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ABSTRACT

Assumed gaps in fluvial sedimentology include large rivers, channel pattern classification
and their interpretation in the rock record. Despite large rivers significance being
acknowledged for decades, with a growing interest in more recent times, these fluvial
systems have been relatively put aside in sedimentological research. Rivers in general
have been subject of research for more than a century but the link between proposed
classifications and the rock record has been problematic, with a persistent lack of effective
criteria to distinguish among channel patterns in fossil fluvial systems. Channel patterns
have been related to water and sediment discharge, slope, grain size, width-to-depth ratio
and types of climate. Therefore, recognition of both large rivers and channel patterns in
the rock record is of great significance for regional paleogeographic and paleoclimatic
reconstructions, reservoir modelling, estimation of sediment input in a sedimentary basin
and river management. The present work aims to cover the above-mentioned gaps
concerning fluvial sedimentology by presenting three manuscripts. Manuscript (1)
intends to contribute to channel pattern classification and channel pattern recognition in
fluvial deposits by presenting a broad survey of alluvial rivers at a global scale to quantify
channel pattern natural variability and by identifying relevant parameters for recognition
in the rock record. A channel pattern classification based on quantification of sinuosity
and number of channels is presented, along with a method to recognize channel patterns
in the rock record based on the quantification of the variability of directions observed in
the preserved bedforms in floodplains at the channel belt scale. Manuscript (2) intends to
contribute to the recognition of large rivers in the rock record by discussing the
relationship of channel scale and water depth with bedform morphology. The work
presents high-resolution bathymetric maps of the Solimbes-Amazonas River, the
quantification of dune data from their riverbeds and riverbed samples. Dune morphology,
height and leeside angles, as well as grain size, are related to water depth and these
relationships are used to make inferences about how to identify large river in the rock
record and are compared with interpreted large river fluvial deposits. Manuscript (3)
intends to contribute to the recognition of large rivers in the rock record by presenting the
facies models for the Solimbes-Amazonas River based on the integration of

morphodynamics, geophysical data and samples from the riverbed and bar tops.



RESUMO

A interpretacdo no registro rochoso de rios de grande escala e do estilo de canal séo
lacunas reconhecidas da sedimentologia fluvial. Apesar da importancia dos rios grandes
ser reconhecida ha décadas, com um crescente interesse em tempos mais recentes, estes
sistemas fluviais tem sido relativamente negligenciados em pesquisas sedimentoldgicas.
Rios no geral tem sido objeto de pesquisa hd mais de um século, mas o elo entre as
classificagbes propostas e o registro rochoso tem sido problematico, com uma persistente
falta de critérios efetivos para interpretar o estilo de canal em sistemas fluviais fosseis.
Estilos de canal estdo relacionados a vazéo de dgua e sedimentos, declividade, granulacéo,
razdo entre largura e profundidade e tipos de clima. Dessa forma, o reconhecimento tanto
de rios grandes quanto do estilo de canal no registro rochoso é importante para
reconstrucdes paleogeograficas e paleoclimaticas, modelos de reservatdrio, estimacéo de
entrada de sedimentos em bacias sedimentares e gestdo de rios. O presente trabalho tem
como objetivo cobrir as lacunas mencionadas da sedimentologia fluvial com a
apresentacdo de trés manuscritos. O Manuscrito (1) pretende contribuir com a
classificacdo de estilos de canal e seu reconhecimento no registro rochoso. Para isso, é
apresentada uma classificacdo baseada na quantificacdo de sinuosidade e ndmero de
canais e um método de reconhecimento de estilo de canal no registro rochoso baseado na
quantificacdo da variabilidade de dire¢cdes observada nas formas de leitos preservadas nas
planicies de inundacdo na escala do cinturdo de canais. O Manuscrito (2) pretende
contribuir com o reconhecimento de rios grandes no registro com a discussao da relacdo
entre formas de leito com escala e profundidade do canal. Sdo apresentadas imagens do
canal submerso do Rio Solimbes-Amazonas junto com a quantificacdo de dados das
formas de leito e amostras do leito dos rios. As relacGes entre morfologia das dunas, altura,
angulo lee e granulacdo sdo usadas para inferir como identificar grandes rios no registro
rochoso e os resultados sdo comparados a depdsitos interpretados de grandes rios. O
Manuscrito (3) pretende contribuir com o reconhecimento de grandes rios no registro
rochoso apresentando um modelo de facies para o Rio Solimdes-Amazonas baseado na

integracdo da morfodindmica, de dados geofisicos e de amostras do leito do canal.
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I. INITIAL CONSIDERATIONS

.1 INTRODUCTION

Assumed gaps in fluvial sedimentology include large rivers, channel pattern
classification and their interpretation in the rock record. Large rivers significance has been
acknowledged for decades, with a growing interest in more recent times (e.g. Holeman, 1968;
Potter, 1978; Miall, 2006; Potter & Hamblin, 2006; Gupta; 2007; Reesink et al., 2014) and are
defined by large drainage area, channel length and water and sediment discharges (Hovius,
1998; Potter & Hamblin, 2006; Gupta, 2007). Few large rivers are the end member of
continental-scale basin drainage areas (e.g. Fielding et al., 2012) and accumulate continental-
scale water and sediment discharge to oceans (e.g. Milliman & Meade, 1983; Milliman &
Farnsworth, 2011). Channel patterns have been related to water and sediment discharge, slope,
grain size, width-to-depth ratio and types of climate. Therefore, recognition of both large rivers
and channel patterns in the rock record is of great significance for regional paleogeographic
and paleoclimatic reconstructions, reservoir modelling, estimation of sediment input in a

sedimentary basin and river management.

Research on large rivers has been relatively put aside in sedimentological research of
fluvial systems. This fact is explained by the challenging conditions imposed by the geographic
locations and scale of the rivers in the very hot and wet regions (Latrubesse et al., 2005) or in
the arctic regions (Slaymaker, 2020) of the world, in addition to the necessity of the use of
state-of-the-art geophysical techniques to survey their deep turbid flows. Consequently, facies
models have been largely based on observations made in small fluvial systems, hampering
recognition of the river scale in the rock record. Attempts to interpret river scale in fluvial
deposits have relied on the relation of cross-strata set thickness, dunes and water depth (e.g.
LeClair & Bridge, 2001; Miall, 2006; Fielding et al., 2007) but recent studies challenge such
assumption (e.g. Best et al., 2007; LeClair, 2011; Reesink et al., 2014), leaving this subject an

open question.

Several channel pattern classifications have been proposed over time, with no general
agreement on criteria, nomenclature, or term boundaries. Generally, classifications consider
the common meandering and braided rivers end members of a continuum of channel patterns,

mainly attributing the transition from one to another to variations in water discharge, slope,
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sediment load and erodibility (e.g. Leopold & Wolman, 1957; Schumm, 1981; Bridge, 1993;
Alabyan & Chalov 1998; Eaton et al., 2010). The profusion of different terms used to classify
channel patterns, such as anabranching, wandering, incomplete meandering, or meanderthal,
among others (Ethridge, 2011; Carling et al., 2014; Miall, 2014), and the necessity to
thoroughly explicit the meaning attributed to a given term in every publication evidences the
difficulty of communication between research groups. So far, recognition of channel patterns
in the rock record has been mostly based on facies models of meandering and braided channels,
whereas other channel types have been overlooked. However, special attention must be given
to these other channel patterns; besides being frequent, they are often found in large rivers
(Latrubesse, 2008). Although the established criteria for recognition of channel patterns have
not been considered overall effective (e.g. Davidson et al., 2011; Ethridge, 2011; Colombera
& Mountney, 2019), employment of paleocurrent variance at the channel belt scale appears to
be a valid alternative (e.g. Selley, 1965; Le Roux, 1992; Bataille et al., 2018), due to its relation
with sinuosity (Ferguson, 1977; Le Roux, 1992) which in turn is strongly related to channel
patterns (e.g. Schumm, 1981; Bridge, 1985) .

This work aims to cover the above-mentioned gaps concerning fluvial sedimentology
by presenting the following results: (1) a global-scale survey of alluvial rivers to define a
channel pattern classification based on quantitative parameters with geological significance;
(2) criteria to interpret channel patterns in fluvial deposits; (3) quantitative bedform data of a
large fluvial system to investigate the relation of bedform morphology and water depth; (4)
facies model of a large fluvial system based on the integration of satellite imagery, state-of-

the-art geophysical methods and field work observations.
1.2 OBJECTIVES

The present work aims to improve and provide criteria for interpretation of large rivers

and channel patterns in fluvial deposits. In order to do so, the intended specific objectives are:

- Conduct a global scale survey of modern alluvial rivers to encompass natural
variability of rivers and propose a channel pattern classification focused on
interpretation of fluvial deposits and

- ldentify parameters in modern river that can contribute to propose criteria for
channel pattern interpretation in the rock record;
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- Survey reaches of the Solimdes-Amazonas River, the largest fluvial system of
the world, with state-of-the-art geophysical techniques to study the relation of

bedform morphology and water depth;

- Propose a facies model for the Solimdes-Amazonas River by integrating the
analysis of satellite imagery, high-resolution bathymetric maps, shallow seismic
and radar sections, quantitative dune data, riverbed samples and field

observations.

- Develop criteria to improve recognition of large-scale fluvial systems in the rock

record.
1.3 LOCATION

Part of the present work was done by conducting field work in the Solimdes-Amazonas
River and part by remotely surveying alluvial rivers at a global scale. The Solim@es-Amazonas
River is located in northern Brazil, where the Amazon River is named Solim&es River from the
Peruvian border to the confluence with the Rio Negro, near Manaus, and Amazonas River
thereafter (Fig. 1.1). Field work consisted in performing geophysical surveys in four distinct
reaches during the wet seasons of in July of 2015 and 2016. Two reaches are located in the
Lower Solimbes (LS), c. 5-10 km before the confluence with the Rio Negro: LS1 in the
northern main channel, downstream of the Marchantaria Island (also known as Mouras Island)
and LS2 in the secondary channel, at the southern side of the same island. The other two reaches
are located in the Upper Amazonas (UA), ¢. 33 km and 95 km downstream of the confluence:
UAL in the northern side of the Careiro Island, and UA2 in the northern side of Autaz Island,

c. 20 km upstream of the confluence with the Madeira River.
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Fig. 1.1 — Location of the surveyed reaches in northern Brazil.
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The remote survey of rivers at a global scale was done by the use of Google Earth
software and Planet Team (2020) website. The studied modern rivers are alluvial and perennial,
with developed floodplains on at least one side of the river and constant flow throughout the
year. Rivers were considered adequate if they fulfilled the following requirements: occurrence
of floodplain with preserved depositional elements, known discharge (minimum average
monthly discharge >10 m3s™), and preferably unoccupied by humans. Rivers from heavily
populated areas were mostly ruled out due to intense human activity at their margins, leading
to possible river engineering and obliteration of the preserved depositional elements.
Occasionally, the same river had different reaches with known discharge and preserved
depositional elements in the floodplain, therefore being measured more than once. The 361
rivers included in this work are located in Russia (88), Brazil (87), United States (31), India
(22), Congo (16), Canada (13), Argentina (11), Afghanistan (10), Peru (9), Chad (7), China
(6), Central African Republic (5), Bolivia (4), Kazakhstan (4), Australia (3), Colombia (3),
Myanmar (3), Nigeria (3), Zambia (3), Bangladesh (2), Indonesia (2), Pakistan (2), Tanzania
(2), Ukraine (2), Venezuela (2), Botswana (1), Cambodia (1), Cameroon (1), Guatemala (1),
Iceland (1), Kenya (1), Kyrgyzstan (1), Mali (1), Mozambique (1), Nepal (1), Niger (1), Papua
New Guinea (1), Paraguay (1), Philippines (1), Rwanda (1), Senegal (1), Tajikistan (1),
Thailand (1), Turkmenistan (1), Uganda (1) (Fig. 1.2).

