 2007 

-2008 and 2010-2011 extreme La Niña events. 
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Table and figure captions 

 

Table 1. Width and depth channel data extracted at transects T1, T2 and T3 on the parent and 

newly formed channels. Subscript indicates channel number detailed in Figure 5.  

 

Table 2.Channel and levee data extracted at transects T1, T2 and T3 on the parent channel. 

 

Figure 1. Location map showing the Magdalena River and the Colombian Andes. The 

Magdalena River is depicted by the thick black solid line and its major tributaries by the 

thinner black lines; dashed grey lines show the location of major faults (Veloza et al., 2012); 

the black rectangle shows the area of the image presented in Figure 1.1B; WC= Western 

Cordillera, CC= Central Cordillera, EC=Eastern Cordillera, SLR= San Lucas Ranges. Star on 

inset shows the location of the field site within South America. Elevation data from shuttle 

radar topography mission (USGS, 2006). B) Map showing the distribution of major active 

channels (lines), lakes and marshes (dark grey). The thick black lines represent the major 

channels, and thin black lines represent more minor channels. Minor channels outside of the 

area enclosed by the Brazo de Loba and Brazo de Mompox and outside of the study area have 

not been included on the figure for simplicity. Black arrows show flow direction. The black 

rectangle depicts the main study area, which is presented in Figure 3.  

 

Figure 2. Minimum, mean and maximum of the mean monthly discharge (total of all 

available mean monthly discharge data) for the Calamar station (see Figure 1A for location) 

1941-2010. Data extracted from Restrepo et al. (2014). 
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Figure 3.Series of Landsat images documenting the morphological change and avulsion event 

in the study site between 1973 and 2014. The black lines in F show the transect locations. 

The black arrow in all the figures shows flow direction, while the white arrows indicate the 

location of the avulsion node. Imagery is from EarthExplorer (http://earthexplorer.usgs.gov/). 

 

Figure 4. A) Interpolated bathymetry of the study site. A forced elevation of 3 and 1.7 was 

added to the channel boundary of the trunk and the secondary anabranches, respectively. The 

channel depth is relative to the enforced bank height. Arrow shows flow direction. UB= 

upstream bar, DB= downstream bar, N1 and N2 are diffluence nodes mentioned in the text, 

the asterisks show the location where bar dimensions referred to in the text were taken. B) 

Comparison of the bankfull depth of the trunk channel (solid) and the surveyed recently 

formed anabranches (dashed). Non-navigable channels were either dry or had water depths of 

less than 0.5 m at their junctions with the navigable channels.  

 

Figure 5. Location of topographic transects T1, T2 and T3. A-C) Cross-sections of the 

surveyed transects T1, T2 and T3, respectively. Horizontal lines in channels indicate 

channel’s water level. Channel number in (C) corresponds to the subscript number in Table 1, 

PC= parent channel, D= dry channel.  In all cases zero distance is the most southeastern limit 

of each transect. 

 

Figure 6. Grain size distribution of the samples, grouped by geomorphic elements. Vertical 

light-gray lines on each plot depict grain-size cut offs, vfs. = very fine sand, fs.= fine sand, 

ms.= medium sand, cs. = coarse sand, vcs.= very coarse sand. See Figure 4 for bar location 

and Figure 2DR for sample location.  
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Figure 7.A) Sketch of showing how normalized superelevation is defined, h ̅= bankfull depth, 

SE= superelevation, which is the elevation difference between the top of the levee and the 

floodplain. B) Probability density plot of normalized superelevation for ancient (GM = 

Guadalupe-Matarranya system, Spain and Wfm = Wasatch Formation, US) and modern (AR 

=Assinibione River, Canada) datasets presented in Mohrig et al. (2010). Dashed vertical lines 

show the mean values for each dataset.  Horizontal segment represents the range of the 

normalized superelevation values of this study (MR=Magdalena River, Colombia) and the 

Taquari River, Brazil (TR; Makaske et al., 2012). 

 

Figure 8. A) Classified digital elevation model of the field area. Black lines depict the major 

river channels in the study area, while the grey lines show smaller anabranches. Fault location 

is from Mantilla et al. (2006). B) Longitudinal profile of the Brazo de Loba. Longitudinal 

profile was constructed from a digital elevation model derived from a one second (30 m 

resolution) shuttle radar topography mission (SRTM, earthexplorer.usgs.gov). 

 

Figure 9. Diagrammatic representation of the lower Magdalena basin. Section along the 

southern edge of the diagram corresponds to re-interpretation (by Montes et al., 2010) of 

seismic section (ST-15) originally published by Flinch (2003), while the map corresponds to 

re-interpretation of geophysical surveys by Cerón (2007). Thick red lines correspond to 

normal faults bounding main depressions, grey lines represent depths to basement in 

kilometers. See Figure 1 for the location of the town of El Banco.  

 

Figure 10. A) Time series of maximum monthly discharge (black line) recorded each year for 

Calamar gauging station 1941-2010 and maximum monthly rainfall (grey line) recorded each 

year for the Barranco de Loba station 1974-2010 (see Figure 1 for locations). The grey 
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vertical lines show the temporal duration of La Niña events of 2007 and 2010 (data sources: 

Restrepo et al., 2014 and IDEAM, http://www.ideam.gov.co/solicitud-de-informacion). B) 

Time Series of the multivariate ENSO Index (MEI) from 1995 until 2012 (data source: 

http://www.esrl.noaa.gov/psd/enso/mei/table.html).  

  



154 
 

Table 1 

  

Channel 
width 
(m) 

Channel 
depth 
(m) 

Parent channel 
T1 420 8.4 
T21 230 13.03 
T31 363 9.04 
Newly formed channels 
T22 100.0 6.4 
T32 33.4 3.0 
T33 42.1 2.7 
T34 26.8 2.8 
T35 43.5 4.0 
T36 43.0 2.2 
T37 53.0 2.3 
T38 46.7 2.3 
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Table 2 

Channel 
width 
(m) 

Channel 
depth 
(m) 

Levee 
slope 

Levee 
height 

(m) 
Normalized 

superelevation 
T1 420 8.40 0.004 2.60 0.31 
T2 230 13.03 0.011 1.58 0.12 
T3 363 9.04 0.010 2.26 0.25 
  



156 
 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5  
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Figure 6 
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Figure 7 
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Figure  8   
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Figure 9 
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Figure 10 
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Figure 1DR. Interpolated bathymetry of the main study site with the survey lines shown in 
dark grey. Arrow shows flow direction.  
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Figure 2DR. Sample location of grain size results shown in Figure 6. 
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Figure 3DR. Field photo showing the vertical pipes placed across the avulsion channel, 
immediately downstream of the main avulsion node. Note the sand deposit at the right of the 
photo, which is likely to be formed as a result of the pipes. Flow direction is towards the 
reader.  
 

Pipes Pipes 



170 
 

4.5 Paper 5 

 

Morón, S, Amos, K., D. A. Edmonds. Avulsion activity in South American rivers is forced by 
El Niño/Southern Oscillation    

  



171 
 

Avulsion activity in South American rivers is forced by El Niño/Southern Oscillation  

S. Morón1, K. Amos1, D. A. Edmonds2 

1 Australian School of Petroleum, University of Adelaide, SA 5005, Australia.  

2Department of Geological Sciences and Center for Geospatial Data Analysis, Indiana 

University, 1001 East 10th Street, Bloomington, Indiana 47405, USA 

Corresponding author: Sara Morón, sara.moronpolanco@adelaide.edu.au, Australian School 

of Petroleum, The University of Adelaide, SA 5005, Australia. Phone: +61 8 83138044. 

 

Abstract 

River avulsion and associated floods can cause severe socioeconomic losses to human 

population. The impact of climate variability on flooding is well known, but link between 

climate variability and avulsions not been focus of much investigation. El Niño Southern 

Oscillation (ENSO) is the most important coupled ocean-atmosphere phenomenon and the 

most significant source of interannual climate variability. In South America the cold phase of 

ENSO causes significant floods that have been associated with floodplain sediment 

deposition inferred via avulsion. Here, we show that the frequency of avulsion activity 

significantly increases during the cold phase of ENSO. We based this on geomorphological 

observations derived from forty-one years of satellite imagery from three South American 

rivers and a statistical investigation of discharge data.  This investigation provides 

observations of landscape changes and the link to ENSO. We demonstrate that the frequency 

of avulsion activity increases during la Niña in three different catchments that are hundreds of 

kilometers apart. For one river, we established that the magnitude of river discharge increases 

during the cold phase of ENSO, when there is also an increase in avulsion activity.  We 

suggest that the intensity of la Niña occurrences seems to play a significant role in the 



172 
 

triggering and development of partial and full avulsions because the onset of three events 

reported in this study corresponds to strong La Niña phenomena (1975-1976, 1998-1999, 

2007-2008 and 2010-2011).  These findings provide useful information for application to 

flood hazard management and for the interpretation of avulsive sequences in the stratigraphic 

record 

1. Introduction 

River relocation, known as avulsion, has tragic consequences for neighboring 

populations because it can result in loss of life as well as destroy human settlements, food 

crops and livestock, causing severe socioeconomic losses (Soong and Zhao 1994; Sinha, 

2009; Chakraborty et al., 2010). Previous studies have demonstrated that river avulsion can 

be triggered by significant floods (e.g. Slingerland and Smith, 2004), which are also the most 

common natural catastrophe and the main cause of natural disaster mortalities around the 

world (Doocy et al., 2013). The expected increase of global average temperatures as a result 

of climate change (Solomon et al., 2007) is likely to increase flood frequency (Parmesan et 

al., 2000; 2009; Hallegatte et al., 2013) and thus incidences of river avulsion are likely to also 

increase. Understanding the controls on avulsion is crucial to mitigate the associated hazards.  

Understanding the controls on avulsion also has implications for the comprehension 

of the stratigraphic record, with application to the extraction of natural resources stored 

within subsurface reservoirs (water and hydrocarbons). Investigating controls on avulsion 

activity in the geologic record is challenging because relationships are inferred via indirect 

evidence, not observed. Additionally, the chronological tools available do not have a high 

enough resolution to resolve event-scale sediment accumulation (Blum et al., 2013) which 

impedes researchers from linking deposits with triggers. 
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On both geologic and environmental management timescales, it would be particularly 

useful to understand whether large-scale climatic cycles can be linked to avulsion activity. 