Stations
e Equatorial climate

o Arid climate
e Temperate climate
e Boreal climate
o Polar climate

Fig. 1.2 — World map with the surveyed reaches and their respective climate zone.
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1.4 METHODS

The present work was conducted partly by acquiring data during field work and partly
by collecting data remotely. Data acquisition during fieldwork consisted in the employment of
geophysical methods during the wet season and riverbed material sampling. Remote data
acquisition included the survey of alluvial at global scale with collection of drainage basin area,
water discharge, climate, channel slope, sinuosity, width, stream power, specific stream power
and channel count index, as well as proportion of preserved bedform in the floodplains and the

respective variance of paleocurrent within them.

1.4.1 Multibeam Echo Sounder acquisition and data processing

Multibeam Echo Sounder (MBES) is a geophysical equipment that produces high
resolution 3D bathymetric images of underwater surfaces by precisely measuring the water
depth (Fig. 1.3). Channel depth estimation is done by a sonar fixed on the side of the boat
produces acoustic pulses towards the bottom, which are reflected back, captured and recorded
(Parsons et al., 2005). The MBES used in the present work is the Teledyne-Reson Seabat 101
System, operating at a frequency of 240kHz, with 511 beam achieving 12,5 mm resolution,
which functioned connected to a Vector VS330 DGPS and had live tracking. Trepidations from
the engine of the boat and variations in the three dimensions caused by waves in the river were
corrected by the use of a Novatel motion sensor. Survey was undertaken in lines parallel and
perpendicular to river flow, with average boat velocity of 7 km/h upstream and 12 km/h
downstream. Data was saved as asc files, containing longitudinal, latitudinal and depth
information of every point in the grid. Bedform quantitative data was computed using Global
Mapper by defining a grid and tracing profiles parallel to flow, from which dune height,

wavelength and leeside angles were measured manually (Fig. 1.3).

1.4.2 Bed material sampling and processing

All surveyed riverbeds were sampled using a 10 kg VVan-Veen grab sampler. Sampling
was made in October 2015, three months after the MBES survey. Sampling was coupled with
GPS data recorded when the sampler reached the bottom with the rope as straight downward
as possible. Grain size analyses were performed with a Malvern Mastersizer 2000 for fractions
smaller than 1 mm. Samples with larger fractions went through sieves and had their grain size
estimated based on normalized weight proportion in relation to the whole sample. Note that

Malvern gives results based on volume, while sieves results are based on weight. Bed material
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samples are basically composed by quartz (2,65 g/cm3) and feldspar (2,55-2,76 g/cm?), so it

was assumed an average quartz density for all samples and weight was transformed to volume.
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Fig. 1.3 — (a) lllustration of a MBES survey and MBES sonar head. (b) Illustration of extraction of
information for (a) primary and (b) secondary bedforms from profiles parallel to the flow.

1.4.3 Collection of river data: drainage basin area, discharge, climate, channel slope, sinuosity,

channel count index, width, stream power and specific stream power

Drainage basin area, water discharge and climate: Drainage basin areas and water
discharge data were mostly obtained from the Global Runoff Data Centre (GRDC) website, as
well as from international and governmental websites, which include the water agencies of: the
Arctic region (R-ArcticNET), Africa (SIEREM; Boyer et al., 2006), Afghanistan (CAWater-
info), Argentina (SNHI), Brazil (ANA), Canada (HYDAT), Russia and former Soviet Union
(NCAR-UCAR) and United States (USGS). In some cases, published works were used to
access discharge data. Climate was accessed by plotting the studied reaches in a simplified

Koppen-Geiger climate map (Fig. 1.2) (Peel et al., 2007).

Channel slope, sinuosity, channel count index and width: River morphometric
parameters were collected at bankfull or near-bankfull stage with measurement tools from
Google Earth software (Fig. 1.4) with the aid of Planet Team website when a desired image
did not display high-resolution in Google Earth. Channel slope was measured by tracing paths
of tens of kms following the course of rivers in Google Earth and accessing their elevation
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profile. Sinuosity was measured as the length along the river divided by the straight-line
distance along the river valley. Channel count index was computed according to Egozi and
Ashmore (2008) recommendation of tracing 10 cross sections in a given reach of the river and
calculate the average number of channels of all cross sections. Channel width was measured
by calculating the average value of the sum of widths of the same cross sections used to measure

channel count index.

Elev(f)

Channel slope = (Elev (i) - Elev (f)) / Ls

Fig. 1.4 — Google Earth software was used to compute sinuosity (black lines), width and channel count
index (red lines) and channel slope (longitudinal profile).

Stream power and specific stream power: Stream power (Q; W/m) and specific stream
power (®; W/m?) were calculated considering the interannual average of the maximum monthly

discharge (Qmax, m3/s) and slope (S; cm/km x 107°) according to equations 1 and 2:

Stream power (Q)=p.g.Qmax. S 1)
Specific stream power () =Q /b @)

Where p is the density of water (1000 kg/m?3); g the acceleration of gravity (9.8 m/s?) and b is
the width (m).

Error propagation: In order to assess the sensibility of our models to uncertainties in
slope and average maximum annual discharge, two sigma errors in both measures were
estimated and propagated to stream power estimates. The uncertainty in average maximum
annual discharge was considered to be to the time series standard deviation of maximum annual
discharge. The uncertainty in slope was estimated based on the standard error in the mean of
at least 25 adjacent water surface elevation measures at each end of the considered profile.
Such measurements were performed in 23 high latitude rivers, in which the elevation error in

the surface elevation model is maximized, leading to a propagated error in the difference of
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elevation of the two profiles ends of 0.3545+-0.0454 m, with a value of 0.49 m for a confidence
interval of 99.7% being the one applied to all stations. For each station, the error in altitude
was propagated to the slope error considering the specific values of elevation and distance. The
slope error was then combined with the maximum annual discharge uncertainty to assess the
error in the stream power estimate, which is lower than 26 and 49% for 95 and 99% of the

measurements, respectively.

1.4.4 Collection of floodplain data: proportion of depositional elements and paleocurrent

variance

The most common depositional elements preserved in floodplains are point bars, braid
bars, counterpoint bars and channelfills or abandoned channels. Proportion of depositional
elements in floodplains was measured in reaches where high-resolution imagery with well-
exposed bedforms was available. Measurements were done using Google Earth software (Fig.
1.5).

Paleocurrent variances (circular variances sensu Fisher, 1993) for more than 350 rivers
worldwide were computed by tracing on satellite imagery the inferred paleoflow directions in
barforms preserved in the floodplain at the channel belt scale. That resulted in paleoflow maps
(Fig. 1.5) and datasets which were and processed with a Python code written for that purpose
that: i) interpolates the distance between two collected points; ii) computes flow direction
according to the sequence of the traced points, and iii) calculates the variance of flow direction,
i.e. paleocurrent variance. This approach is similar to that adopted by Le Roux (1992) for a
very small dateset (only four rivers) to determine channel sinuosity from preserved bar-forms

and abandoned channel reaches preserved on the alluvial plains.

Fig. 1.5 — (a) Alluvial river with high-resolution satellite imagery and well-exposed bedforms. (b) Quantification
of bedforms computed in Google Earth software. (c) Paleoflow map traced on Google Earth software.
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II. LITERATURE REVIEW AND INTRODUCTION TO THE
FOLLOWING CHAPTERS

This chapter presents a literature review of subjects concerning the present thesis and
an introduction to the papers presented in the following chapters, illustrating how they
contribute to these areas of research. Topics of the literature review include channel pattern
classifications, channel pattern interpretation in fluvial deposits and large rivers modern

examples and recognition in the rock record.
1.1 CHANNEL PATTERN CLASSIFICATIONS

Although classifications of channel patterns may date back to as far as the end of the
19" century (e.g. Lokhtin, 1897, apud Alabyan & Chalov 1998), the oldest most known
publication is the work of Leopold & Wolman (1957), which is commonly appointed as the
pioneer of this research branch. Over time, several distinct classifications arose, along with a
great amount of misunderstanding between research groups due to non-homogeneous
terminology. Leopold & Wolman (1957) classified channel patterns in meandering, braided
and straight, although the latter was considered rare, where the meandering are sinuous single
channeled rivers and the braided are multichanneled rivers. The authors related the identified
channel patterns occurrence in nature to combinations of channel slope and bankfull discharge,
in a way that meandering rivers occur at lower slopes and bankfull discharges (i.e. lesser stream
power), and braided channels occur as either or both of them increase (i.e. greater stream
power). Such association of channel pattern, channel slope and bankfull discharge would
become a standard in the research concerning channel pattern classifications, being used by
most publications that followed (e.g. Alabyan & Chalov, 1998; Church, 2002) (Fig. 2.1).

Since the work of Leopold & Wolman (1957), it soon became evident that more channel
patterns occurred in nature and that other parameters may also exercise influence on channel
pattern, such as sediment load, grain size and erodibility (e.g. Schumm, 1985; Ferguson, 1987;
Eaton et al., 2010) (Fig. 2.2). The following contributions also acknowledged channel patterns
respond to the increase in stream power by displaying a greater number of channels and a
decrease in sinuosity (e.g. Schumm, 1981; Bridge, 2003); also highlighting the negative
correlation between sinuosity and number of simultaneous channels (Sinha & Friend, 1994;
Sinha et al., 2005) (Fig. 2.3).
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Fig. 2.3 — Controls on channel patterns measured in flume, from Schumm (1981); conceptualized by Bridge
(2003); and measured in Indian rivers, from Sinha et al. (2005).

Since the work of Leopold & Wolman (1957), all publications of the following decades
documented meandering and braided channels as end members of a continuum of channel
patterns, but with no general agreement on nomenclature or class boundaries (a thorough
review is presented in Carling et al., 2014), resulting in a great amount of misunderstanding
among researchers. In fact, definitions have not been objective (Bridge, 1993), and transition
between meandering and braided rivers have been classified in different ways creating
conflicting terminology, such as anabranching, wandering, incomplete meandering,
meanderthal, among others (e.g. Church, 1983; Nanson & Knighton, 1996; Alabyan & Chalov
1998). To date, besides the meandering and braided, the most common channel pattern
classifying terms in use are anastomosing, anabranching and wandering, which are not

mutually excludent.

The terms anabranching and anastomosing have assumed more than one meaning since
their first appearance. The term anabranching was originated as a contraction of anastomosing
branch (Carling et al., 2014), thus being a synonym of anastomosing, which in turn had been

used as a synonym of braided rivers (e.g. Leopold et al., 1964). Over time, the term of
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anastomosing rivers evolved to be considered a system of an interconnected network of low-
gradient channels whose stable banks are composed of fine-grained sediment and vegetation
(e.g. Schumm, 1968; Smith & Smith, 1980; Makaske, 2001). Whereas the term anabranching
rivers was reintroduced by Brice et al. (1978) and Schumm (1985) to describe rivers whose
islands width is greater than three times the channel surface width at average discharge. Nanson
& Knighton (1996) extended the usage of the term and their work encompassed many different
types of multichannel rivers under the definition of anabranching, which they defined as
“multiple channels separated by vegetated semi-permanent alluvial islands excised from
existing floodplain or formed by within-channel or deltaic accretion”. The authors thus
considered vastly different types of river patterns as anabranching, ranging from typical
anastomosing rivers to the large rivers with alternating single and multichannel reaches, such
as the Solimdes River (Fig. 2.4). However, since the work has been published, the term
anabranching has been used as a channel pattern class (e.g. Jansen & Nanson, 2004; Latrubesse,
2008).

g

ys 50.99°N; 116.49°W

Fig. 2.4 — (a) The anastomosed Columbia River (Canada), (b) Thompson River (Australia) and (c) Solimbes River
(Brazil): examples of rivers termed anabranching and that strongly differ from each other in their degree of
anabranching, braiding index, bar morphology and morphodynamics. Images from Google Earth in collaboration
with the Province of British Columbia, CNES Airbus and Maxar Technologies.

Wandering rivers were first defined by Neill (1973) and Church (1983), but also
recognized by Brice et al. (1978), as rivers with an alternation of stable single channel reaches
and unstable multichannel reaches. The multichannel reaches have their flow separated by
often vegetated mid-channel compound bars (also named islands or medial bars) and display
low-order braiding. These mid-channel bars are commonly reshaped every year, and yet may
be persistent over decades (Wooldridge & Hickin, 2005). Wandering rivers have been
commonly recognized in smaller gravel bed rivers located in mountain valleys (e.g. Desloges
& Church, 1987; Roberts et al., 1997; Wooldridge & Hickin, 2005) and in large rivers such as
in reaches of the Fraser River, in Canada (e.g. Roberts & Morningstar, 1989; Rice & Church,
2010; Ham & Church, 2012), and of the Yellow River, in China (e.g. Jin et al., 2000; Xie et
al., 2018). Although these large rivers do not typically display a large proportion of gravel load,
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they have a strong morphological affinity with wandering rivers: reaches of single channel that

branch into two or more channels, separated by often-vegetated, large mid-channel compound

bars, and farther rejoin into a single channel (Fig. 2.5).

Fig. 2.5 — (a) Bella Coola River (Canada); (b) Fraser River (Canada); (c) Solim@es River (Brazil): examples of
rivers that fit in the definition of wandering channel pattern. Images from Google Earth in collaboration with
Maxar Technologies and CNES Airbus.

As much as definitions of meandering and braided channels seem very straightforward,
where meandering rivers are sinuous single channels and braided rivers display multiple
parallel simultaneous channels with mid-channel bars that may be overtopped at bankfull, both
terms are not free from potential misunderstanding, given their current usage. For instance, the
Brahmaputra River, commonly considered a typical braided channel (e.g. Coleman, 1969;
Bristow, 1993; Best et al., 2003), has also been considered as anabranching (e.g. Latrubesse,
2008), whereas the Mississippi River, whose lower course mostly presents a great proportion
of reaches whose channels are separated by mid-channel bars (Fig. 2.6), has been termed
meandering (e.g. Fisk, 1944; Saucier, 1994; Latrubesse, 2008). Whilst the case of the
Mississippi River, here used as an example of many similar cases (e.g. Ica and Madeira rivers,
among others), may be considered a matter of defining the classification boundary, in terms of
channel count index, between mostly single-channel rivers and what must be considered as a
separate class, the case of braided rivers may be more challenging. The main difference
between braided and anabranching rivers is often attributed to flow division in braided rivers
being stage-dependent. That criteria considers braided bars as unstable, ephemeral and
overtopped by flow at less than bankfull, whereas anabranching channels would maintain their
flow divided at bankfull stage and their often vegetated mid-channel bars would be stable for
decades to several millennia (Nanson, 2013). Apart from the fact that even rivers classified as
anabranching (e.g. Solimdes River) may display whole km-scale vegetated mid-channel bars
forming and disappearing in a few years, an additional problem is that stability though time of
a barform cannot be accessed in the rock record. The stage-dependent flow division criteria
could also present some issues. It is reasonable to presume that such assumptions of flow
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division were estimated from airborn or satellite imagery, which might be misleading, since
vegetated mid-channel bars that seem exposed may be actually overtopped and flooded, with
only the tree tops standing above the flow level (Fig. 2.7). The major differences between
braided channels and other channel patterns with multiple simultaneous channels, named
wandering or anabranching, among others terms, are the greater number of simultaneous and
parallel thalwegs of the former compared to the latter, and that the first presents simultaneous
thalwegs along the whole or most of their extension, whereas in the second, simultaneous

thalwegs are alternated with single channel reaches.

I

58.59°N; 113.87°W

H 32.69°N; 91.02°W

Fig. 2.6 — (a) Mississippi River (United States); Ic& River (Brazil); Peace River (Canada): meandering rivers with
a high proportion of mid-channel bars. (d) Brahmaputra River; () Amazonas River. Images from Google Earth
in collaboration with Landsat and Maxar Technologies.
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Fig. 2.7 — Details of the (a) Braahmaputra River (Bangladesh); (b) Solimdes River (Brazil); (c) Parana River
(Argentina). Images indicate that vegetated mid-channel bars could be flooded at bankfull in all cases, leaving
only their treetops emerged. Images from Planet Team (2020) and Google Earth in collaboration with Maxar
Technologies.

Summary and open questions:

To date, channel pattern classification has become a complicated concept.
Nomenclature has not been homogeneous among research groups and every time a term is used
it must be followed by a thorough explanation of its meaning to avoid misunderstandings.
Moreover, some of the criteria considered to separate channel patterns may have no direct
application to the study of fluvial deposits in the rock record. Research regarding channel
pattern classification should address these issues and consider quantitative parameters that may

assist interpretation of the rock record.
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11.2 INTERPRETATION OF CHANNEL PATTERNS IN FLUVIAL DEPOSITS:

So far, the recognition of channel patterns in the rock record has been mostly based on
facies models of meandering and braided channels, whereas other channel types have been
overlooked. Important contributions were made over the past decades, yet the established
criteria for recognition of channel patterns have not been considered overall effective (e.g.
Davidson et al., 2011; Ethridge, 2011; Colombera & Mountney, 2019). Investigations
concerned especially the recognition of meandering and braided rivers and included attempts
to relate them to distinct vertical facies sequences (e.g. Collinson, 1978; Miall, 1996), to the
predominance of a certain type of accretionary element (e.g. Allen, 1993, Bristow, 1987; Miall,

1985; Miall, 1991) or to abundance of sedimentary facies (e.g. Colombera & Mountney, 2019).

Previous works acknowledged the decrease of sinuosity and increase of simultaneous
channels following the increase of stream power (e.g. Schumm & Khan, 1971; Begin &
Schumm, 1984; Bridge, 2003), as well as the negative correlation between sinuosity and
braiding index (Friend & Sinha, 1993; Sinha et al., 2005). Therefore, signatures of sinuosity
preserved in floodplains may bring light to channel pattern recognition in the rock record
(Bridge, 1985). Paleocurrent analysis has been recognized as a significant tool to interpret
sedimentary successions since the 19" century (Sorby, 1859), being popularized a century later
after Potter & Pettijohn (1963). Initially used to map marine deposits (e.g. Ruedemann, 1897),
it was later employed in the study of continental sandstones (Fig. 2.8) (e.g. Rubey & Bass,
1925) and eventually integrated with statistical and facies analysis (e.g. Brinkmann, 1933;
Potter & Olsen, 1958).

RO
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here beds Dakota
where overlying
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% 7 -

Inferred direction of stream flow

Fig. 2.8 — A cutout depicting part of what could be the first geological map displaying plots of paleocurrent
directions, modified from the work of Rubey & Bass (1925), whose investigation of the Cretaceous Dakota
sandstone concluded it was formed by a meandering river flowing westward, due to the high dispersion of cross-
beddings directions associated with a predominance of measurements to the West.
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Spatial variation of paleocurrent in fluvial deposits has been used to interpret paleo-
channel patterns of fluvial deposits at the scales of bar deposit and of the channel belt, where
the latter has been more successful than the former. Coleman (1969) and Shukla (1999)
conducted similar investigations concerning the usage of spatial paleocurrent variance at the
bar scale by comparing the cross-strata sets directions in point bars and a braid bars,
respectively from meandering and braided reaches of the Brahmaputra and Ganga and rivers.
Although restricted to the a few bar tops of both types of bars in a context of an overall braided
river, both works show that point bars, characteristic of meandering channels, and braid bars,
characteristic of braided channels, display similar dispersion, with a slightly greater dispersions

in point bars, therefore hardly distinguishable in ancient fluvial deposits (Fig. 2.9).
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Fig. 2.9 — Comparison of paleocurrent direction from the bar tops of point bars and braid bars. Modified from (a)
Coleman (1969) and (b) Shukla (1999).
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At the channel belt scale, higher paleocurrent variances were attributed to ancient
meandering rivers whereas lower variances were attributed to ancient braided rivers (Fig. 2.10)
(e.g. Selley, 1965; Le Roux, 1992; Willis, 1993, Miall, 1994; Khan et al., 1997; Zaleha, 1997;
Bataille et al., 2019). Such relation has been considered by geologists at least since the
beginning of the 20" century (Fig. 2.8) (Rubey & Bass, 1925). Investigation of modern rivers
to quantify the variation of paleocurrent directions and relate it to sinuosity have led to similar
results. Ferguson (1977) quantified the variation of directions of several active meandering
rivers and related variations to their respective sinuosity. Le Roux (1992) used sedimentary
deposits preserved in the floodplain, such as scroll bars and ox-bow lakes, of a few active rivers

to establish a relationship between channel sinuosity and variation of flow directions (Fig.

2.10).
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Fig. 2.10 — (a) Hypothetical examples of paleocurrent distribution in high-sinuosity meandering rivers and low-
sinuosity braided rivers. From Miall (1994). (b) Relationship between sinuosity (P) and variance of flow direction
(V). From Ferguson (1977). (c) Variance of directions inferred from scroll bars preserved in floodplain. Modified
from Le Roux (1992).
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Summary and open questions:

To date, previous approaches to interpret channel patterns in the rock record have not
been considered to be effective. Moreover, research on channel patterns differentiation of
fluvial deposits has vastly focused on meandering and braided channels, and criteria to
recognize different channel patterns are still lacking. Paleocurrent variance has been mostly
used qualitatively to distinguish meandering and braided rivers and a quantitative approach
including more channel patterns could assist identification of channel patterns in the rock

record.
11.3 LARGE RIVERS: MODERN EXAMPLES AND FACIES MODELS

A growing number of publications has documented large rivers characterized by
reaches displaying more than one simultaneous channel, being classified either as anabranching
or wandering (e.g. Jin et al., 2000; Jansen & Nanson, 2004; Latrubesse, 2008; Rice & Church,
2010; Ham & Church, 2012; Reesink et al., 2014; Xie et al., 2018). Apart from the
nomenclature, many large rivers seem to share a common morphological pattern, exhibiting
reaches of a single channel that branches into two or more channels, separated by often-
vegetated large mid-channel compound bars, which rejoin into a single channel farther

downstream (Fig. 2.11).

Fig. 2.11 — Many large rivers exhibit a common morphological channel pattern. (a) Solim&es River. Modified
from Latrubesse (2008). (b) Parana River. Modified from Reesink et al. (2014). (c) Fraser River. Modified from
Rice & Church (2010). (d) Yellow River. Modified from Xie et al. (2018).
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In order to build facies models of large rivers, it is mandatory to fully study their
bedforms. While bar tops have been successfully studied for decades in regard of both plan
view dynamics and internal sedimentary structure (e.g. Coleman, 1969; Bristow, 1987; Best et
al., 2003; Sambrook Smith et al., 2009; Rozo et al., 2012; Reesink et al., 2014), riverbeds that
comprise the majority of a channel deposit and are more likely of being preserved have been
relatively neglected due to intrinsic survey difficulties. Until recently, the investigation of
permanently submerged bedforms relied exclusively on two-dimensional bathymetric profiles
and plan-view side-scan radar images, thus limiting the understanding of bedform
tridimensional morphology and kinematics. Since the beginning of the last decade, Multibeam
Echo-Sounder (MBES) surveys have revolutionized current ability to achieve high-resolution
quantification of the three-dimensional subsurface bathymetry (Parsons et al., 2005). Previous
investigations of large river riverbeds are listed below.