River avulsions can occur in multiple stages and are not always successful. Thus, this activity 

should all be considered when exploring controls on avulsion. We define avulsion activity as 

the formation of both full and partial avulsions and of crevasse splays, since crevasse splays 

are failed avulsions that occur as the system tests avulsion locations (Slingerland and Smith, 

2004). Crevasse splays are fan-shaped geomorphic features adjacent to a river channel that 

result from a breach in the river bank and escape of water and sediment onto the floodplain 

(Slingerland and Smith, 2004). The section where the flow breaches the levee has been 

defined as a crevasse (Paola, 2003) which can become a crevasse channel once it carries a 

portion of the flow of the trunk channel (Makaske, 2001).Avulsions can be full, in which all 

flow is transferred out of the parent channel, or partial, where only part of the flow is 

transferred (Slingerland and Smith, 2004). 

The most important coupled ocean-atmosphere phenomenon at present, El Niño 

Southern Oscillation (ENSO), is the world's most significant source of interannual climate 

variability (Santoso et al., 2013). ENSO-like conditions have been inferred to be present since 

the Late Miocene (Galeotti et al., 2010; Zhang et al., 2014).  ENSO exhibits three phases: 

neutral, El Niño and La Niña (McPhaden et al., 2006). In the neutral state (neither El Niño 

nor La Niña) trade winds blow east to west across the surface of the tropical Pacific Ocean, 

bringing warm moist air and warmer surface waters towards the western Pacific and keeping 

the central Pacific Ocean relatively cool (McPhaden et al., 2006). During El Niño phase, 

trade winds weaken or may even reverse, allowing the area of warmer than normal water to 

move into the central and eastern tropical Pacific Ocean (McPhaden et al., 2006).  

Conversely, during La Niña events, trade winds intensify with greater convection over the 

western Pacific and stronger trade winds (McPhaden et al., 2006). The overall regional 
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patterns of ENSO are understood but each event is specific and therefore differs spatially and 

temporally (McPhaden et al., 2006). 

Although ENSO affects the tropical Pacific regions more strongly, the remote effects 

of ENSO are also experienced in the North and South Pacific and on all seven continents due 

to its ocean-atmosphere coupling (Trenberth et al., 1998; Turner, 2004; Lee et al., 2012; 

Barnard et al., 2015). In some regions of South America the cold phase of ENSO causes 

increase in rainfall (Coelho et al., 2002, Arias et al., 2015), affecting river discharge 

(Bookhagen and Strecker, 2010) and thus causing severe floods (Hoyos et al., 2013). In 

Colombia the economic losses associated with the floods caused by the 2010-2011 La Niña 

were up to US $7.8 billion (Hoyos et al., 2013) and 4 million people were affected (UNISDR 

and OSSO, 2013). In Bolivia the floods associated with the same La Niña event caused 

monetary losses of US $20 million and affected 0.3 million people (EM-DAT, 2015).  

When it comes to exploring potential links between ENSO and avulsion frequency, 

few published studies are available A sedimentological study of the floodplains of two rivers 

in Bolivia has shown that the age of discrete sedimentary deposits (dated to 1910 – 2000 by 

210Pb geochronology) correspond to rapid-rise flooding events caused by the cold phase of 

ENSO (Aalto et al., 2003). Aalto et al.’s (2003) study speculates that these deposits are 

formed via crevasse splay, but the geomorphological evidence is not presented.  Based on the 

meandering planform of these Bolivian Rivers (Grenfell et al., 2012), it is possible that these 

deposits could be from lateral accretion instead or deposition related to chute channels. Two 

case studies of individual avulsions have proposed a link between avulsion activity and the 

cold phase of ENSO, but these are based on single events (Bernal et al., 2012; Morón et al., 

Paper 4 of this thesis). It is thus likely that there is a link between avulsion and ENSO phase, 

but there is a need for this to be convincingly demonstrated, through investigation of avulsion 

activity that spans multiple localities on a large scale over multiple ENSO cycles. 
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 In this study, we test if the proposed relationship between avulsion activity and the 

cold phase of ENSO is observed in three different river reaches located hundreds of 

kilometers apart, from 41 years of data spanning 12 La Niña events. To test this hypothesis 

we tracked changes in floodplain configuration via satellite imagery and compared the timing 

of these changes with ENSO records. We present a summary of the different geomorphic 

styles of avulsion activity observed in the satellite imagery, and a statistical investigation of a 

link between avulsion activity and any of the phases of ENSO.  

 

2. Study sites and methods  

We investigated avulsion activity at three study sites from three wet tropical rivers 

located in different South American catchments, over a period of 41 years. We collected a 

record of cloud-free Landsat images from 1973 to 2014 for floodplain areas in: the Isiboro 

River (138 images), Sarare River (152 images) and Magdalena River (179 images), which are 

located in the Amazon, Orinoco and Magdalena catchments, respectively (Fig. 1). We 

selected these systems because they are representative of fluvial deposition across the Andean 

foreland (they originate in the Andes and then cross flood-prone lowlands) and each system is 

located in a different ENSO gradient (Coelho et al., 2002; Bookhagen and Strecker, 2010).  

We used Google Earth Engine (https://earthengine.google.com/) to inspect the entire length 

of the Isiboro and Sarare river systems for reaches that exhibit avulsive behavior. We then 

selected one avulsive reach from each river for analysis to be conducted over the 41 year 

investigation period. For the Magdalena River, we conducted the analysis on a previously 

identified reach in which a partial avulsion has recently occurred (see Paper 4 of this thesis). 

The floodplains and channels of all three study sites are located in remote areas with 

relatively little anthropogenic disturbance. The Isiboro River is a tributary of the Mamoré 
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River (catchment area of 600,000 km2; Moya et al., 2007). The rivers of the Mamoré system 

start at the Bolivian Andes and traverse the Subandean fold-thrust belt, then flow through a 

low-relief, low-elevation area, which has been interpreted as the aggradational surface of the 

proximal foreland basin system (Horton and DeCelles, 2001; Wittman et al., 2009). Our 

study site of the Isiboro River (65.15°W, 16.27°S; area: 162 km2) is located in these low-

elevation areas. The Sarare River is part of the Apure catchment (167,000 km2), a system that 

starts in the Mérida Andes of Venezuela and the Eastern Cordillera of Colombia (Pérez and 

Fabré, 2013). The Sarare system crosses several thrust faults that are located along the 

foothills, it then flows through the Barinas-Apure flexural basin (Audemard and Audemard, 

2002; Chacín et al., 2005) where the flood-prone floodplains of the Sarare River are located, 

wherein our study area was selected (71.22°W, 7.20°N; area: 3300 km2). The Magdalena 

River (catchment area 257,438 km2) flows along the intermontane basin created by the 

Eastern and Central Cordillera of the Colombian Andes. It then intersects the buried end of 

the Central Cordillera and divides into multiple anabranching channels; this section is known 

as the Mompox Tectonic Depression (Smith, 1986; Gómez et al., 2005) and the floodplains 

of this region are the focus of our investigation (74.18°W, 8.83°N; study area: 162 km2). 

For each site, we visually inspected the satellite scenes to identify crevasse splays and 

avulsions.  We quantified avulsion activity through time by counting the number of crevasse 

splays, partial and full avulsions (sensu Slingerland and Smith, 2004) identified in the 

satellite images. Partial and full avulsions represent a process that takes place over several 

years; for the purposes of our analysis, we plot each against the date of the initial levee 

breach being identified in the satellite images. We compared the avulsion activity counts with 

the multivariate ENSO index (MEI) and the MEI rank to establish whether the frequency of 

these counts is related to the ENSO phase (La Niña, neutral or El Niño). MEI is a widely used 
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index that reflects the strength of ENSO conditions and combines six variables measured 

over the tropical Pacific which are: sea-level pressure, surface zonal and meridional wind 

component, sea surface temperature, surface air temperature and cloudiness (Wolter and 

Timlin, 1988, 2011).  We used the bimonthly MEI ranks calculated by Wolter and Timlin 

(2011) to define La Niña, Neutral and El Niño conditions. Thus, MEI ranks ranging between 

1 and 20 were used to delineate strong to weak La Niña conditions, ranks between 21 and 45 

were used to define neutral conditions and ranks between 46 and 65 were used to outline 

weak to strong El Niño conditions.  

Subsequently we investigated statistically whether there is a correlation between 

ENSO phase and discharge. To do this, we used an asymmetric piecewise-linear regression, a 

method previously used to quantify the influence of ENSO on rainfall in Southeast 

Queensland, Australia (Sun et al., 2014). This was only possible for the Magdalena River 

site, as historic discharge records from the other two rivers were not sufficiently long and 

continuous to run the model. To perform this regression we used seventy years of mean 

monthly discharge records from the wettest season of the Magdalena River at Calamar 

gauging station (October-December, 1941-2010) and records of the Southern Oscillation 

Index (SOI), a measure of ENSO that closely correlates with MEI (r =0.9). 

 

3. Results  

We identified a total of 163 instances of avulsion activity, which we classified into 

four styles: 1) “event”-lived small crevasse splays (< 1 km radius) formed simultaneously in 

multiple locations along a reach (Fig. 2); 2) short-lived isolated crevasse splays;  3) large 

crevasse channels (> 1 km long) only occurring in a single location that prevail on a decadal 

timescale, a process known as partial avulsion (Fig. 3 B, D, F cf. Slingerland and Smith, 

2004); 4) full avulsion. The “event”-lived small crevasse splays are referred here as “event”-
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lived because they were only identified at single time in an individual satellite image. They 

were also formed simultaneously in multiple locations along a reach, thus it appears as if the 

entire floodplain is suddenly activated. The short-lived isolated crevasse splays are active 

over an annual scale period and can extend from hundreds of meters to 5 km; they are then 

abandoned, becoming vegetated and indistinguishable from surrounding floodplain.  

The Isiboro River site is the only case in which a full avulsion takes place, the process 

spanning a period of approximately 13 years. Only a small percentage of the total avulsion 

activity results in partial or a full avulsion (MR=3%; IR= 2.5%, SR= 1.5%); the vast majority 

are “event”-lived to short-lived crevasse splays.  The avulsion activity counts for the three 

river sites are presented in Table 1, as well as a breakdown of the avulsion style (crevasse 

splay, partial or full avulsion). The Sarare River presents the largest count of avulsion activity 

(67) followed by the Magdalena River (56), while the Isiboro River presents the smallest 

number of counts (40). We observed that the spatial distribution of the avulsion activity 

appears to be stochastic because they are formed in different locations at different times (Fig. 

4).  