Amazonas River: Available datasets include a MBES survey, longitudinal bathymetric

profiles, dune and grain-size data (Fig. 2.12). The MBES image reveals a sandy riverbed with
occurrence of exposed bedrock and sediment starved areas. The sandy areas display very large
barchanoid compound dunes of more than 10 m with superimposed dunes on both stoss and
leeside in the thalweg, and oblique compound dunes with superimposed dunes on stoss and
leeside in bank attached bars (Almeida et al., 2016). Longitudinal bathymetric profiles at
different locations confirm the recurrent occurrence of lined-up very large-scale dunes of up to
10 m or more (Sioli, 1965; Nordin et al., 1979; Mertes & Meade, 1985; Strasser, 2002) and
show that dune height tends to increase with water depth (Mertes & Meade, 1985; Strasser,
2002) and such trend is evidenced by dune data as well (Strasser, 2002). In the many
longitudinal profiles, average dune height varied from 1,5 to 7,2 m, while maximum values
ranged from 3,5 to 12,7 m. while average wavelength varied from 29 to 314 m, and maximum
values ranged from 62 to 453 m. Sediment samples from the Solimdes-Amazonas riverbed are
composed predominantly by sand, with no significant grain size variation along its course
(Nordin et al, 1980; Mertes & Meade, 1985; Strasser, 2008). In contrast, greater grain size
variations are described to occur in cross sections, where deeper areas tend to present coarser
grain sizes than shallower areas (Mertes & Meade, 1985; Strasser, 2008; Almeida et al., 2016).
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Brahmaputra (Jamuna) River: Available data include longitudinal and transversal

bathymetric sections, plan view maps of the riverbed, and dune data, such as height, wavelength
and lee angles (Fig. 2.13). The riverbed is dominated by dunes, which occupy from 41 to 100%
of the main channels area and occur in thalwegs and superimposed on bars (Roden, 1998;
Ashworth et al., 2000). Dunes present straight and sinuous crests and superimposed dunes (Best
et al., 2007), implying the occurrence of 2D and 3D compound dunes. Maximum dune height
encountered is 6 m and most dunes are around 2 m high (Julien, 1992; Ashworth et al., 2000;
Best et al., 2007). Leeside angles range from 2° to 58°, interestingly beyond angle of repose,
with a mean angle of 8,6° (Best et al., 2007). Dunes display an increasing range of heights as
water depth increases, with a good correlation of maximum dune height and water depth.
Generally, dunes are never higher than 37% of the water column (Best et al., 2007). During
high stage, dunes are larger compared to low stages, and may increase about 6 to 8 times from

one period to another, displaying longer wavelengths and steeper lee angles (Roden, 1998).

Yangtze River: Available data include images of the riverbed in plan view and seismic
profiles from a survey of the lowest 1200 km of its course (Fig. 2.14). This course was divided
into three regions: the steeper upstream region, which displays a narrow single channel; the
downstream lowland, which displays a channel that repeatedly bifurcates and rejoins; and the
stretch near the river mouth, which displaying an increasingly wide channel (Wang et al., 2007;
Chen et al., 2012). The narrow single channel presents two types of dunes: the steeper area (A)
features small (1-3 m of height, 10-60 m of wavelength) and mostly large (height >3 m,
wavelength >60m) simple dunes, that can reach up to 4 - 8 m high, with a barchanoid shape
(Wang et al, 2007); whereas where the slope decreases (B) the riverbed presents smaller
bedforms (<1 m high; <10 m long), named by the authors mega-ripples, with parallel crest
(Wang et al, 2007; Chen et al, 2012). In the region where the channel bifurcates and rejoins (C
and D) the riverbed is characterized by large sinuous and barchanoid compound dunes (height
>3 m, wavelength > 60 m), that can reach up to 8 m of height and 300 m of wavelength, and
most of the dunes is higher than 2 m, with 50% ranging from 4 to 8 m, and superimposed dunes
can be 2,5 m high and 20 m long (Wang et al, 2007). The wide channel near the river mouth
presents small bedforms, with height between 1,6 and 2,4 m and wavelengths of 140 to 155 m
(Wang et al, 2007; Chen et al, 2012).
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Fig. 2.13 — Longitudinal bathymetric profiles of (a) the tahlweg (modified from Roden, 1998) and (b) mid-channel

bar (modified from Ashworth et al.,

2000). (c) Dune height and leeside angle data (modified from Best et al.,

2007). (d) Different bedform morphologies at different river stages (modified from Roden, 1998).
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Fig. 2.14 — Simplified schematic map depicting the course of the Yangtze River, with details of the bedforms in
the regions where the river is characterized by bifurcating and rejoining channels: large compound dunes, with
low leeside angle and superimposed dunes on the stoss and leesides. Modified from Wang et al, (2007) and Chen
etal, (2012).

Parand River: Available dataset comprises riverbed MBES images from the area of the
confluence with the Paraguay River and longitudinal sections from the Upper Parana River
(Fig. 2.15). MBES images reveal an overall sandy riverbed predominantly composed of dunes,
with large-scale mid-channel bars and some bedrock pinnacles. Unorganized sinuous
compound barchanoid dunes of different widths occur in the thalweg, in the region around the
confluence (Lane et al., 2008). The mid-channel bar displays sinuous dunes superimposed on
the bar head becoming oblique as they are disposed on the bar sides (Sambrook Smith et al.,
2009). The shallower area attached to the western margin displays smaller sinuous crested
compound dunes (Parsons et al., 2005). Dunes reach up to 3-4 m in height and about 200 m in
wavelength in the thalweg, whereas the shallower area attached to the channel margin presents
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smaller dune heights. Longitudinal profiles from the Upper Parana (Santos & Stevaux, 2000;
Martins et al, 2009) show that in dry and rising stages dunes are about 2-3 m high and 100-200
m long whereas during high stage dunes increase in size, and so do the superimposed dunes,
with the common occurrence of 5 m high compound dunes. Although there are no riverbed
images available in their work, Santos & Stevaux (2000) described dunes as barchans. Dunes
have been described to reach 7,5 m and 450 m of wavelength in the Parana River, with no

information about the site of occurrence (Julien, 1992).

Mississippi River: Available dataset comprises MBES images, longitudinal sections

and dune morphology data (Fig. 2.16). MBES images reveal a sandy riverbed covered by large
sinuous-crested and barchanoid compound dunes nearly as wide as the channel, oblique
compound dunes attached at the margins, or small dunes (Abraham & Pratt, 2002; Nittrouer,
2008; Knox & Latrubesse, 2016). Compound dunes with superimposed dunes on their stoss
and leesides are a common feature (Harbor, 1998; Leclair, 2011). Dune height greatly varies
with water depth (Harbor, 1998) as maximum dune height scales with increasing water depth,
reaching up to 10 m at greater depths but also displaying smaller dunes at great depths (Harbor,
1998; Nittrouer, 2008; Knox & Latrubesse, 2016). Dunes also seem to present a stage-
dependent morphology, with small dunes occurring during dry season turning into large dunes
during flood season (Hider, 1883; Nittrouer, 2008; Leclair, 2011).

Most fluvial facies models have been proposed for meandering and braided rivers,
being mostly based on surveys in small rivers (e.g. Cant & Walker, 1978; Mail, 1977) or
exposed bar tops of large rivers (e.g. Coleman, 1969; Bristow, 1987; Best et al., 2003).
However, more channel patterns occur in nature, and large rivers tend to display neither
meandering nor braided patterns (e.g. Latrubesse, 2008). Large rivers, which are likely to leave
deposits in the sedimentary record (e.g. Fielding et al., 2012) with their wide floodplains of
tens of kilometers (e.g. Lewin et al., 2016), and detailed facies models of large rivers have not
been proposed yet. Identification of large rivers in fluvial deposits has mostly relied on the
association of cross-strata set thickness with the original dune size (Leclair & Bridge, 2001),
which in turn is believed to scale with water depth (Yalin, 1964; Allen, 1984; Ashley, 1990;
Paola & Borgman, 1991). In fact, large-scale cross-strata sets have been considered a criterion
to identify large rivers (e.g. Miall, 2006; Fielding, 2007) and have been associated to large
rivers for decades (Fig. 2.17) (e.g. Conaghan & Jones, 1977; McCabe, 1977; Mossop & Flach,
1983; Fielding et al., 2012).
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Summary and open questions:

Modern large rivers present similarities regarding channel patterns and bedforms. Their
channel pattern exhibits alternating reaches of single and multiple channels, with large mid-
channel bars, and their riverbeds commonly display large compound dunes with superimposed
dunes on both stoss and leesides, but also present small dunes at great depths. The occurrence
of numerous small dunes in deep riverbeds challenges the long-held assumption that dune size
is proportional to water depth and question arises as to whether large cross-strata sets must be
present within an ancient fluvial deposit for the interpretation of a large channel to be made.

Existing facies models, mostly developed for meandering and braided channels, are not able to
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assist in the recognition of large river deposits, especially because large rivers present different
channel patterns. Future research of large rivers should conduct MBES surveys and quantify
river dune data at different stages and facies models concerning large rivers should investigate
and account for channel patterns different than meandering or braided.

11.4 INTRODUCTION TO THE FOLLOWING CHAPTERS

The results of this work are organized in three manuscripts that address different aspects
of large fluvial systems and contribute to the open questions mentioned above. The first
manuscript (Chapter 111) intends to contribute to channel pattern classification and channel
pattern recognition in fluvial deposits by presenting a broad survey of alluvial rivers at a global
scale to quantify channel pattern natural variability and by identifying relevant parameters for
recognition in the rock record. A channel pattern classification based on quantification of
sinuosity and number of channels is presented, along with a method to recognize channel
patterns in the rock record based on the quantification of the paleocurrent variance at the

channel belt scale.

The second manuscript (Chapter V) intends to contribute to the recognition of large
rivers in the rock record by discussing the relationship of channel scale and water depth with
bedform morphology. The work presents MBES high-resolution bathymetric maps of the
Solimdes-Amazonas River, the quantification of dune data from their riverbeds and riverbed
samples. Dune morphology, height and leeside angles, as well as grain size, are related to water
depth and these relationships are used to make inferences about how to identify large river in
the rock record and are compared with interpreted large river fluvial deposits. The published

version of this manuscript is attached at the end of the thesis (Attachment I).

The third manuscript (Chapter V) intends to contribute to the recognition of large rivers
in the rock record by presenting the facies models of a channel pattern common to many large
rivers and distinct from the meandering or braided channels. Facies model is based on the
integration of the Solimbes-Amazonas River morphodynamics, MBES bathymetric maps of

the riverbed, GPR sections of bar tops and samples from the riverbed and bar tops.
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IV.1 INTRODUCTION

Current fluvial facies models are dominated by data and conceptualizations derived mainly
from studies of small fluvial systems. Large rivers, defined by large drainage area, channel length
and water and sediment discharges (Hovius, 1998; Potter and Hamblin, 2006; Gupta, 2007), have
been relatively neglected, largely due to their inaccessibility, deep turbid flows, challenging
logistics and often harsh climate, as they are mainly concentrated in the very hot and wet regions

of the world (Latrubesse et al., 2005). These conditions have resulted in a comparative paucity of
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studies that have focused on the description of subaqueous bedforms in such large rivers, whose
investigation requires deployment of state-of-the-art geophysical techniques.

Until recently, the investigation of river beds relied exclusively on 2D bathymetric profiles
(for instance, see the studies of Strasser, 2002, 2008, in the Amazon River, and Leclair, 2011, in
the Mississippi River), thus limiting the understanding of bedform morphology and kinematics.
However, since the beginning of the last decade, Multibeam Echo-Sounder (MBES) surveys have
revolutionized our ability to achieve high-resolution quantification of the 3D subsurface
bathymetry (e.g. Parsons et al., 2005; Nittrouer et al., 2011). This new quantification within large-
scale fluvial channels has allowed examination of the relationship between processes and products,
and allowed questioning of some long-held assumptions. For instance, dune size has often been
proposed to scale with water depth (e.g. Yalin, 1964; Allen, 1984; Ashley, 1990; Paola &
Borgman, 1991; Leclair & Bridge, 2001) and proposed facies models for large rivers have related
the occurrence of large sets of cross strata to large-scale channels (Wignall & Best, 2000; Miall,
2006; Fielding, 2007). However, the question arises as to if large dunes have to be present within
an ancient fluvial deposit for the interpretation of a large channel to be made (Best et al., 2007;
Leclair, 2011; Reesink et al., 2014; Bradley & Venditti, 2017). In this respect, the presence of
small, within-channel, dunes and superimposed dunes on the leeside of larger dunes has been
underappreciated in past work on large rivers, which has focused on the occurrence of very large
compound dunes, such as those in the Amazon (Strasser, 2002, 2008; Almeida et al., 2016a),
Yangtze (Wang et al., 2007), Jamuna (Best et al., 2007), Mississippi (Harbor, 1998; Abraham &
Pratt, 2000; LeClair, 2011), and Parana (Amsler & Prendes, 2000; Parsons et al., 2005; Sambrook
Smith et al., 2009, 2013; Reesink et al., 2014) rivers.

Superimposed dunes on top of host dunes have been previously recognized in diverse
depositional settings, such as aeolian (e.g. Rubin & Hunter, 1982), tidal (e.g. Ernstsen et al., 2006)
and fluvial (e.g. Coleman, 1969; Allen & Collinson, 1974; Jackson, 1976; Dinehart, 1989)
environments, and their preserved counterparts has also been identified in the rock record of these
diverse settings (e.g. Brookfield, 1977; Rubin & Hunter, 1982; Haszeldine, 1982; Almeida et al.,
2016a). Regarding the fluvial environment, they have been described in flumes and small rivers
(e.g Reesink & Bridge, 2007, 2009, 2011; Lunt & Bridge, 2007) and large rivers (e.g. Reesink et

al., 2014), being that in these cases the research was related to the effects of the superimposed
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dunes located on the stoss side of the host dunes. Although the surveyed areas in the Amazon River
also display compound dunes with superimposed dunes restricted to the stoss side, this work
focuses on the large dunes with superimposed dunes migrating down their leeside, which largely
dominate the riverbed. This setting is also observed in the images of previously published works
of large rivers in the world (see references above). From the point of view of the sedimentary
record, superimposed dunes on the leeside of compound dunes are of great significance since
processes taking place in the leeside have greater preservation potential than those on the usually
erosional stoss side.

The present paper examines the scale of dunes within the Amazon River, Brazil, in order
to quantify the occurrence of different dune sizes within the main channel. The Amazon River
ranks first in water discharge, drainage basin area, and suspended sediment discharge, amongst the
world’s great rivers, and is an ideal system in which to examine dune morphometrics and scaling.
In this paper, high-resolution MBES images are presented from two reaches of the Amazon River,
highlighting the importance of the presence of small, superimposed dunes on the leeside of very
large compound dunes migrating within the channel. The dunes of the river bed are described using
a range of quantitative parameters, which allow examination of their relationship with large, low-

angle compound dunes, and their potential importance in the ancient fluvial record.

IV.2 LOCATION

In Brazil, the Amazon River is named the Solimdes River from the Peruvian border to its
confluence with the Rio Negro, near Manaus (Fig. 4.1), after which it is called the Amazon. The
reaches studied herein are located in the Lower Solimdes River, just before the confluence with
the Rio Negro, and in the Upper Amazon River, about 33 km downstream of the confluence (Fig.
4.1). In the Lower Solimdes River, a bathymetric survey was conducted downstream of
Marchantaria Island (Fig. 4.1), and covered an area of c. 10 km?, where maximum flow depths
were 45 m. In the Upper Amazon River, the area surveyed is located near the northern bank of the

Careiro Island (Fig. 4.1), and covered an area of ¢. 8 km?, with a maximum flow depth of 66 m.
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Fig. 4.1. Location of the surveyed areas in the Lower Solim&es (A) and Upper Amazon (B) rivers.

The hydraulic characteristics of these two localities are given by two gauging stations
maintained by the Brazilian Water Agency (ANA), which reflect a large variation in water
discharge between low (October to December) and high (May to July) flow stage. For the Lower
Solimdes River, the Manacapuru gauging station, located about 85 km upstream of the surveyed
area, shows an average water discharge ranging from c. 67,000 (low) to 138,000 m3s* (high stage).
In the Upper Amazon River, water discharge increases significantly due to the input from the Rio
Negro, and at the Jatuarana gauging station, located at the margin of the surveyed area, the average
water discharge varies from c. 80,000 to 174,000 m3s. The surveys reported herein were
undertaken in July 2015, when the river was at flood stage. Discharge of the precise date or month
of when the surveys were conducted is not available, however the historical mean discharge in
July at the Manacapuru (available data ranging from January of 1972 to July of 2013) and Jatuarana
(from October of 1977 to January of 2015) gauging stations are ¢. 133,000 and 167,000 m3s!
respectively (Fig. 4.2).
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Fig. 4.2. Monthly discharge for each measured year (gray curves) and mean monthly discharge (black curves) for
the Manacapuru (Lower Solimdes) and Jatuarana (Upper Amazon) gauging stations.

IV.3 METHODS

High-resolution 3D bathymetry of the river bed was obtained using a Teledyne-Reson
Seabat 7101 Multibeam Echo Sounder (MBES), operating at a frequency of 240kHz, with 511
equi-angle beams achieving a maximum vertical measurement resolution of 12.5 mm. The MBES
was pole-mounted over the side of the vessel, with positioning and motion reference provided by
an SBG Ekinox-E inertial system and Vector VS330 GNSS Receiver with Atlas L-band
differential correction service. In order to attain better beam forming, an AML Micro-X probe
equipped with a SV-Xchange sound velocity sensor was installed close to the MBES sonar head.
All sensors were interfaced with the PDS2000 navigation and data acquisition suite. MBES
calibration was carried out following a standard patch test protocol, to compensate for residual
installation offsets, and sound velocity profiling of the water column was undertaken on a daily
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basis using a Valeport Mini sound velocity probe. All soundings were reduced to the water
reference level of the Port of Manaus fluviometric station.

The MBES surveys yielded high-resolution digital elevation models (DEM), which were
used to quantify dune height, wavelength and leeside angles, as well as the area occupied by
different types of bedforms, using GIS software. The area occupied by the leesides of the dunes
was identified by producing aspect maps that highlighted surfaces dipping in the direction of the
river flow. The aspect map of simple and superimposed dunes was computed directly from the
original DEM, whereas the leeside of compound dunes was computed using a 33x33 pixel moving
average window to filter the superimposed dunes. The distinction between leesides of compound
dunes with or without superimposed dunes was accomplished manually.

All dune heights and the leeside angles of compound dunes were measured manually on
longitudinal sections in the direction of flow, parallel to the river banks, spaced laterally c. 30-60
m apart: this yielded 1233 and 1550 measurements of primary and secondary dunes respectively.
Bedform height was defined as the vertical distance from the crest to the trough of the dunes.
Wavelength was defined as the horizontal distance between consecutive throughs. The leeside
angles of compound dunes were measured from the base of the leeside to the lowest brinkpoint,
excluding low angles related to the asymptotic portions of the leeside at the base of the dune.

The leeside angles of simple and superimposed dunes were obtained using slope maps
produced from the DEM, by quantifying pixels with slope values in the leeside area of the dunes.
In order to avoid measuring pixels from the low-angle upper and lower parts of the leesides, the
morphometric algorithm DEV, or deviation from mean elevation (Gallant & Wilson, 2000; De
Reu et al., 2013) was applied with a DEV range of 0.2-0.5. Dunes with amplitudes smaller than
0.45 m were excluded from the dataset, since their wavelengths were too close to the horizontal
resolution of the DEM to allow accurate slope measurements.

Bed material samples were collected at 12 sites in the Upper Amazon River (Almeida et
al., 2016a) and 14 sites in the Lower Solimdes River during low flow stage, 3 months after the
MBES survey, using a 10 kg Van Veen grab sampler. Grain size analyses were performed with a

Malvern Mastersizer 2000 (size fractions <1 mm) and mechanical sieves (>1 mm).
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IV.4 BEDFORMS IN THE SOLIMOES AND AMAZON RIVERS

Bedforms quantified from the MBES images were classified into two groups: (i) primary
bedforms, represented by simple and compound dunes, and (ii) secondary bedforms, represented
by simple superimposed dunes on the stoss and lee sides of the compound dunes, which are the
primary, or host, dunes for these secondary bedforms. The term ‘simple dune’ is herein restricted
to describe dunes with no superimposed dunes, i.e. contrary to a compound dune. In extent, the
superimposed dunes described herein, with quantitative measurements and statistics, are those
located in the leeside of the compound dunes.

Both survey areas in the Lower Solimdes and Upper Amazon rivers display a thalweg and
bank-attached bars on the right channel margin (Fig. 4.3A,C). The beds largely comprise sand,
which forms simple and compound dunes, but also locally possesses bedrock outcrops. Compound
dunes always possess superimposed dunes on their stoss side, but also very often on their leeside.
The shaded areas in Figs. 4.3B and 4.3.D represent the leesides of compound dunes with (blue)
and without (red) superimposed bedforms. Superimposed dunes cover c. 94% of the total area of
the compound dune leesides, and thus only c. 6% possess slopes at, or near, the angle-of-repose.
The surveyed reaches show similar patterns in their bedform distribution with regards to water
depth: i) shallower areas on the bar tops are characterized by simple dunes, with visual
observations at low flow also showing minor upper-stage plane bed or ripples in the shallowest
regions; and ii) deeper areas, represented by the thalwegs and the base of bars, which are dominated
principally by very large compound dunes. In deeper areas, the occurrence of simple dunes as
primary bedforms is restricted to specific locations that determine the local sediment supply, such
as downstream of bedrock pinnacles or downstream of confluence scours. Otherwise, the deeper
areas of the channel exhibit only compound dunes. In this way, simple dunes occur as primary
bedform from 10 to 36 m water depth (Fig. 4.4A), but are present at greater flow depths as a
secondary bedform, in the shape of superimposed dunes (Fig. 4.4B), which are of one order of
magnitude smaller the host dunes (Fig. 4.4C). Compound dunes develop from 22 m to greater
depths, and largely dominate the areas of sedimentation at this depth interval, occupying c. 90%

of the area.
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Fig. 4.3 (previous pages). Multibeam Echosounder (MBES) bathymetric map of survey areas in (A) Lower Solimdes
River, and (C) Upper Amazon River. In the detail inset boxes, large compound dunes are highlighted, which possess
superimposed dunes on their leesides. (B) and (D) highlight the leesides of compound dunes with (blue), or without
(red), superimposed dunes, and indicate the location of the longitudinal sections shown in Fig. 4.4 as well as bed
sediment sampling areas. Empty symbols indicate samples collected from downstream of scours or bedrock
protrusions. The inset boxes illustrate the same compound dunes as shown in (A) and (B).

Both survey areas in the Lower Solimdes and Upper Amazon rivers display a thalweg and
bank-attached bars on the right channel margin (Fig. 4.3A,C). The beds largely comprise sand,
which forms simple and compound dunes, but also locally possesses bedrock outcrops. Compound
dunes always possess superimposed dunes on their stoss side, but also very often on their leeside.
The shaded areas in Figs 4.3B and D represent the leesides of compound dunes with (blue) and
without (red) superimposed bedforms. Superimposed dunes cover c. 94% of the total area of the
compound dune leesides, and thus only c. 6% possess slopes at, or near, the angle-of-repose. The
surveyed reaches show similar patterns in their bedform distribution with regards to water depth:
i) shallower areas on the bar tops are characterized by simple dunes, with visual observations at
low flow also showing minor upper-stage plane bed or ripples in the shallowest regions; and ii)
deeper areas, represented by the thalwegs and the base of bars, which are dominated principally
by very large compound dunes. In deeper areas, the occurrence of simple dunes as primary
bedforms is restricted to specific locations that determine the local sediment supply, such as
downstream of bedrock pinnacles or downstream of confluence scours. Otherwise, the deeper
areas of the channel exhibit only compound dunes. In this way, simple dunes occur as primary
bedform from 10 to 36 m water depth (Fig. 4.4A), but are present at greater flow depths as a
secondary bedform, in the shape of superimposed dunes (Fig. 4.4B), which are of one order of
magnitude smaller the host dunes (Fig. 4.4C). Compound dunes develop from 22 m to greater
depths, and largely dominate the areas of sedimentation at this depth interval, occupying c. 90%
of the area.

In terms of morphology, compound dunes commonly display greater dune heights in the
central sections, which significantly decrease towards the sides, whereas simple and superimposed
dunes show a greater continuity in dune height along their width. In planform, simple dunes
commonly possess straight to sinuous crests, mostly perpendicular to the flow, whilst compound

dunes display barchanoid, sinuous and straight crests, the latter being oblique or perpendicular to

85



the flow. Superimposed dunes mainly exhibit straight crests that are perpendicular to the flow. In
a profile view, compound dunes are flatter than simple dunes, as expressed by a lower dune form
index (height/wavelength), being 0.03 for compound and 0.05 for simple dunes (Fig. 4.4D). Simple
and compound dunes commonly exhibit convex shapes with an average of 39% of the wavelength
occupied by the leeside. Superimposed dunes display convex shapes or planar tops, with an
average of 58% of the wavelength occupied by the leeside (Fig. 4.5).