Our results show that the avulsion activity occurs episodically on a decadal timescale 

that temporally correlates with the cold phase of ENSO (Fig. 5). The number of counts of 

avulsion activity during La Niña phases is significantly larger than during El Niño (goodness-

of-fit test, MR p= 7.9 x 10-10, IR p=7.1 x10-6, SR p=6.1 x 10-9) and neutral phases (goodness-

of-fit test, MR p= 9.2 x 10-13, IR p= 0.002, SR p= 0.01).  Avulsion activity does occur during 

El Niño and neutral conditions, especially in the case of the Sarare River (Table 1; Fig. 5), 

but this has a lower likelihood of occurrence. 

Results from the asymmetric piecewise-linear regression performed on discharge data 

from the Magdalena River show that the SOI significantly correlates with discharge during 

La Niña, while not during El Niño (Fig. 6). Subsequently, we investigated whether there is a 
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correlation between the avulsion activity count and the intensity of La Niña, but we found no 

significant correlation (Fig. 7; MR r=-0.23, p= 0.543; IR r=-0.30, p=0.552; SR, r =0.78, 

p=0.22). 

4. Discussion 

Our data show that avulsion activity increases during La Niña phases, as found in all 

three sites (Table 1). We propose that this is due to an increased likelihood of flooding, 

resulting from an increase in the magnitude of river discharge as we have shown for the 

Magdalena River (Fig. 6), which is likely to be the case for the Isiboro and Sarare river 

systems also.  This finding is consistent with previous research on the Magdalena River 

catchment that showed that 69% of stream flow variability is explained by the SOI (Restrepo 

and Kjerfve, 2000). 

The intensity of La Niña events seems to play a significant role in the triggering and 

development of partial avulsions. For instance the 1975-1976, 1998-1999, 2007-2008 and 

2010-2011 La Niña events were very strong (Wolter and Timlin, 2011; Boening et al., 2012; 

Espinoza et al., 2012; Fig. 5). The 1975-1976, 2007-2008 and 2010-2011 years coincide with 

the onset and development of the two partial avulsions observed at the Magdalena River site 

in the 41 year observation period. In the Isiboro River the 1998-1999 and 2010-2011 La Niña 

events correspond to the lake infilling with sediment that preceded a full avulsion and a 

partial avulsion (Fig. 3C and D).  

It has been proposed that avulsion occurs where the greatest average shear stress has 

been applied for longest time (Edmonds et al., 2009).  Our observations from the Magdalena 

River may support this hypothesis; the fact that the most recent partial avulsion developed 

during two La Niña events (2007-2008 and 2010-2011) that spanned five years indicates that 
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the frequency of the flooding might play a role not just in levee breaching but in the success 

of an avulsion. 

Based on discharge data of two Bolivian Rivers, Aalto et al. (2003) proposed that the 

levees are breached not only during intense floods but during rapid-rise floods. 

Unfortunately, for the Magdalena River site only monthly discharge data are available, and it 

is unknown at which discharge values overbank flow takes place, thus we cannot test this 

hypothesis with the Magdalena River discharge data.  

We recognize that although we demonstrate that the increase of avulsion activity 

during the cold phase of ENSO occurs on sites hundreds of kilometers apart, this might not 

hold true for all South American rivers, as the effect of ENSO on precipitation varies 

spatially (e.g. Coelho et al., 2002, McPhaden et al., 2006, Bookhagen and Strecker, 2010). 

For example, a study of rainfall variation during ENSO cycles in South America showed that 

along the eastern flanks of the Andes and on the Altiplano-Puna Plateau rainfall increases 

during La Niña phases by a factor of three compared to normal years, and by a factor of two 

in the west-central parts of the Amazon drainage basin (Bookhagen and Strecker, 2010). This 

spatial variability is likely to be evident in avulsion counts, and may be the reason for the 

variability in counts between the three study sites (Table 1; Fig. 5). However, other variables 

such as catchment area, gradient, discharge hydrograph and seasonality would also need to be 

taken into account. When comparing the number of counts in each site it is important to 

remember that these are not normalized data, and reach length, study area and number of 

satellite scenes available varied between sites. In rivers where avulsions occur and ENSO 

influences discharge, we think that this relationship between the two is likely to be found.  

It would be interesting to test if the effects of ENSO on avulsion activity identified 

here hold true outside of South America, such as in Queensland, Australia (Sun et al., 2014) 
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where an increase of rainfall during La Niña phases has been already identified. We suggest 

that this is likely, in river systems that are conducive to avulsion. 

The spatial and temporal variability of ENSO make the risk management of 

associated floods challenging. This study presents a step forward in the understanding of how 

floodplains are affected by ENSO, through our observations of the different styles of 

landscape change resulting from avulsion activity. One of the open questions is why during 

some floods the levees are breached in multiple locations on the entire reach, regardless of 

the intensity of La Niña event, and during other floods the levees are breached in a single 

location. The monthly resolution of the discharge data from the Magdalena River does not 

allow us to explore that further. Detailed event-scale comparisons of discharge data of events 

when the floodplains are affected differently may provide insights as to why avulsion activity 

exhibits different styles. Additionally, it is likely that the effect of the previous phase of 

ENSO affects the response of the system, such as in cases where La Niña years follow 

intense warm-phase ENSO years, a point discussed by Aalto et al., (2003). Furthermore, 

variability in floodplain morphology and composition may play a role, which would require 

field investigation. 

Our findings also provide insights for the understanding of avulsive deposits in the 

sedimentary record, as we show how climatic phenomena can trigger depositional events. We 

observed that the spatial distribution of the avulsion activity appears to be stochastic (Fig. 4A, 

B and C). This observation is in accordance with records of episodic sedimentation from the 

Mississippi Delta (Shen et al., 2015) and Bolivian floodplains (Aalto et al., 2003), where the 

ages derived from the sedimentary deposits at various locations are not synchronous. This 

lack of synchronicity of Holocene deltaic deposits in the Mississippi Delta (Shen et al., 2015) 

has been used as evidence to suggest that alluvial accumulation is controlled by autogenic 

(internally- generated) processes. However, our findings indicate that asynchronous avulsion 
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activity deposits can be caused by ENSO, an allogenic (external) factor. This is unsurprising, 

as the temporal distribution of the different phases of ENSO displays irregularity in 

amplitude and duration (McPhaden et al., 2006; Kleeman, 2008; Fig. 5A). The temporal 

irregularity of ENSO has been inferred to be a result of either nonlinear chaotic dynamics of 

the ocean-atmosphere system or from stochastic forcing by weather noise (McPhaden et al., 

2006). It should be borne in mind when interpreting alluvial deposits that a stochastic pattern 

of deposition can be the result of allogenic as well as autogenic processes. 

5. Conclusions  

This investigation provides observations of landscape change and a link to ENSO. We 

present geomorphological observations derived from forty-one years of satellite imagery 

from three South American rivers, hundreds of kilometers apart in different catchments, and a 

statistical investigation that demonstrates a statistically significant increase in the frequency 

of avulsion activity during the cold phase of ENSO (La Niña). A total of 163 counts of 

avulsion activity were observed, classed into four styles: 1) “event”-lived small crevasse 

splays (< 1 km radius); 2) short-lived isolated crevasse splays; 3) large crevasse channels (> 1 

km long), which lead to partial avulsions; and 4) full avulsion. The majority are “event”-lived 

to short-lived crevasse splays. 

Based on hydrological data we established that the magnitude of river discharge 

increases during the cold phase of ENSO, which results in flooding and increase in avulsion 

activity, as the satellite imagery demonstrates.  We hypothesize that the intensity of la Niña 

phenomena seems to play a significant role in the triggering and development of partial and 

full avulsions because the onset of three events reported in this study corresponds to strong 

La Niña phenomena (1975-1976, 1998-1999, 2007-2008 and 2010-2011). We suggest that 

the frequency of the flooding might play a role not just in levee breaching but in the success 
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of an avulsion because the most recent partial avulsion developed during two La Niña events 

(2007-2008 and 2010-2011) that occurred in five years. 

This study presents a step forwards in the understanding of how the floodplains are 

affected by ENSO and thus it may provide useful insights for risk management of flood 

events. One of the open questions is why during some floods the levees are breached in 

multiple locations on the entire reach, regardless of the intensity of La Niña event, and during 

other floods the levees are breached in a single location. 

Our findings indicate that asynchronous avulsion activity with a spatial stochastic 

distribution can be caused by ENSO, an allogenic (external) factor. We underline that it 

should be taken into account when interpreting alluvial stratigraphy that a stochastic pattern 

of deposition can be the result of allogenic as well as autogenic processes. 

 

Acknowledgements 

SM carried out this research while being a recipient of an International Postgraduate 

Research Scholarship. SM thanks M. Blum discussions about ENSO and avulsion, which 

triggered the work presented in this manuscript.  The authors thank M. Ariza for initial 

collection and analysis of remote sensed data of the Magdalena River, X. Sun for providing 

the code to perform the asymmetric piecewise-linear regression and to M. Thyer for his 

discussions about ENSO. C. Restrepo providing the discharge data from the Magdalena 

River.  

 

References 

Aalto, R., Maurice-Bourgoin, L., Dunne, T., Montgomery, D.R., Nittrouer, C.A., Guyot, J.-
L., 2003. Episodic sediment accumulation on Amazonian flood plains influenced by El 
Niño/Southern Oscillation. Nature 425, 493-497. 

Audemard, F.E., Audemard, F.A., 2002. Structure of the Mérida Andes, Venezuela: relations 
with the South America–Caribbean geodynamic interaction. Tectonophysics 345, 1-26. 



184 
 

Barnard, P.L., Short, A.D., Harley, M.D., Splinter, K.D., Vitousek, S., Turner, I.L., Allan, J., 
Banno, M., Bryan, K.R., Doria, A., Hansen, J.E., Kato, S., Kuriyama, Y., Randall-
Goodwin, E., Ruggiero, P., Walker, I.J., Heathfield, D.K., 2015. Coastal vulnerability 
across the Pacific dominated by El Niño/Southern Oscillation. Nature Geosci 8, 801-
807. 

Bernal, C., Christophoul, F., Soula, J.-C., Darrozes, J., Bourrel, L., Laraque, A., Burgos, J., 
de Berc, S.B., Baby, P., 2012. Gradual diversions of the Rio Pastaza in the Ecuadorian 
piedmont of the Andes from 1906 to 2008: role of tectonics, alluvial fan aggradation, 
and ENSO events. International Journal of Earth Sciences 101, 1913-1928. 