Bedform data from both reaches were analyzed to determine dune height, wavelength,
leeside angle and grain size using a classification split into three water depth intervals: shallower
than 20 m, between 20 and 40 m and deeper than 40 m. Statistics regarding superimposed dunes
relate to those located in the leeside of compound dunes. Dunes whose sediment supply was

affected by bedrock pinnacles or confluent flows were not included in this statistical analysis.
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Fig. 4.4. Dune height vs. water depth for: (A) primary dunes, including simple dunes from the shallow channel and
compound dunes from the deep channel, and (B) secondary bedforms, which include superimposed dunes on the
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dunes, with contours representing the 2D density plot and a median (red line). To the right, the frequency density for
the y-axis. (D) Relationship between dune form index (height/wavelength) and water depth for the primary bedforms.
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Fig. 4.5. Longitudinal sections of simple and compound dunes. Location of the sections is shown in Fig. 4.3.

Dune height
The dune height data for the primary simple and compound bedforms show that maximum
dune height increases at greater water depths (Fig. 4.6A, note that outliers are not included, for
maximum dune heights see Fig. 4.3). However, the minimum dune height does not increase with
water depth, thus yielding a wider scatter in the data at greater water depths. At flow depths
shallower than 20 m, only primary simple dunes occur, and are limited to a maximum height of
1.4 m, with a mean of 0.5 m. From 20 to 40 m flow depth, the primary simple dunes become larger,
as shown by mean and maximum dune heights of 1.7 m and 4.7 m, respectively. At this same depth
interval, compound (and therefore superimposed) dunes are also present, with mean and maximum
heights of 3.3 m and 8.7 m respectively. At water depths deeper than 40 m, compound dunes reach
a mean height of 4.4 m and maximum amplitude of 12.2 m.
These data also show that, contrary to the size of the primary bedforms, the size of

superimposed dunes on the leeside of the compound dunes does not change significantly with
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water depth, and that they exhibit a contrasting height compared to their host compound dunes
(Fig. 4.6A). From 20 to 40 m in depth, superimposed dunes show a mean height of 0.6 m, reaching
a maximum value of 4 m, whereas at depths greater than 40 m, the mean dune height is 0.7 m,
with a maximum of 3.1 m. At both depth intervals, 70% of these dunes are smaller than 1 m in
height, averaging about 15% of the height of the host dune. From 20 to 40 m in depth, average is

of about 18%, varying from 1 to 57%, whereas below 40 m, average is of about 12%, varying from
2 t0 56%.

0
A <20m| | B <20m || Maximum grain size
[ simple e medium sand
I Superimposed " , A coarse sand
}-{%—1 f |
n=271 I Compound n=4023 px n=26 ¢ very coarse sand | 20 -
m granule 3
® o samples from 3
20-40m 20-40 m O starved dunes g“-
n=293 n=24844 px . =4
1 | E
I 1 2 a
n=878 n=42780 px 2
n=27 n=265 i‘ . - 'gt
>40 m >40 m . -
L& 4 &
f S i = L] =
n=672 n=30691 px © u 80
o) "
: | HEN e —
n=271 n=260 = pixel very fine fine medium coarse
px = pixels sand sand sand sand
T T T T T T T T T T T T T 100
0 2 4 6 8 10 120 6 12 18 24 30 360 125 250 500 600
Dune height (m) Leeside angle (degrees) Mean grain size (pm)

Fig. 4.6. Distribution of (A) dune height, (B) leeside angle and (C) mean and maximum grain size at different water
depth intervals for simple, compound and superimposed dunes. Boxplots in (A) and (B) do not include outliers. Open
symbols in (C) indicate samples from starved dunes downstream of confluence or bedrock outcrops.

Leeside angle

The leeside angles of primary bedforms show different values, with simple dunes being
characterized by steeper leeside angles than compound dunes (Fig. 4.6B). At water depths
shallower than 20 m, simple dunes possess mean leeside angles of 16°, with 48% and 15% of
values being steeper than 15° and 21° respectively. Between 20 and 40 m flow depth, simple dunes
show a mean angle of 18°, with 60% and 27% of values being steeper than 15° and 21°
respectively. However, at flow depths between 20 and 40 m, compound dunes show a mean leeside
angle of 9°, with 78% of values below 15°. At flow depths deeper than 40 m, compound dunes
possess a mean leeside angle of 10°, with 79% of these slopes being below 15°.
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The leeside angle of superimposed dunes is also steeper compared to the host compound
dunes, although it is more gentle than the primary simple dunes. At water depths between 20 and
40 m, dunes display a mean leeside angle of 16°, with 51% and 14% of values steeper than 15°
and 21° respectively. At flow depths greater than 40 m, the superimposed dunes have a mean
leeside angle of 14°, with 33% of slopes steeper than 15° and 9% greater than 21°.

Compound dunes of all morphologies display superimposed dunes on their leeside at any
given height and grain size, but the leeside angle of compound dunes is nearly always below 15-
18° when leeside bedform superimposition is present (Fig. 4.7). At greater leeside angles,
superimposed dunes are rarely present, and here the leesides are probably dominated by
avalanching. In the present data, such steeper-angled leesides with sediment avalanching occur
almost exclusively associated with barchanoid compound dunes. Low leeside angles are very
common in compound dunes, thus implying these possess abundant superimposed dunes
downclimbing their lee faces (Fig. 4.3).

Grain size

The mean grain size of both surveyed reaches (see Fig. 4.3 for location) ranges from 0.148
to 0.505 mm (Fig. 4.6C). Mean and maximum grain sizes show a strong relationship with the type
of primary bedform, with simple dunes possessing a mean grain size from 0.148 to 0.247 mm (fine
sand), reaching a maximum size of medium sand, whereas compound dunes have mean grain sizes
of 0.271 to 0.505 mm (medium to coarse sand), reaching a maximum size of granules. Coarser
grain sizes are also related to greater water depths within the channels, particularly regarding

maximum grain size.

IV.5 DISCUSSION

Since bedform height controls the thickness of the resulting cross-strata sets as a partial
preservation of the original foreset (e.g. Paola & Borgman, 1991; Leclair & Bridge, 2001; Leclair,
2011; Reesink et al., 2015), the results presented herein imply there may be predictable trends in
the distribution of cross-strata set thickness for the deposits of large rivers in the rock record. The
basic assumption of previous research that recognized large river deposits in the rock record is that

the abundance of large dunes is reflected in a high proportion of large-scale cross-strata sets in the
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rock record (e.g. Miall, 2006; Fielding, 2007). However, a previous work by Reesink et al. (2014)
challenged this view, showing large river deposits from the Rio Parana dominated by small dunes
and ripples. The here presented results from the world’s largest fluvial channel show that even in
the thalweg of an exceedingly larger and deeper river the dominant bedforms are smaller than what
would be expected, since superimposed dunes are remarkably common on both stoss and leesides
of large compound dunes in the deep channels of the Amazon and Solimdes rivers (Fig. 4.3). The
implications of this finding are important for the interpretation of channel size based on cross-
strata set thickness in the rock record, since the preserved sets would be formed by the migration
of these superimposed bedforms down the leeside of host dunes, resulting in low-angle cosets
instead of single large-scale cross-strata sets (e.g. Brookfield, 1977; Haszeldine, 1982; Almeida et
al., 2016a, 2016b).
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Fig. 4.7. Relationship between compound dune height, leeside angle and the occurrence of superimposed dunes on
the leeside.

Recent works have shown that paleodepth estimations from cross-strata sets thickness in
outcrops, based on the assumption that dune height scales with water depth, may be problematic
(e.g. Best et al., 2007; LeClair, 2011; Reesink et al., 2014; Bradley & Venditti, 2017). The data
presented herein confirm that at any depth, there is a wide range of possible dune heights (Fig.
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4.4A,B). The relationship of dune height and water depth in the Amazon River is particularly
similar to the one observed in the Jamuna River (Best et al., 2007): despite a wide range of dune
heights at any water depth, there is an evident scaling of the maximum dune height, which is about
20 and 30% of the water depth, in the case of the Amazon and Jamuna rivers, respectively.

The dominance of superimposed dunes on the leeside of the compound dunes is of great
significance for the sedimentary record. Previous works on compound dunes in both aeolian and
fluvial deposits have shown the effects on the sedimentary structures of superimposed dunes
located on the stoss (e.g. Reesink & Bridge, 2007, 2009, 2011) and leeside (e.g. Brookfield, 1977;
Haszeldine, 1982; Almeida et al., 2016a, 2016b) of larger host dunes, resulting respectively in
higher- and lower-angle inclined cosets. These sedimentary structures have been identified in
sedimentary deposits of active rivers (e.g. Reesink & Bridge, 2011; Reesink et al., 2014) and the
rock record (e.g. Brookfield, 1977, Haszeldine, 1982; Almeida et al., 2016a). Note that both
“higher-" and “lower-angle inclined cosets” are low-angle dipping surfaces below the angle-of-
repose of a dune (Reesink & Bridge, 2007, 2009; Almeida et al., 2016a) and the terms “higher”
and “lower” are given to distinguish them. According to these previous works, and considering the
MBES data presented here, the following sedimentary structures can be inferred from the studied
bedforms of the Amazon River (Fig. 4.8): simple cross-strata sets in the shallow channel, formed
by the simple dunes, and inclined cosets in the deep channel, formed by the compound dunes.
Furthermore, the compound dunes would thus display two types of inclined cosets: (i) lower-angle
inclined cosets, related to the occurrence of superimposed dunes on the leeside, and (ii) higher-
angle inclined cosets, related to the effects of stoss side superimposed dunes on the host bedform
leeside. In most of the surveyed areas of the deep channel, compound dunes present superimposed
dunes on the leeside (Fig. 4.3), which would produce lower-angle inclined cosets, with individual
cross-strata sets scaled to the height of the superimposed dunes. Only in the rare case compound
dunes with superimposed dunes restricted to the stoss side, foresets would be produced at the scale
of the large host dune, laterally transitioning to higher-angle inclined cosets.

Since the size of the bedform defines the maximum possible thickness of the preserved
cross-strata sets, and the thickness of cross-stratal sets is a fraction of the formative dune height
(e.g. Paola & Borgman, 1991; Leclair & Bridge, 2001; Leclair, 2011; Reesink et al., 2015),

sedimentary structures formed by the superimposed bedforms described herein would be relatively
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small, at any flow depth (Fig. 4.6A). Apart from rarer, larger, deep channel compound dune
avalanche leesides (6% of the total area in the reaches studied herein) that would result in meter-
scale cross-strata sets and higher-angle inclined cosets, the dominant deep channel superimposed
dunes and smaller shallow channel simple dunes would produce centimeter-to-decimeter-scale
thick cross-strata sets (Fig. 4.8).

These latter thicknesses are usually expected in deposits of small rivers, where dunes are
limited to a few meters in height (e.g. Van den Berg, 1987; Julien & Klaassen, 1995; Wilbers &
Ten Brinke, 2003). Similarity of the set thicknesses occurs since published works searched by the
authors of this work from small rivers deposits suggest that the compound dunes with
superimposed dunes on the leeside are not the dominant feature in those settings. On the contrary,
their dunes are characterized by avalanche foresets (e.g. Carling, 2000; Dinehart, 2002; Wilbers &
Ten Brinke, 2003; Huizinga, 2010; Eilertsen et al., 2013), and superimposed dunes occur on the
stoss side of the host dunes (e.g. Carling, 2000; Reesink et al., 2011). The presence of
superimposed dunes upon compound dune leesides in the deep channel, as well as the wide scatter
of dune height at any given water depth, also reveals that inferences of paleo-water depth based
on cross-strata set thickness may be misleading (Reesink et al., 2015).