Blum, M., Martin, J., Milliken, K., Garvin, M., 2013. Paleovalley systems: Insights from 
Quaternary analogs and experiments. Earth-Science Reviews 116, 128-169. 

Boening, C., Willis, J.K., Landerer, F.W., Nerem, R.S., Fasullo, J., 2012. The 2011 La Niña: 
So strong, the oceans fell. Geophysical Research Letters 39, 1-5. 

Bookhagen, B., Strecker, M.R., 2010. Modern Andean rainfall variation during ENSO cycles 
and its impact on the Amazon drainage basin. 

CEPAL, 2008: Evaluación del impacto acumulado y adicional ocasionado por La Niña, 
Bolivia 2008, Edit. CEPAL, Mexico. 

Chacín, L., Jácome, M.I., Izarra, C., 2005. Flexural and gravity modelling of the Mérida 
Andes and Barinas–Apure Basin, Western Venezuela. Tectonophysics 405, 155-167. 

Chakraborty, T., Kar, R., Ghosh, P., Basu, S., 2010. Kosi megafan: Historical records, 
geomorphology and the recent avulsion of the Kosi River. Quaternary International 
227, 143-160. 

Coelho, C.A.S., Uvo, C.B., Ambrizzi, T., 2002. Exploring the impacts of the tropical Pacific 
SST on the precipitation patterns over South America during ENSO periods. Theor 
Appl Climatol 71, 185-197. 

Doocy S, D.A., Murray S, Kirsch TD. , 2013 The Human Impact of Floods: a Historical 
Review of Events 1980-2009 and Systematic Literature Review. PLOS Currents 
Disasters 1. 

EM-DAT, Guha-Sapir, S., Below, R., Hoyois, P., 2015. The CRED/OFDA International 
Disaster Database –www.emdat.be – Université Catholique de Louvain – Brussels – 
Belgium. 

Edmonds, D.A., Hoyal, D.C.J.D., Sheets, B.A., Slingerland, R.L., 2009. Predicting delta 
avulsions: Implications for coastal wetland restoration. Geology 37, 759-762. 

Galeotti, S., von der Heydt, A., Huber, M., Bice, D., Dijkstra, H., Jilbert, T., Lanci, L., 
Reichart, G.-J., 2010. Evidence for active El Niño Southern Oscillation variability in 
the Late Miocene greenhouse climate. Geology 38, 419-422. 

Gómez, E., Jordan, T.E., Allmendinger, R.W., Hegarty, K., Kelley, S., 2005. Syntectonic 
Cenozoic sedimentation in the northern middle Magdalena Valley Basin of Colombia 
and implications for exhumation of the Northern Andes. Geological Society of America 
Bulletin 117, 547-569. 

Grenfell, M., Aalto, R., Nicholas, A., 2012. Chute channel dynamics in large, sand-bed 
meandering rivers. Earth Surface Processes and Landforms 37, 315-331. 

Hallegatte, S., Green, C., Nicholls, R.J., Corfee-Morlot, J., 2013. Future flood losses in major 
coastal cities. Nature Clim. Change 3, 802-806. 

Horton, B.K., DeCelles, P.G., 2001. Modern and ancient fluvial megafans in the foreland 
basin system of the central Andes, southern Bolivia: implications for drainage network 
evolution in fold-thrust belts. Basin Research 13, 43-63. 

Hoyos, N., Escobar, J., Restrepo, J.C., Arango, A.M., Ortiz, J.C., 2013. Impact of the 2010–
2011 La Niña phenomenon in Colombia, South America: The human toll of an extreme 
weather event. Applied Geography 39, 16-25. 



185 
 

Jhan Carlo, E., Josyane, R., Jean Loup, G., Clementine, J., Guillaume, D., Jean Michel, M., 
William, S., Philippe, V., Waldo, L., Julio, O., Raúl, E., 2012. From drought to 
flooding: understanding the abrupt 2010–11 hydrological annual cycle in the Amazonas 
River and tributaries. Environmental Research Letters 7, 024008. 

Kleeman, R., 2008. Stochastic theories for the irregularity of ENSO. Philosophical 
Transactions of the Royal Society of London. Series A, Mathematical and Physical 
Sciences 366, 2509-2524. 

Lee, S.-K., Atlas, R., Enfield, D., Wang, C., Liu, H., 2012. Is There an Optimal ENSO 
Pattern That Enhances Large-Scale Atmospheric Processes Conducive to Tornado 
Outbreaks in the United States? Journal of Climate 26, 1626-1642. 

Makaske, B., Smith, D.G., Berendsen, H.J.A., 2002. Avulsions, channel evolution and 
floodplain sedimentation rates of the anastomosing upper Columbia River, British 
Columbia, Canada. Sedimentology 49, 1049-1071. 

McPhaden, M.J., Zebiak, S.E., Glantz, M.H., 2006. ENSO as an Integrating Concept in Earth 
Science. Science 314, 1740-1745. 

Paola, C., 2003. Sedimentology - Floods of record. Nature 425, 459-459. 
Parmesan, C., Root, T.L., Willig, M.R., 2000. Impacts of extreme weather and climate on 

terrestrial biota*. Bulletin of the American Meteorological Society 81, 443-450. 
Pérez, A., Fabré, N.N., 2013. Spatial population structure of the Neotropical tiger catfish 

Pseudoplatystoma metaense: skull and otolith shape variation. Journal of Fish Biology 
82, 1453-1468. 

Restrepo, J.D., Kjerfve, B., 2000. Magdalena river: interannual variability (1975-1995) and 
revised water discharge and sediment load estimates. Journal of Hydrology 235, 137-
149. 

Santoso, A., McGregor, S., Jin, F.-F., Cai, W., England, M.H., An, S.-I., McPhaden, M.J., 
Guilyardi, E., 2013. Late-twentieth-century emergence of the El Niño propagation 
asymmetry and future projections. Nature 504, 126-130. 

Shen, Z., Törnqvist, T.E., Mauz, B., Chamberlain, E.L., Nijhuis, A.G., Sandoval, L., 2015. 
Episodic overbank deposition as a dominant mechanism of floodplain and delta-plain 
aggradation. Geology. 

Sinha, R., 2009. The Great avulsion of Kosi on 18 August 2008. Current Science 97, 429-
433. 

Slingerland, R., Smith, N.D., 2004. River avulsions and their deposits. Annual Review of 
Earth and Planetary Sciences 32, 257-285. 

Smith, D.G., 1986. Anastomosing river deposits, sedimentation-rates and basin subsidence, 
Magdalena River, northwestern Colombia, South-America. Sedimentary Geology 46, 
177-196. 

Solomon, S., Change, I.P.o.C., I., I.P.o.C.C.W.G., 2007. Climate Change 2007 - The Physical 
Science Basis: Working Group I Contribution to the Fourth Assessment Report of the 
IPCC. Cambridge University Press. 

Soong, T.W., Zhao, Y., 1994. The Flood and Sediment Characteristics of the Lower Yellow 
River in China. Water International 19, 129-137. 

Sun, X., Thyer, M., Renard, B., Lang, M., 2014. A general regional frequency analysis 
framework for quantifying local-scale climate effects: A case study of ENSO effects on 
Southeast Queensland rainfall. Journal of Hydrology 512, 53-68. 

Trenberth, K.E., Branstator, G.W., Karoly, D., Kumar, A., Lau, N.-C., Ropelewski, C., 1998. 
Progress during TOGA in understanding and modeling global teleconnections 
associated with tropical sea surface temperatures. Journal of Geophysical Research: 
Oceans 103, 14291-14324. 



186 
 

Turner, J., 2004. The El Niño–southern oscillation and Antarctica. International Journal of 
Climatology 24, 1-31. 

UNISDR, Corporación OSSO, 2013. Impacto de los desastres en América Latina y el Caribe, 
1990 -2011 

Wittmann, H., von Blanckenburg, F., Guyot, J.L., Maurice, L., Kubik, P.W., 2009. From 
source to sink: Preserving the cosmogenic Be-10-derived denudation rate signal of the 
Bolivian Andes in sediment of the Beni and Mamore foreland basins. Earth and 
Planetary Science Letters 288, 463-474. 

Wolter, K., Timlin, M.S., 2011. El Niño/Southern Oscillation behaviour since 1871 as 
diagnosed in an extended multivariate ENSO index (MEI.ext). International Journal of 
Climatology 31, 1074-1087. 

Zhang, Y.G., Pagani, M., Liu, Z., 2014. A 12-Million-Year Temperature History of the 
Tropical Pacific Ocean. Science 344, 84-87. 

 

  



187 
 

Table and figure captions 

 

Table 1. Counts of total avulsion activity during La Niña, El Niño and neutral conditions, and 

for partial and full avulsions during La Niña. 

 

Figure 1. Shaded relief map showing the location of the three study sites MR=Magdalena 

River, SR= Sarare River and Isiboro River in South America. Base map is from 

GeoMapApp©.  

 

Figure 2. Example of small crevasses in the Sarare River. White points show the location 

where the crevasse splay connects with the parent channel, black arrows show the flow 

direction.  

 

Figure 3. Satellite images showing examples of significant changes in floodplain 

configuration from the A-B) Magdalena River, the C-D) Isiboro River and the E-F) Sarare 

River before (top row) and during La Niña conditions. Black arrows show flow direction and 

white triangles the location where the levees have been breached. The white square in F 

shows the area where multiple crevasse channels and splays where formed. Imagery is from 

Earth Explorer http://earthexplorer.usgs.gov/. 

 

Figure 4. Satellite images from 2014 showing the distribution of avulsion activity color coded 

by year in the A) Magdalena River site, B) Isiboro River site and the C) Sarare River site. 

Black arrows show the flow direction. Imagery is from Earth Explorer 

http://earthexplorer.usgs.gov/. 

 



188 
 

Figure 5. Time series of A) Multivariate ENSO Index 

(http://www.esrl.noaa.gov/psd/enso/mei/table.html).  B-D) Counts of avulsion activity 

observed in satellite images during 1973-2015. The grey shaded zones show the temporal 

duration of the cold phase of ENSO, known as La Niña which are determined based on the 

MEI ranks calculated by Wolter and Timlin (2011) 

http://www.esrl.noaa.gov/psd/enso/mei/rank.html.  

 

Figure 6. Quantiles of the wet season total river discharge with respect to SOI value for the 

Magdalena River (Calamar gauging station). SOI has a statistically significant effect on the 

discharge during the wet season, while El Niño has little effect.  The dark grey, black and 

light grey solid lines are respectively the 0.05, 0.5 and 0.99 quantiles with 90% credibility 

intervals outlined by the grey polygons. Black dots are the observations with respect to the 

SOI value of each year (1941-2010). Positive SOI values indicate La Niña conditions, while 

negative values indicate El Niño conditions. 

 

Figure 7. La Niña avulsion activity counts and MEI ranks for the A) Magdalena River, B) 

Isiboro River and C) Sarare River. Low MEI ranks indicate intense La Niña phenomena, 

while high ranks designate weak La Niña events.  
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Table 1 

  Avulsion 
activity- 
La Niña 

Avulsion 
activity- 
El Niño 

Avulsion 
activity- 
Neutral 

Partial 
Avulsion 
La Niña 

Percentage 
of Partial 
Avulsion 
La Niña 

Full 
Avulsion 
La Niña 

Magdalena 51 5 0 2 3.6 0 

Isiboro 28 3 9 1 2.5 1 
Sarare 42 3 22 1 1.5 0 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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5. Thesis Conclusions  

 

This thesis contributes to the understanding of the origin and controls on the 

development of anabranching rivers by using a variety of field, remote sensing and state of 

the art modeling approaches. The anabranching rivers investigated in this thesis are located in 

four continents, spanning different climatic and tectonic settings. The focus of the research is 

on first order controls, processes and mechanisms, in order that the findings presented are 

globally applicable. 

One key contribution of this thesis is a study that documents that anabranching can 

occur via alluvial bar growth (Paper 3). Morphodynamic numerical simulations were 

performed using boundary conditions from field-scale modern anabranching rivers spanning 

different climatic and geologic settings as well as hypothetical floodplain widths. Simulations 

show that the alluvial bar growth and subsequent bifurcation abandonment leads to 

emergence of deep, stable anabranches. Island stabilization is attained because the flood 

depth over islands decreases as the cross-sectional area of the anabranches is enlarged. 

This thesis also proposes that the aspect ratio of the floodplain is a key parameter, 

based on modeling results (Paper 3). The mechanism proposed for this is that in wide, 

shallow floodplains the flood depths rapidly decrease as deep anabranches emerge, which 

stabilizes the bars. This finding is in agreement with findings from the case study of the 

Neales River, where anabranching occurs immediately downstream of a widening of the 

floodplain, and the conclusion from study of this site was that anabranching occurs as a result 

of the increased floodplain width (Paper 2). This finding explains published observations 

linking anabranching with relatively wide floodplains and with new data presented in this 

thesis from the Negro and the Congo Rivers using remotely sensed data, where anabranching 

occurs in wider floodplains (Paper 3). This conclusion also underlines the importance of 



198 
 

floodplain morphodynamics in the understanding of river style, a topic that has been the foci 

of few studies.  

This thesis also documents formation of anabranching channels via avulsion by 

investigating a 2007 avulsion event that took place in one of the anabranching reaches of the 

tropical Magdalena River, Colombia (Paper 4).  The avulsion took place via the formation of 

a crevasse splay followed by maintenance and expansion of one channel, in-filling of the lake 

and development of a network of new channels. It seems that the high angle magnitude 

between the parent and the maintained crevasse channel is hydraulically efficient, resulting in 

the maintenance of this channel and the downstream anabranches, and the abandonment of 

the other crevasse channels with a low angle of divergence from the parent channel. On a 

regional scale, the location of the avulsion node is related to changes in gradient caused by a 

fault, while on a reach scale it is linked to the location of the channel’s thalweg, which is up 

against the bank where the avulsion node is located.  In this site levee height is not closely 

scaled to channel depth and therefore normalized superelevation does not play a role in the 

setup for avulsion in this site. This has been previously proposed by one groundbreaking 

study (Mohrig et al., 2000), yet there is a widely held idea that superelevation is crucial for 

avulsion. However, a published study of a modern Brazilian avulsive system also shows that 

levee height does not have to be closely scaled to channel depth for avulsion to occur.  Given 

the little availability of published topographic and bathymetric profiles from avulsive 

systems, having an additional study demonstrating the same finding indicates that 

superelevation is perhaps not likely to be as critical to avulsion as previously thought.  

The trigger of the Magdalena River avulsion and maintenance of the newly avulsed 

channels can be ascribed to high discharge magnitudes related to the 2007 -2008 and 2010-

2011 extreme events of the cold phase of El Niño Southern Oscillation (ENSO), known as La 

Niña. The role of ENSO in triggering avulsion on a larger temporal and spatial extent was 
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further confirmed after investigating of 41 years of satellite imagery from other two South 

American rivers and a statistical analysis of discharge data from the Magdalena River (Paper 

5). Results from this last investigation suggest that the intensity of la Niña occurrences seems 

to play a significant role in the triggering and development of partial and full avulsions 

because the onset of three events reported in this study corresponds to strong La Niña 

phenomena (1975-1976, 1998-1999, 2007-2008 and 2010-2011) 

This thesis presents a thorough and detailed dataset of grain size as well as channel 

and channel body geometry for two previously unstudied anabranching reaches (Magdalena 

and Neales rivers) in two of the least-well studied climate zones for anabranching (Papers 1, 

2 and 4, Appendix 1). Given the little availability of published field studies of anabranching 

rivers globally to date, this contribution is a very useful one for future geomorphology, 

sedimentology and sedimentary geology research. The field data presented in this thesis can 

be used as a modern analogue to aid characterization of fluvial petroleum reservoirs.  
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6. Future Work 

In this section I present the ways forward and research lines that can help advance the 

following topics: 

 Origin and controls on anabranching rivers 

 Advance in the understanding of the stratigraphy of anabranching rivers 

 Broadening the availability of data from less understood rivers 

 Application of this type of investigation to fluvial petroleum reservoirs  

 Better understanding of avulsion at geological time scales  

Origin and controls on anabranching rivers 

As discussed in Paper 3 the bar formation hypothesis for the formation of 

anabranching rivers presented in this thesis is in agreement with the stratigraphy of the 

islands of the Negro and Paraná Rivers. Further work should focus on a more comprehensive 

and quantitative comparison of modeling results with facies and geometrical data derived 

from ground penetration radar surveys and subsurface sedimentological data and will also 

confirm whether avulsion is only observed during the maintenance phase of anabranching.  

Advance in the understanding of the stratigraphy of anabranching rivers 

As illustrated by the geodynamic modelling (Paper 3), the case study of the 

Magdalena River (Paper 4), the formation of anabranching rivers can occur either by bar 

formation or by avulsion. The stratigraphy generated would differ depending on the mode of 

formation. Future work should focus on acquiring quantitative facies and geometrical data 

derived from ground penetration radar surveys as well as subsurface sedimentological data in 

both types of cases (bar formation versus avulsion) to enable a more robust link between 

processes and deposits. This dataset will also provide insights on channel body geometry 

reservoir characterization. 



201 
 

Broadening the availability of data from less understood rivers 

As discussed in the contextual statement and the literature review of this thesis, 

knowledge of fluvial systems is greater in temperate settings. Whilst field-based studies 

provide a depth of observation that is very useful, remote sensing and modeling studies 

provide a useful way to increase knowledge without the logistical difficulties that fieldwork 

presents. Recent availability of software that generates synthetic discharges now also 

provides a great opportunity to investigate likely process controls in remote areas with no 

gauging stations.  

Application of this type of investigation to fluvial petroleum reservoirs  

This thesis presents a comprehensive dataset of quantitative grain size (facies) as well 

as channel and channel belt geometry data from tropical (Paper 4) and dryland river (Paper 1 

and 2) case studies that can be used as analogues to improve the characterization of fluvial 

petroleum reservoirs. However, without testing the usefulness of this type of dataset with 

geologic data from petroleum reservoirs and production data, the application of modern 

analogues to petroleum reservoir characterization would hardly advance. Such testing will 

allow formulation of clear questions so that the focus of modern analogue investigation can 

be steered in a more appropriate direction.  The fluvial petroleum reservoirs of the fluvio-

deltaic Mungaroo Formation in the Northwest Shelf of Australia present a great opportunity 

to do so and motivated the research presented in Paper 4 (see also Appendix 1 for a more 

detailed rationale). 

In this thesis I discuss the importance of anabranching rivers and highlight that the 

likelihood of many fluvial petroleum reservoirs being accumulated in anabranching river 

deposits is high based on modern fluvial abundance and prevalence of anabranching systems 

(see the Contextual Statement). Thus, I hope that interpretation of river style in fluvial 
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petroleum reservoirs will, in future, incorporate the insights provided here, thereby future 

interpretations becoming less biased towards braided and meandering planform styles.  

Better understanding of avulsion at geological time scales  

As discussed in Paper 4, the key research question remaining about the avulsion site 

in the Magdalena River is: how will the system continue to evolve? One scenario could be for 

the newly-formed channels to continue to expand and for the parent channel to decrease in 

size, until all the channels reach a similar cross sectional area. Alternatively, the avulsion can 

heal and become abandoned or the crevasse channel can fully avulse, with the parent channel 

becoming abandoned. These scenarios can be tested with morphodynamical modeling.   

Here, avulsion is investigated at short-time scales (<50 years, Papers 4 and 5). 

However, avulsion is a process that can span years to millions of years at event, architectural 

and basin scales. Thus, on a geological time scale the question is how the avulsion-prone 

system of the Mompox Tectonic Depression (where the Magdalena River is located) has 

evolved? The Miocene to Holocene fluvial sequences (more than 1km in the last 5Ma) 

preserved in the Lower Magdalena basin provide an excellent archive of that evolution. 

Seismic, borehole and geophysical data are already available in the Lower Magdalena basin, 

which make this site ideal to conduct further research to investigate avulsion evolution at 

geological time scales. 

An additional way to increase understanding of avulsion at geological time scales 

would be via process-based stratigraphic modeling. Although scaling and time quantification 

are challenging, improvement of these tools will benefit not just the scientific community but 

will aid communication between geologists, reservoir modelers and reservoir engineers. 
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1. Overview 

This report is a progress report presenting the data collected during fieldwork carried 

out in the Magdalena River, Colombia, in February 2014. During the trip we 

successfully collected all the data we outlined in the project proposal: topographic 

and channel-bathymetry surveys, surficial and bed material sediment sampling within 

the study area. Additionally, we were able to: i) measure two stratigraphic logs of two 

bank exposures; ii) collect data (bathymetric, topographic and sedimentologic) from 

a meandering reach of the Magdalena River that contains extensive lateral accretion 

packages. During the fieldtrip we also gathered information from local residents 

about i) the timing of the avulsion event; ii) the extent of the floods during the wet 

season and iii) which areas have been anthropologically modified (e.g. artificial 

levees and other structures to attempt to stop floods).  