The leeside angle results (Fig. 4.6) reveal that both shallower and deeper areas of the
channel covered by mobile sediment show dunes with leeside angles steeper than 15°, which has
not been recognized to date in large rivers (Hendershot et al., 2016). In shallower flows, these
higher-angle dunes are primary simple dunes, whereas in deeper areas, these higher-angle dunes
are superimposed on compound dunes with leeside angles below 15°. These results also show a
threshold leeside angle at which compound dunes display superimposed dunes on their leesides of
c. 15-18°, and above which the leeside faces may be ascribed to avalanche slopes (Fig. 4.7),
matching the value of leeside angles that control the onset of permanent flow separation (e.g.
Kostaschuck & Villard, 1996; Best & Kostaschuck, 2002; Hendershot et al., 2016). It is interesting
to note that a similar relationship of higher dune form index in shallow areas, with higher leeside
angles, and lower dune form index in deep areas, with lower leeside angles (Fig. 4.4C), was also
described in a work by Bradley & Venditti (2017), although at a very different scale. In this work,
the split occurs at around 30 m of water depth, whereas Bradley & Venditti (2017) found this

difference to occur at 2,5 m of water depth.
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Successions dominated by centimeter-to-decimeter-scale cross-strata sets could be formed
in channels as deep as several tens of meters, and therefore independent criteria must be used to
recognize channel scale. These superimposed dunes are also migrating on much lower angle
surfaces (Fig. 4.8), and suggests the need for careful evaluation of such low-angle surfaces in the
rock record, which may be very difficult to infer with limited exposures, or impossible in core.
Given the data presented herein (Fig. 4.6), it may be possible to recognize the deposits of deep
fluvial channels based on the identification of coarse sandstones with meter-scale thick cross-
stratified cosets (formed by the migration of large compound dunes) composed of centimiter-to-
decimiter scale thick inclined cross-strata sets (formed by the migration of the superimposed

dunes) with foreset dip angles ranging from 12° to 21°. The recognition of compound dune cosets
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is thus key to the interpretation of river scale, since compound dunes are a main element in large
river channels (e.g. Wang et al., 2007; Best et al., 2007), and the maximum height of these large
bedforms appears better correlated with water depth (Fig. 4.4).

Given the lack of sequential MBES surveys at different river stages in the studied locations,
the origin of conspicuous smaller bedforms both on the stoss and leesides of larger host dunes
cannot be directly interpreted from our data. The low-angle leeside surfaces of the large compound
dunes might be attributed to changes in flow stage, with the large bedform being progressively
deformed by an increase in sediment accumulation on the leeside (e.g. Kostaschuk & Villard,
1996) or by erosion of the host dune crest. It is possible that the weakening of flow separation
resulting from the low-angle leeside enables the active migration of smaller bedforms also on the

lee surface, giving rise to the observed morphology of compound dunes.

The rock record of large rivers

Despite the great contribution of modern day large rivers to the global sediment transport
and their common occurrence in subsiding areas related to active tectonic environments, the
recognition of large rivers in the rock record is relatively scarce. Examples of interpreted large
river deposits are the Cretaceous McMurray Formation in western Canada (e.g. Hubbard et al.,
2011) the Triassic Hawkesbury Sandstone in southeastern Australia (e.g. Miall, 2006; Fielding,
2007), and the Pleistocene deposits in central-western Amazonia (e.g. Rossetti et al., 2005, Horbe
et al., 2013). Two main types of criteria are often used to infer river scale: (1) thickness of
preserved channel-forms, channel-fill successions or bar-forms scaled to channel depth, and (2)
average or maximum thickness of preserved cross-strata sets, considered to be a function of
channel depth.

The Middle McMurray Formation exhibits 30-40 m thick point-bar deposits, interpreted
from large-scale inclined heterolithic strata (IHS) and related to kilometer-scale scoll-bars imaged
in 3D seismic surveys (e.g. Hubbard et al., 2011; Jablonski & Darlrymple, 2016). Despite the thick
channel-fill elements, ripple cross-laminated sandstones and heterolithic strata are more abundant
than the 0.5 to 2 m thick cross-bedded sandstones even close to the channel bases (Jablonski &
Darlrymple, 2016). Previous models to explain this apparent discrepancy are grain-size controls

on bedform development and tidal influence (Jablonski & Darlrymple, 2016, and references
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therein). Our data suggests the possibility of the actual larger bedforms on the deeper parts of the
channel being preferably preserved as cross-strata cosets resulting from smaller bedforms, ripples
in the McMurray case, migrating on their leedides. It is important to note that in the absence of
well-developed large-scale IHS or available seismic images, similar successions would hardly be
interpreted as deep channel deposits based on the cross-strata set size distribution alone.

Another example of interpreted large river deposits are the Pleistocene sands exposed at
up to 30 m tall river banks in central-western Amazonia. These sands are genetically related to the
largest active rivers on Earth and compose large scale finning upward cycles dominated by tabular
and trough cross-bedded medium to fine sands, with the local occurrence of coarse sand near the
base of the fining-upward cycles and frequent intercalated silts and muds near their tops (Rossetti
et al., 2005, Horbe et al., 2013). Again, the preserved 0.1 to 0.3 m thick cross-strata sets do not
differ significantly from what is found in much smaller river deposits, and the low-angle cross-
strata set bounding surfaces hamper the recognition of the 0.6 to 1.5 m thick cross-strata cosets,
which are locally concave upward and downstream (Almeida et al., 2016a). In fact, the preserved
cross-strata set thicknesses are compatible with the partial preservation of bedforms with a size
comparable to those found as superimposed dunes on larger bedforms in the modern Amazonas
and Solimdes rivers.

An example of large river deposits interpreted based on cross-strata set thickness is the
Triassic Hawkesbury Formation of southeastern Australia, where 2-3 m and up to 8 m thick, often
concave upward and downstream, cross-strata sets abound (Conaghan & Jones, 1975; Rust &
Jones, 1987; Miall & Jones, 2003). Closer inspection reveals cosets with internal smaller cross-
strata sets within these structures, more frequent away from the axis of the concave forms. These
deposits have been interpreted as large thalweg dunes (Almeida et al., 2016a). Some of the large-
scale cross-strata sets may be locally interpreted as bar foresets (see discussion in Almeida et al.,
2016a). Therefore, even in the best-known case of large-scale cross-strata in large river deposits,
the sedimentary product of bedform superposition indicating the dominance of compound dunes
is remarkable. In the three examples above, the reinterpretation of centimeter-scale cross-strata
sets as formed by smaller bedforms migrating on the lee-surfaces of larger bedforms can be

reconciled with an origin in deep-channels.
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IV.6 CONCLUSIONS

High-resolution multibeam echo sounder bathymetric maps of two reaches of the Amazon
River were surveyed during peak flood, and reveal that small dunes can be frequent in large rivers,
suggesting significant implications for interpretations of the rock record. Despite being dominated
by large-scale compound dunes at greater flow depths, these data show how small dunes can be
widespread, both in shallower (as primary bedforms) and deeper (as secondary) flows in the
world’s largest river (Fig. 4.6A).

The presence of large sets of cross-strata has been thought to be the most common attribute
needed to recognize the deposits of large rivers (e.g. Miall, 2006; Fielding, 2007). However, the
very common presence of small dunes in both shallow and deep channel indicates that large river
deposits may principally comprise bedform elements that are found within small rivers. Although
very large compound dunes do occur in the deeper areas of the channel, their morphology,
characterized by very low leeside angles with downclimbing superimposed dunes, suggests that
large meter-scale cross-strata sets might be rare or absent. Given that the bedform height is the
possible maximum thickness of the resulting cross-strata set, the maximum preserved cross-strata
set thickness must be significantly smaller than what is expected for dunes deprived of
superimposed dunes on their leesides.

Low leeside angle dunes are a common feature among large rivers (Hendershot et al., 2016)
and are indeed present in the surveyed reaches of the present work, being represented by large
compound dunes. However, the compound dunes generally display superimposed dunes on their
leeside at angles lower than 15-18° (Fig. 4.7), corresponding to 94% of the area of the leesides of
compound dunes. Steeper leeside angles with no superimposed dunes, interpreted as avalanche
slopes, were thus limited in area. The superimposed dunes possess higher leeside angles,
commonly steeper than 15° (Fig. 4.6B), which have rarely been recognized in large rivers
(Hendershot et al., 2016). This relationship of large, low-angle, compound dunes and
superimposed bedforms is present in other large rivers whose data resolution allows visualization,
such as the Yangtze (Wang et al., 2007), Parana (Amsler & Prendes, 2000; Parsons et al., 2005)
and Mississippi (Abraham & Pratt, 2000).

Previous studies of the morphology of compound dunes in the Amazon River (Strasser,
2002, 2008) and other large rivers in the world, such as the Yangtze (Wang et al., 2007), Jamuna
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(Best et al., 2007), Parana (Reesink et al., 2014) or Mississippi (Harbor, 1998), suggest decimeter-
scale cross-strata sets are much more likely to be preserved and found in the rock record than larger
meter-scale cross-sets. In this work, a collection of shallow and deep channel bedform examples
is provided, indicating how ubiquitous are small dunes in the largest river of the world, and even
there where the largest dunes are observed, they possess smaller superimposed dunes on the leeside
that might be misleading when interpreting rock record. The size of the superimposed dunes on
the large compound dunes is comparable to dunes formed in small rivers, and criteria to
differentiate between them should thus be considered in interpretation of ancient alluvium, such
as coset recognition, leeside angle, facies association and grain size. Therefore, successions
dominated by decimeter-scale cross-strata sets superimposed on larger, low-angle surfaces, but
showing rarer preservation of large-scale avalanche foresets near the base of fining-upward cycles

that are tens of meters thick, may be characteristic of the deposits of large sand-bed river channels.
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V1. CONCLUSIONS

The present work aimed at contributing to two challenging subjects in fluvial
sedimentology: the recognition of channel pattern and of large river deposits in the rock
record. Although both subjects have been studied for decades, there is still a significant
margin for improvement with many gaps to be filled. Despite the numerous works, criteria
for the recognition of channel patterns in fluvial deposits have been considered by some
researchers to be overall ineffective; such difficulties are also attributable to the current
stage of works on channel pattern classification, marked by a lack of consensus among
different research groups concerning terminology. Difficulties concerning large rivers are
of different nature, being mainly related to the intrinsic difficulties of studying these large
depositional systems; only recently geophysics provided tools that allow detailed studies
of such large water bodies and their respective riverbeds. The mentioned challenges were
addressed in the present work by conducting a survey of alluvial river at a global scale to
quantify the natural variability of rivers and by surveying the Solimdes-Amazon River,

the largest river in the world, with state-of-the-art geophysical methods.

By surveying more than 350 reaches of alluvial rivers with available water
discharge data at a global scale, this work presents an improved channel pattern
classification developed to be applicable to the rock record, based on quantitative
parameters of sinuosity and channel count index. Channel patterns are here organized in
four groups: high-sinuosity single channel (meandering); high-sinuosity moderately-
braided channels; low-sinuosity moderately-braided channels; and low-sinuosity
multichannels (braided), where the moderately-braided channels occur at intermediate
stream power compared to meandering (low stream power) and braided (high stream
power) channels. Meandering rivers are the most frequent channel pattern in Earth’s
surface, but they are mostly small rivers with catchment areas, large rivers commonly

present moderately-braided channels (Chapter I11).

Sedimentologists studying the rock record have mainly recognized fluvial
deposits of meandering and braided channels, with a clear majority of braided channel
occurrence. The fact that meandering channels are ubiquitous in the world but mostly
occur in small rivers might explain the apparent contradiction of the relative lack of

documentation of meandering rivers compared to braided rivers in the rock record in spite
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of their frequency and also indicate a bias towards preservation of larger rivers. However,
the extensive interpretation of braided channel deposits contrasts with the apparent
scarcity of braided rivers in modern setting, and with the fact that their occurrence is
restricted to conditions of high stream power, high slopes, and smaller drainage basin
areas, being also the only channel pattern restricted to a specific discharge regime of high
seasonality. The extensive interpretation of braided channel patterns for these deposits
could thus indicate a bias of preservation towards braided channel forming conditions,
but it could also indicate that moderately-braided rivers, which are dominant among
modern large rivers, have been severely under-reported. Given the frequency of the
moderately-braided channel pattern in large rivers with large drainage basins areas, and
the extensive occurrence of large rivers in the rock record we advocate towards a
reevaluation of the many fluvial deposits interpreted of braided and meandering river
deposits (Chapter I11).