We previously reported on data collected during the trip and unprocessed 

preliminary observations. This report summarizes the work done to date, and 

presents the processed bathymetric and topographic data as well as the results of 

the quantitative grain size analysis. We also present the extracted w:d ratios of the 

surveyed channels.  

 

2. Rationale  

The results presented in this report will enable the following topics to be explored: i) 

the role of avulsion in the transition from single channel to anabranching; ii) the role 

of aggradation/subsidence in anabranching rivers; iii) controls on sediment 

distribution in relation to changes in planform geometry; iv) gradient as a control on 
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anabranching rivers. Results will be compared with previous work conducted by the 

authors on the transition from single channel to anabranching in the semi-arid 

Neales River, central Australia (Morón et al., 2014).This comparison will provide new 

insights about tropical and dryland anabranching rivers, as most published research 

to date has focused on temperate anabranching rivers (e.g. Columbia River, 

Canada, Fig. 1).  

The study location is analogous to the fluvial reservoirs of the Mungaroo Formation. 

The anabranching section of the Magdalena River seems to be a suitable modern 

analogue for both the river channels, overbank and floodplain deposits of the 

Mungaroo Formation due to the following criteria: 

i) The Magdalena River contains low gradient floodplains (Smith, 1986) with yet high 

river discharge and high sediment yield as a result of the erosion occurring upstream 

in the intramontane system (Restrepo et al., 2006) and subsequent accumulation in 

the depocenter due the beginning of the foreland basin. Payenberg et al., (2013) 

proposed that the Mungaroo Formation should have been accumulated by large 

rivers traversing very low gradient floodplains. Additionally, Jablonski (1997) 

suggested that due to the thickness and the extent of the Mungaroo Formation the 

drainage system may have been as large as the modern Amazon or the Mississippi 

with the Ross High Upland ranges providing the majority of the sediment load. 

ii) Payenberg et al., (2013) stated that the co-existence of those low-gradient rivers 

with very wet, swampy floodplain deposits might cause the re-interpretation of the 

river style of the Mungaroo Formation from braided to a low-gradient river system 

such as the ones in the anabranching reaches of the Magdalena River.  
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iii) The anabranching section of the Magdalena River is located in a foreland basin, 

experiencing high rates of basin filling and subsidence (3.8 mm/yr Smith, 1986). The 

lower-middle Mungaroo formation is proposed to have experienced high to medium 

subsidence rates as well as high accommodation, based on the thickness and age 

model presented by Jablonski (1997). 

 

3. Background and regional setting  

The Magdalena River is a major fluvial system that drains most of the Colombian 

Andes. It has the highest sediment yield, ~ 850 T/km2/yr, of all the rivers terminating 

on the Caribbean Sea (Restrepo and Syvitski, 2006). The Magdalena River has a 

drainage basin area of 257,438 km2 and extents for 1612km (Restrepo et al., 2006). 

It starts at La Magdalena lagoon at an elevation of 3685 m; it then flows along the 

intermontane basin bounded by the Eastern and Central Cordillera of the Colombian 

Andes (Fig. 2). At the town of El Banco, the Magdalena River intersects the buried 

end of the Central Cordillera and divides into multiple anabranching channels, this 

section is known as the Mompox tectonic depression (Smith, 1986; Kettner et al., 

2010). Swamps, marshes and lakes are also predominant in this section of the 

floodplains of the Magdalena River (Fig. 3). The two main branches are the Brazo de 

Mompox and the Brazo de Loba, the first one used to be the main fluvial route during 

1500-1700; whereas today the most transited branch is Brazo de Loba. Historic 

maps corroborate that the anabranching system in the Mompox tectonic depression 

has been active for centuries. Additionally, this depocenter has preserved more than 

1000 m of fluvial sequences during the last 5 Ma (Potter, 1997). At the end of the 

Mompox tectonic depression the anabranching channels converge into a single 
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channel and the river planform is meandering until it finally forms a delta and 

terminates into the Caribbean Sea.  

 

The Magdalena basin is characterized by high precipitation with an average rainfall 

of 2050 mm/yr for the entire basin (Instituto de Hidrología, Metereología y Estudios 

Ambientales, IDEAM, 2001). There are two wet and two dry seasons, which 

generate a bimodal river pattern discharge, with a lower peak in June and a higher 

peak in November or December (Fig. 4). The meridional oscillation of the 

Intertropical Convergence Zone (ITCZ) controls the annual hydrological cycle and 

defines these two rainy seasons (Restrepo et al., 2014). The first season extends 

from May to June, when the ITCZ is migrating from north to south. The second and 

stronger season lasts occur when the ITCZ shifts northward. 

 

The anabranching reach investigated in this study is located 30 km downstream of El 

Banco (Fig. 3). In 2007, an avulsion event took place in the location of the field site, 

generating multiple channels that are now fully established (Fig. 5). We describe the 

main channel in this site as a first-order anabranch, given that there are two active 

channels in this reach of the Magdalena River (the Brazo de Mompox and Brazo de 

Loba, Fig. 3). The anabranching channels that are the focus of this investigation, 

which formed as a result of the 2007 avulsion, are second-order anabranching 

channels. Based on discharges recorded at the closest gauging station to the field 

site, ~ 200 km downstream, high magnitude discharges and associated floods have 

occurred since 2007. The discharges since 2007 have been the largest of at least a 

70 year record. It must be noted that several large tributaries converge between the 
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field site and the gauging station location, but Brazo de Loba is the largest 

contributor to discharge at the gauging site.  

The meandering reach from which we collected some data is located 8 km 

downstream of El Banco on a different arm of the Magdalena River, the Brazo de 

Mompox (Fig. 3). This site was visited in order to demonstrate the variability in river 

style (planform morphology) that occurs in this region, which we anticipate will 

provide a useful insight into the globally applicable controls on channel morphology 

and sedimentology. It is also useful to clearly demonstrate that different channels of 

anastomosing rivers can present different sinuosity and planform geometries, since 

each channel is hydro-dynamically independent. 

 

4. Methods 

4.1 Bathymetric survey 

We conducted a bathymetric survey using an echosounder with a single transducer 

and a frequency of 455 kHz. The sonar was mounted to a hired boat (Fig. 6A) and 

we ensured that the speed at which the data was collected was slow enough to not 

cause interference and create noise in the survey (no more than 9km/h). The aim 

was to collect data in transects that would repeatedly cross the channel at an angle 

of approximately 60˚ from the bank. On the return journey, the transects were 

designed to cross the previous ones at the mid-point between banks, creating a 

diamond-shaped pattern of data along all surveyed channels. Accuracy of the data is 

within decimeter scale.  

We collected data from all navigable channels within the study site (Fig. 7); channels 

were navigable if their depth was 0.5 m or greater. Two non-navigable channels 
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were topographically surveyed and sampled, in addition to the three topographic 

surveys conducted across the entire study site (section 4.2). 

The bathymetric survey was more detailed around the main avulsion node (Fig. 7B 

and Fig. 8). However, we were unable to survey the complete width of the avulsion 

channel immediately downstream of the avulsion node, due to an anthropogenic 

construction at that location. Following the avulsion, a set of vertical pipes were 

placed across the avulsion channel in order to enhance sedimentation, to try to infill 

the channel and prevent flow down this channel and into the newly formed 

anabranches. This was not successful; the pipes in the region of the thalweg have 

been pushed over and out of the way, enabling continued flow of water and sediment 

through this channel (Fig. 9). 

The bathymetric survey was interpolated in Petrel using a 5 by 5 grid increment and 

the convergent interpolation method. The channel was adjusted relative to the 

banks. A forced elevation of 3 m and 1.7 m was added to the channel boundary of 

the main trunk and the secondary anabranches respectively. These two values were 

average values of bank height obtained from the topographic survey.  

 

4.2 Topographic survey 

The topographic transects were surveyed using a real time kinematic GPS, accurate 

to centimeter scale (Fig. 6B). The transect locations were established in order to 

obtain topographic profiles of the single channel (Transect 1-T1), the distributary 

channels (Transect 2-T2) and the anabranching channels (Transect 3-T3, Fig. 10). 

Some of the transect locations or angles had to be modified because of accessibility 
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due to the presence of marshes, lakes and dense vegetation; hence the variation 

from the straight-line transects which were planned. We also obtained topographic 

data from the node of the non-navigable channel (N4) and from a dry channel that 

presented outstanding bedforms (DC). Figures 11-13 contain field photos of the 

overbanks, channels and floodplains traversed while conducting the survey are  

The topographic data was post-processed to ensure that the position and elevation 

was corrected for differences in position and elevation due to the data being 

collected on different days, as satellite accuracy can vary. Channel width and bank 

height data were extracted from the topographic survey. Bank heights were 

incorporated with the bathymetric data to obtain full channel cross-sections and 

channel depth values.  

 

4.3 Sediment samples collected for grain size analysis 

Bed material from submerged channels was collected by using a bottom dredge 

(grab) sampler (Fig. 6C); bed material from dry channels was collected by hand. 

Figure 14 presents the sample locations depths and GPS locations of sample 

collection locations were recorded. In the deepest sections of channel, (e.g. scour in 

the main channel downstream of avulsion node) the recorded depth and location 

might vary slightly from true depth and location because the high velocities in the 

river made maintaining the boat position while collecting the sample difficult.  

One hundred and fifty nine (159) samples were collected; these include bed material, 

auger hole, surficial and bank exposure samples (Fig. 14). A split of most of the 

samples was kept for safekeeping in Bogotá in Los Andes University, Colombia. 
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Samples were processed in the sedimentology laboratory of the Institute of Artic and 

Alpine Research of the University of Colorado, Boulder. The organic matter was 

removed by chemical digestion using 30% hydrogen peroxide following the 

procedure outlined in Lewis (1984). To increase the time of the reaction the beakers 

and their contents were placed on a hot plate until little or no reaction was occurring. 

Afterwards, the samples were oven-dried. The 2mm fraction was analyzed in a 

Malvern Mastersizer 3000 laser diffraction system with samples running with the 

aqueous liquid module, and 2 micron filtered fresh water as a fluid medium. This was 

capable of measuring grains with a long axis of 0.01-

that samples containing grain size fractions larger than 2mm (16 samples) are 

shipped to the University of Adelaide for further analyses, as the characterization of 

the fraction larger than 2mm carried out in Colorado was not satisfactory. Once 

these samples arrive, we will characterize the >2mm fractions of these samples 

using half-phi interval sieves.  

 

5. Results  

5.1 Main site 

5.1.1 Bathymetric survey 

Interpolated bathymetry data are presented in Figure 15. The greatest channel depth 

below bank height was 23.6 m (Fig. 7). The thalweg was usually very distinct (Fig. 

7). An interesting feature is that at the location of the avulsion node, the thalweg of 

the main channel is up against the left bank, which is not where we would expect it 

based on the sinuous planform of the channel (Fig. 15). At the location of the 2007 
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avulsion, the thalweg does not have a continuous constant depth. Figure 15 shows 

that the scour is deeper upstream and downstream of the avulsion node. The 

discontinuity of the thalweg scour close to the avulsion point is neither related to the 

location of the survey lines nor to the interpolation method (Fig. 16). In the 

subsequent bends, downstream of the avulsion node, the depth of the thalweg 

fluctuates as expected, with larger depth values against the outside bends.  

The depth of the recently developed channels (secondary anabranches) is relatively 

consistent across the width of each channel. One exception is the section of the 

channel close to the main avulsion point, where depths are up to 8 m below bank 

height (Fig. 15). Away from the avulsion point, these channels do not present depths 

larger than 4 m. We observed thalwegs in these channels close to the outside of 

bends, with thalweg depths proportionally much shallower than those observed in 

the main channel (Figs. 15 and 23).  

Bar and bedform dimensions are presented in conjunction with the results from the 

bed material grain size (see section 5.1.3). 

5.1.2 Topographic survey 

Topographic survey data are presented in Figures 17 and 18. The highest point of 

the floodplains is anthropogenic and it is always close to the main channel. Farmers 

constructed these artificial levee-like features to prevent flood waters from 

overspilling onto the proximal floodplain.  

Transect 1 displays one channel (referred here as main channel), which is the widest 

channel in the study site (420 m; Fig. 17A). Despite the anthropogenic modification 

of the proximal overbank area, the natural levees are evident.  
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Transect 2 displays two channels (Fig. 17B). The main channel is wider and deeper 

than the avulsed channel. The floodplain in between the two channels exhibits a 

swale shape with an elevation difference of 2.4 m. This elevation difference was 

measured between the highest point of the overbanks (excluding the anthropogenic 

feature) and the lowest point in the floodplain. The natural levee on the right bank of 

the main channel is evident despite the anthropogenic modification.  

Transect 3 contains the main channel, and eight active and two dry anabranching 

channels. The difference in scale between the newly-formed anabranching channels 

and the main channel is evident in Figures 17 C and 33. Marshes are present along 

this transect, with the ones on the western part of the transect being the deepest (2.3 

m). This area was previously covered by a series of permanent lakes. The natural 

levee on the right bank of the main channel is very evident and presents little 

anthropogenic modification. 

The survey of diffluence node N4 (location presented in Fig. 10) displays two 

elongated exposed bars (Fig. 18A). The length of the bars is up to 43 m, their width 

is 12 m and their height is 0.8 m. The width and depth of the channel at N4 is 71.0 m 

and 2.4 m respectively. A surveyed dry channel (in addition to those along the 

transect lines; DC in Fig. 10) has a width and depth of 24.5 m and 1.1 m 

respectively. This channel presents bedforms with average wavelengths of 5 m and 

average amplitudes of 0.09 m (Figs.18B and C). These bedform values are in 

accordance with the bedform measurements extracted from the bathymetric survey 

of the newly formed navigable channels.  

5.1.3 Grain size 
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Figures 17 to 23 connect the results of grain size analysis with the bathymetric and 

topographic results.  

Results from the grain size analysis confirmed the field observations; in most of the 

locations the sand fraction predominates (Figs. 24 and 25). Bed material in the main 

channel was typically medium size, and in the recently-formed anabranching 

channels, bed material ranged from fine sand to mud.  

The coarsest bed material sampled within the study site was pebble, with clasts 

sizes up to 6 cm (long axis length). This was located at the first avulsion node within 

the second-order anabranching channels, within the channel at the point of 

diffluence (Fig. 21). We also collected a sample containing pebble-sized clasts 

approximately 15 km upstream of the study site at a location where the local 

residents extract clasts from the river bed to sell; this location also coincides with a 

major diffluence node (Fig. 26F, G). However, the grain size distribution diagrams 

shown in this report do not include grain sizes larger than 2mm; as these are yet to 

be properly measured and incorporated with laser particle size analysis data.  

In the main channel, the grain size in the main bar ranges from medium to coarse 

sand. At the bottom of the thalweg scour, grain sizes are in the mud fraction (silt and 

clay). The mud was consolidated, and a different color (gray with red mottling) to the 

unconsolidated mud obtained in other locations, thus it is interpreted that at these 

locations the river is scouring into pre-existing stratigraphy, presumably old 

floodplain deposits (Figs. 19 and 20). This therefore means that we cannot calculate 

bar height by subtracting the deepest thalweg scour from the bar top elevation at this 

location. However, it does provide us with a maximum bar height value of 
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approximately 4m. Bedforms 2.3 km downstream of the avulsion node developed in 

sandy bed load (Fig 19D) allow estimating a bar height of 12 m.  

At the location of the main avulsion node, most of the samples are within the sand 

fraction except for samples: 945, 962, 954, and 957, which are in the mud fraction. 

The grain size of samples 962 and 954 was not expected to contain mud fraction as 

they were not located within deep scours or up against muddy channel banks. These 

samples containing mud fraction were not consolidated and did not present mottling. 

It is possible that this unexpected result is related to their proximity to the pipes, this 

anthropogenic feature might cause anomalies in the distribution of bed material grain 

size (Fig.20).  

In the recently developed channels fine sand is the predominant grain size. Grain 

size variations from pebble to mud fraction occur within the channels (Fig. 26E).In 

general the finest grain size, mud, is observed in the shallower parts of the channels 

which is generally close to the banks (Figs. 23D, E, G, H, J). Bar height in the 

recently developed channels is up to 1 m, with a mean height of 0.6 m while bar 

width is approximately 20 m. Bedform wavelength is up to 5m and the amplitude is 

approximately 0.1m. 

5.1.4 Bank exposures  

Sandy bank exposures were prevalent throughout the study area and the greater 

area traversed by boat (between El Banco and the study site). We measured and 

described a three-meter high bank exposure on the right bank of the main channel at 

T1 (Fig. 27). We also mapped the lateral continuity of the three sand units logged in 

this section over a lateral distance of 40 m (Fig. 27). Downstream of the main 
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avulsion node we measured and described the sedimentology of a two-meter high 

bank exposure (Fig. 28). 

 

5.2 Meandering reach  

We carried out a topographic and bathymetric survey in a meandering reach that 

presents lateral accretion packages to the northwest of the town of El Banco (Figs. 

29 and 30). The presence of scroll bars is evident from the satellite image and this 

was confirmed by the topographic survey. We described sediments within this lateral 

accretion package through two auger holes, one extended 5 m into one of the ridges 

and one extended 3 m into an adjacent swale, in order to determine the internal 

sedimentology (Fig. 31). Both auger holes comprised clay, silty clay and sandy silt 

displaying orange mottling overlaying silty very fine to fine sand, with the mud- sand 

contact at approximately the same elevation in both holes. The grain size description 

of these auger holes was carried out independently and at the same time; the two 

geologists making these observations placed the mud/sand contact at approximately 

the same elevation (~22.3 m).Results from the grain size analysis in both auger 

holes show that the percent of sand fraction increases with depth.  

 

5.3 Channel width and depth  

All channel width and depth measurements are plotted in Figure 33. The main 

channel is wider and deeper than the newly-formed channels. For example, the main 

channel at T2 and at T3 is an order of magnitude wider than the newly-formed 

channels. The most extreme differences occur in T3, where the differences in width 
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can be up to 336 m. Width and depth decrease in the newly-formed channels as the 

number of channels increase. In the main channel the largest widths and smallest 

depths occur in T1 and T3 while the smallest widths and largest depths are present 

around T2. 

Width and depth dimensions of the channel in the meandering reach (170 m and 6.6 

m respectively) are smaller than the dimensions of the main channel. These 

measurements plot within the envelope of fixed river channels. The dimensions of 

the lateral accretion package (Fig. 32) plot outside the envelope of fixed river 

channels and within the proposed envelope for meandering systems.  

 

6. Preliminary discussion points 

 The location of the main avulsion node at the main site is probably related to 

thalweg location up against the bank at this locality, relatively far downstream of 

the bend and not where it would be expected for the thalweg to be based solely 

on channel planform (Fig. 7).  

 The occurrence of the avulsion event is likely due to high discharge magnitudes 

in 2007 and sustained floods afterwards (e.g. 2010). The frequent floods during 

2007-2010 (Fig. 4) enabled the erosion and maintenance of the newly formed 

channels. 

 The open question is whether the newly-formed channels will continue to erode, 

whether they are presently stable, or whether they will infill; each channel may 

evolve differently with time. It is possible that, over time, one of these channels 

will become dominant and increase in size while the other channels will infill. 
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 The channel width and depth measurements extracted from T2 and T3 in the 

newly-formed channels provide a variety of widths and depths (27-100 m; 2-6 m 

respectively; Fig. 17 and 33). The dry raised channel at DC was the shallowest (1 

m) measured channel, which demonstrate that some of the channels are clearly 

active at different discharge stages.  

 Diffluence nodes contain pebble fraction bed material, not observed elsewhere. 

These deposits are evidence that this size of bed material is being transported 

through the reach. The pebble fraction is preferentially being deposited at these 

sites only because of decreased competence in flow at the diffluence nodes. It is 

likely that these large sizes are only being transported through the deepest of the 

anabranching channels. This coarse fraction was not observed in the shallower 

channels. 

 Diffluence nodes exhibit change in bathymetry with a scour before the diffluence, 

bars were observed after the diffluence (Figs. 21 and 22). This pattern can also 

be explained by the decrease in flow competence as the flow diverges into two 

channels. 

 The difference in with and depth between the newly- formed channels and the 

main channel highlights the fact that these datasets have to be put in context. At 

first the data seems to show a wide range of values but when considering the 

timing of their formation, patterns can be extracted. For example, the main 

channel is wider and deeper than the newly-formed channels. Width and depth 

decrease in the newly-formed channels as the number of channels increase.  

 The decrease in width and depth in the newly formed channels as the number of 

channels increases is the result of decrease in flow competence as the discharge 

is divided into multiple channels.  
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 The difference in width and depth values between the meandering (Brazo de 

Mompox; W: 170 m, D: 7 m) and the study site main channel (Brazo de Loba; W: 

322 m, D: 23 m) confirm that most of the discharge is now carried in the Brazo de 

Loba anabranch. It could be hypothesized that the difference in depth is due to 

infilling of the meandering Brazo de Mompox and erosion in Brazo de Loba.  

 The difference between the dimensions of the lateral accretion package and the 

meandering channel emphasize the importance of understanding planform 

geometry as it has implications for petroleum reservoir characterization.  

 The existence of such different channel planform morphology and likely resultant 

sand-body deposit geometry in different reaches of a connected river system, 

active at the same time, is important to remember when interpreting the ancient 

record. 

 It would be useful to further investigate aerial photography and age-date the 

lateral accretion package deposits in order to evaluate whether these are 

currently actively migrating or not. 
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Figure 1. Example of three climatic end members of anabranching rivers.  
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Figure 2. Location map showing the Magdalena River and the Colombian Andes. The Magdalena 
River is depicted by the dark blue line and its major tributaries by the light blue lines; the black 
rectangle shows the area of the image presented in Figure 3. Star on inset shows the location of the 
field site within South America. Elevation data from shuttle radar topography mission (USGS 2006). 
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Figure 3. Map showing the distribution of major active channels (lines), lakes and marshes (dark 
grey). The thick black lines represent the major channels, and thin black lines represent more minor 
channels. Minor channels outside of the area enclosed by the Brazo de Loba and Brazo de Mompox 
and outside of the study area have not been included on the figure for simplicity. The red rectangle 
depicts the main study area, which is presented in Figure 5. The red dot shows the location of the 
studied meandering reach that presents lateral accretion packages.  
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Figure 4. A) Minimum, mean and maximum of the mean monthly discharge (total of all available mean 
monthly discharge data) for the Calamar station (See Figure 2 for location) 1941-2010 as well as the 
monthly discharge for 2007 and 2010. Data extracted from Restrepo et al., (2014).  
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Figure 5. Satellite image of the field site from a) 2001 when the site (red rectangle) presented one 
main branch (the Brazo de Loba) and lakes and marshes and b) 2013, notice the presence of multiple 
channels. Arrow in both figures shows flow direction.  
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Figure 6. Field photos showing the field methods. A) Bathymetric survey; B) Topographic survey; C) 
Grain size sample collection; D) Field photos showing an example of a logged cutbank exposure.  
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Figure 7. A) Satellite image from February 2014 with B) survey lines from bathymetric survey. Color 
scale shows channel depth (in meters) below water. The white rectangle shows the area of the image 
presented in Figure 8. White arrow shows flow direction.  

 

A 
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Figure 8. Detail of a section downstream of the main avulsion node. Satellite image is from February 
2014; lines are from the bathymetric survey. Color scale shows channel depth (in meters) below 
water. Notice the scour and the bar directly north of the scour. White arrow shows flow direction. 
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Figure 9. Field photo showing the vertical pipes placed across the avulsion channel, immediately 
downstream of the main avulsion node. Note the sand deposit at the right of the photo, which is 
formed as a result of the pipes. Flow direction is towards the reader.  

  

Pipes Pipes 
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Figure 10. Location of topographic transects T1, T2 and T3. DC= Dry channel and N4= Node four 
shown by yellow points. N4 is the diffluence point of the non-navigable channel. Satellite image is 
from August 2014. Deviations from straight-line transects were due to expanses of swamp that could 
not be easily traversed.White arrow shows flow direction. 
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Figure 11. Field photos of A) west and B) east overbank and channel in T1; C) western and D) 
eastern channel T2; E-I) main channels from west to east in T3.   
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Figure 12 Field photos of the avulsion node four (N4), which is the diffluence point between the main 
avulsion channel and the non-navigable channel (A-C). A) Panorama of N4, flow direction is against 
the reader; B) longitudinal view of the largest bar N4, flow direction is from left to right; C) Cross-
sectional view of the three bars present in N4, flow direction is towards the reader. D) Field photo of 
the dry channel and E) its confluence with one of the small anabranches. Note the bedforms in photo 
D. Flow direction in D is towards the reader, while in E is from left to right.  
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Figure 13. Field photos of floodplains in A, B) T1; C, D) T2; E, F) T3. Note the difficult access in B, D 
and E.   
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Figure 14. Location of collected samples shown by white points Satellite image is from February 2014. 
White arrow shows flow direction. 
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Figure 15. Interpolated bathymetry of the main study site. A forced elevation of 3 and 1.7 was added 
to the channel boundary of the trunk and the secondary anabranches respectively. The channel depth 
is relative to the enforced bank height. Arrow shows flow direction.  
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Figure 16. Interpolated bathymetry of the main study site with the survey lines shown in dark grey. 
Arrow shows flow direction.  

 

 

 

 



240 
 

 

Figure 17. Cross-sections of the surveyed transects and grain size distribution of collected samples A) 
T1, B) T2 and C) T3; DC.= Dry channel; points show the location of the samples collected for grain 
size analysis. Samples 996B-D were taken on a bar and depth below surface is indicated in legend. 
Horizontal lines in channels indicate channel’s water level. In all cases zero distance is the most 
northwestern limit of the transects.   
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Figure 18. Cross-sections of the surveyed transects A) Avulsion node N4, B) Dry Channel and C) 
longitudinal profile of the Dry Channel. Black triangles indicate channels containing water and the line 
below them channel’s water level; points show the location of the samples. D) and E) depict the grain 
size distribution of samples shown in A and B.  
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Figure 19. Bathymetry and grain size results from the main channel. In cross sections A) and B) the 
data has been interpolated, whereas in D) all data points are shown. In all cases grey points show the 
location of the samples collected for grain size analysis. C) Interpolated bathymetry. Arrow shows flow 
direction. See text for details.  
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Figure 20. A) Interpolated bathymetry from the main avulsion node. Insert shows the location of the 
node (in red) within the study site, arrow shows flow direction. B) Longitudinal profile and C) Cross 
section across the main avulsion node, and associated grain size results. Points show the location of 
the samples collected for grain size analysis. The depth data presented in the profiles have not been 
enforced by bank height. However the point of zero depth was added to provide a reference point for 
the cross section and it represents the right bank of the main channel. D) and E) show the grain size 
results of samples that were not close to the profiles yet in the avulsion node.  
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Figure 21.A) Interpolated bathymetry along the second diffluence node in the avulsed channel. Inset 
shows the location of the longitudinal section within the study area. B) Longitudinal section and grain 
size results. Points show the location of the samples collected for grain size analysis. The depth data 
presented in both graphs have been enforced by bank height. All samples contain sand fraction. 
Sample 895, located just inside the diffluence node, presents gravel clast. 
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Figure 22. A) Interpolated bathymetry around the longitudinal section presented in B. Inset shows the 
diffluence node (N4), which is the beginning of the non-navigable channel (outlined in grey) and the 
location of the profile is outlined in red, arrow shows flow direction. B) Longitudinal section and grain 
size results. Grain size transitions downstream from mud (876) to a combination of sand and mud 
(878 and 879 are bimodal) to sand (883, 882 and 886). The sample collected inside the diffluence 
point presented a mud layer on top and sand underneath, which explains the bimodal distribution 
shown in the diagram. 
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Figure 23.A-I) Cross-sections along the recently formed anabranches and grain size results. Points 
show the location of the samples collected for grain size analysis. The depth data presented in all 
graphs have been enforced by bank height. Zero distance represents the right bank of the river. J) 
Zoom in of the bathymetry close to the pipes; note that the bar in this location is due to the pipe 
location. The arrow shows the flow direction. See text for details. 
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Figure 24. Grain size distribution of the samples collected in the recently formed anabranches, these 
samples were taken in the center of different channels and the results are not shown in Figure 23. 
Sample 926 contains the finest grain size. Note how sand fraction (medium sand) is the predominant 
grain size.  
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Figure 25. Comparison of the grain size distribution of the samples containing sand fraction collected 
in the recently formed anabranches and the main channel.  
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Figure 26. Field photos of A-C) Mud pellets; D) Sand fraction on the bed of the dry channel; E) Sand-
gravel fraction on one of the T3 channels; F-G) Gravel fraction extracted by the local residents from a 
location upstream of the study site.  
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Figure 27 A) Field photo of bank exposure downstream of T1; B) Mapped sand units with overall 
cross-bedding direction; C) measured sedimentary log at the northern part of the exposure; points 
show the location of the samples; D) Grain size distribution of the samples shown in B and C 
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Figure 28. A) Field photo of bank exposure downstream of the main avulsion node; B) Measured 
sedimentary log, capital letters show the location of grain size sample; C) Grain size distribution of 
selected samples, results are in agreement with grain size descriptions made in the field.  
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Figure 29. Location of the meandering reach with scroll bars north of El Banco. The white rectangle 
shows the area of the image presented in Figure 30. White arrow shows flow direction.  
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Figure 30. Satellite image with survey lines from bathymetric survey. Color scale shows channel depth 
(in meters) below water. Data presented in this figure is from transducer and has not been adjusted. 
Location of the topographic transect is shown by the yellow points; white points show the location of 
the auger holes. White arrow shows flow direction 
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Figure 31. Cross section of surveyed transect in the meandering reach, into a ridge-and-swale 
topography lateral accretion package. Points in the cross-section show the location of auger holes 
193 and 195 (solid black), with sedimentary logs hung below these. Samples collected from the 
augered sediment for grain size analysis are labelled A-D to show the depth of the sample. Diagrams 
show the grain size distribution. Black triangle indicates that the channel contains water and the line 
below it channel’s water level. Two bed material samples (954 and 956) and one bank material 
sample (951) are shown by the white dots, with grain size data presented.  



255 
 

 

Figure 32. Satellite image showing the meandering reach, presenting some of the major lateral 
accretion packages, highlighted in yellow. The red line shows the location of the topographic survey 
and the black straight lines the locations where the dimensions of the lateral accretion packages were 
measured remotely and presented in Figure 33. White point in inset shows the location of the 
meandering reach.  
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Figure 2.9. Depth versus width of modern channels and ancient channel body deposits from fixed 
river systems. In all cases the grey symbol represents the corresponding channel body linked by a 
grey dashed line. MC= Main channel, NFA= Newly formed anabranching. Data points are from the 
present study, the envelope is from the Gibling, 2006 dataset. 
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