A classification based on sinuosity and channel count index allows to establish
criteria of recognition applicable to the rock record that rely on quantitative paleocurrent
variance at the scale of the channel belt. Preserved barforms in the floodplains of more
than 100 modern rivers were used to infer and quantify paleoflow directions at the channel
belt scale, which resulted in ranges of paleocurrent variance that may lead to channel
pattern identification in the rock record. Braided channels have the lowest paleocurrent
variances, whereas meandering channels have the highest; in between are the variances
of moderately braided channels, the high-sinuosity type displaying higher values than the
low-sinuosity type. The continuum of channel patterns trends of increase in stream power
matched by decrease in sinuosity and increase in channel count index are also successfully
revealed by the method. (Chapter I11).

Geophysical surveys of the Amazon River resulted in important contributions for
the recognition of large rivers in the rock record. High-resolution multibeam echo sounder
bathymetric maps of the riverbed reveal that small dunes are frequent in large rivers,
suggesting significant implications for interpretations of fluvial deposits, since the
presence of large sets of cross-strata has been thought to be the most common attribute
needed to recognize the deposits of large rivers. Although very large dunes do occur in
the riverbed, such dunes commonly present low leeside angles covered by a great number
of small dunes on both stoss and leesides. These bedforms also occur in other large rivers,

and the common presence of small dunes in both shallow and deep channels indicates that
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large river deposits may principally comprise bedform elements that are similar to those
found within small rivers, which may be misleading when interpreting the rock record,

ushering the need for additional criteria (Chapter 1V).

Associated with the analysis of satellite imagery, geophysical surveys of the
Amazon River allow the proposition of a facies model for large rivers, since many large
rivers share a similar channel patterns here named moderately braided. Through high-
resolution bathymetric maps and shallow seismic and GPR profiles, the examples of
different parts of the depositional system were detailed, leading to inferences of their
preservation as fluvial deposits and additional criteria for recognition of large rivers, such
as vertical trends of cross-strata set and coset thickness, cross-strata leeside angle and

grainsize (Chapter V).

This work reinforces the need for studying the transitional channel patterns and
encourages researchers to take a step beyond the meandering-braided channel dichotomy
when studying fluvial deposits and investigate the greater complexity and
sedimentological outcomes of the other channel types. Moderately-braided channels are
the most likely to represent the greatest transcontinental fluvial systems, being also the
most significant agent of sediment transport and mass movement on Earth. Results of this
work put at stake research on fluvial sedimentology, who so far has explored meandering
and braided channels with a great amount of valuable details, but has left aside the other

types.
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ABSTRACT

The recognition of large fluvial channels in the geological record is of great
importance for regional palaesohydraulic and palaeogeographical reconstruc-
tions, inputs to reservoir modelling, and estimating the input of sediment to
sedimentary basins, with consequent larger-scale implications for modelling
basin fill. However, available criteria for the interpretation of the scale of
ancient fluvial systems are still poorly tested, particularly the widely-
adopted assumption that the abundance of large-scale dunes in some deep
channels implies that abundant large-scale cross-strata sets will be preserved
in similar palaeochannels. To test this hypothesis, high-resolution multi-
beam echo-sounding imaging of two reaches in the Amazon River where
large dunes are common were investigated, yielding an extensive dataset
concerning dune geometry, position within the channel and, most impor-
tantly, the presence and distribution of smaller superimposed dunes on their
lee sides. These results show that despite 90% of the bedforms at water
depths >20 m being constituted by up to 12:2 m high compound dunes,
94% of the lee sides of these dunes are covered by smaller superimposed
dunes. These results suggest that steep avalanche foresets that are several
metres in height may be rare in the preserved stratigraphic record of these
large channels, which are instead more commonly represented by decimetre-
scale cross-stratified cosets formed by superimposed dunes migrating down
the lee side of the large-scale host bedforms. This observation thus suggests
that the recognition of compound dune cosets is key to the interpretation of
river-channel scale, since compound dunes are the principal bedform in
most large river channels. Consequently, successions dominated by decime-
tre-scale thick cross-strata sets, but that show rarer preservation of outsized
metre-scale avalanche foresets, and abundant similar-sized cosets near the
base of fining-upward cycles are probably the most common bedform record
of large-river channels.
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INTRODUCTION

Current fluvial facies models are dominated by
data and conceptualizations derived mainly
from studies of small fluvial systems. Large riv-
ers, defined by large drainage area, channel
length and water and sediment discharges
(Hovius, 1998; Potter & Hamblin, 2006; Gupta,
2007), have been relatively neglected, largely
due to their inaccessibility, deep turbid flows,
challenging logistics and often harsh climate,
because they are mainly concentrated in the
very hot and wet regions of the world (Latru-
besse et al., 2005). These conditions have
resulted in a comparative paucity of studies that
have focused on the description of subaqueous
bedforms in such large rivers, whose investiga-
tion requires deployment of ‘state of the art’ geo-
physical techniques.

Until recently, the investigation of river beds
relied exclusively on two-dimensional bathymet-
ric profiles (for instance, see the studies of Stras-
ser, 2002, 2008, in the Amazon River; and
Leclair, 2011, in the Mississippi River), thus lim-
iting the understanding of bedform morphology
and kinematics. However, since the beginning of
the last decade, Multibeam Echo-Sounder
(MBES) surveys have revolutionized current
ability to achieve high-resolution quantification
of the three-dimensional subsurface bathymetry
(Parsons et al., 2005; Nittrouer et al., 2011). This
new quantification within large-scale fluvial
channels has allowed examination of the rela-
tionship between processes and products, and
enabled questioning of some long-held assump-
tions. For instance, dune size has often been pro-
posed to scale with water depth (Yalin, 1964;
Allen, 1984; Ashley, 1990; Paola & Borgman,
1991; LeClair & Bridge, 2001), and proposed
facies models for large rivers have related the
occurrence of large sets of cross-strata to large-
scale channels (Wignall & Best, 2000; Miall,
2006; Fielding, 2007). However, the question
arises as to whether large dunes have to be pre-
sent within an ancient fluvial deposit for the
interpretation of a large channel to be made (Best
et al., 2007; Leclair, 2011; Reesink et al., 2014;
Bradley & Venditti, 2017). In this respect, the
presence of small, within-channel, dunes and

superimposed dunes on the lee side of larger
dunes has been underappreciated in past work
on large rivers, which has focused on the occur-
rence of very large compound dunes, such as
those in the Amazon, in northern South America
(Strasser, 2002, 2008; Almeida et al., 2016a),
Parand, in southern South America (Amsler &
Prendes, 2000; Parsons et al., 2005; Sambrook
Smith et al., 2009, 2013; Reesink et al., 2014),
Yangtze, in eastern Asia, (Wang et al., 2007),
Jamuna, in southern Asia, (Best et al., 2007) and
Mississippi, in North America, (Harbor, 1998;
Abraham & Pratt, 2002; Leclair, 2011).

Superimposed dunes on top of host dunes
have been previously recognized in diverse
depositional settings, such as aeolian (Rubin &
Hunter, 1982), tidal (Ernstsen et al., 2006) and
fluvial (Coleman, 1969; Allen & Collinson, 1974;
Jackson, 1976; Dinehart, 1989) environments,
and their preserved counterparts have also been
identified in the rock record of these diverse set-
tings (Brookfield, 1977; Haszeldine, 1982; Rubin
& Hunter, 1982; Almeida et al., 2016a). Regard-
ing the fluvial environment, they have been
described in flumes and small rivers (Lunt &
Bridge, 2007; Reesink & Bridge, 2007, 2009,
2011) and large rivers (Reesink ef al., 2014),
being that in these cases the research was
related to the effects of the superimposed dunes
located on the stoss side of the host dunes.
Although the surveyed areas in the Amazon
River also display compound dunes with super-
imposed dunes restricted to the stoss side, this
work focuses on the large dunes with superim-
posed dunes migrating down their lee side,
which largely dominate the riverbed. This set-
ting is also observed in the images of previously
published works of large rivers in the world (see
references above). From the point of view of the
sedimentary record, superimposed dunes on the
lee side of compound dunes are of great signifi-
cance since processes taking place in the lee
side have greater preservation potential than
those on the usually erosional stoss side.

The present paper examines the scale of
dunes within the Amazon River, Brazil, in order
to quantify the occurrence of different dune
sizes within the main channel. The Amazon
River ranks first in water discharge, drainage
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basin area and suspended sediment discharge,
amongst the world’s great rivers, and is an ideal
system in which to examine dune morphomet-
rics and scaling. In this paper, high-resolution
MBES images are presented from two reaches of
the Amazon River, highlighting the importance
of the presence of small, superimposed dunes
on the lee side of very large compound dunes
migrating within the channel. The dunes of the
river bed are described using a range of quantita-
tive parameters, which allow examination of
their relationship with large, low-angle com-
pound dunes, and their potential importance in
the ancient fluvial record.

LOCATION

In Brazil, the Amazon River is named the
Solimoes River from the Peruvian border to its
confluence with the Rio Negro, near Manaus
(Fig. 1), after which it is called the Amazon.
The reaches studied herein are located in the
Lower Solimdes River, just before the confluence
with the Rio Negro, and in the Upper Amazon
River, about 33 kmm downstream of the conflu-
ence (Fig. 1). In the Lower Solimoes River, a
bathymetric survey was conducted downstream
of Marchantaria Island (Fig. 1) and covered an
area of ca 10 km?, where maximum flow depths
were 45 m. In the Upper Amazon River, the area
surveyed is located near the northern bank of
Careiro Island (Fig. 1), and covered an area of ca
8 km?, with a maximum flow depth of 66 m.
The hydraulic characteristics of these two
localities are given by two gauging stations
maintained by the Brazilian Water Agency
(ANA) , which reflect a large variation in water
discharge between low (October to December)
and high (May to July) flow stages. For the
Lower Solimoes River, the Manacapuru gauging
station, located about 85 km upstream of the
surveyed area, shows an average water discharge
ranging from ca 67 000 (low stage) to
138 000 m* s~ ' (high stage). In the Upper Ama-
zon River, water discharge increases signifi-
cantly due to the input from the Rio Negro, and
at the Jatuarana gauging station, located at the
margin of the surveyed area, the average water
discharge  varies from ca 80000 to
174 000 m* s~ '. The surveys reported herein
were undertaken in July 2015, when the river
was at flood stage. Discharge of the precise date
or month of when the surveys were conducted
is not available; however the historical mean
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discharge in July at the Manacapuru (available
data ranging from January 1972 to July 2013)
and Jatuarana (from October 1977 to January
2015) gauging stations are ca 133 000 m®s '
and 167 000 m® s~ ', respectively (Fig. 2).

METHODS

High-resolution three-dimensional bathymetry of
the river bed was obtained using a Teledyne-
Reson Seabat 7101 Multibeam Echo Sounder
(MBES; Teledyne RESON A/S, Slangerup, Den-
mark), operating at a frequency of 240 kHz, with
511 equi-angle beams achieving a maximum ver-
tical measurement resolution of 12-5 mm. The
MBES was pole-mounted over the side of the
vessel, with positioning and motion reference
provided by an SBG Ekinox-E inertial system
(SBG Systems S.A.S., Carriéres-sur-Seine,
France) and Vector VS330 GNSS Receiver with
Atlas L-band differential correction service
(Hemisphere GNSS Inc., Scottsdale, AZ, USA).
In order to attain better beam forming, an AML
Micro-X probe equipped with a SV-Xchange
sound velocity sensor (AML Oceanographic,
Sidney, BC, Canada) was installed close to the
MBES sonar head. All sensors were interfaced
with the PDS2000 navigation and data acquisi-
tion suite (Teledyne RESON). The MBES calibra-
tion was carried out following a standard patch
test protocol, to compensate for residual installa-
tion offsets, and sound velocity profiling of the
water column was undertaken on a daily basis
using a Valeport Mini sound velocity probe
(Valeport Limited, Devon, UK). All soundings
were reduced to the water reference level of the
Port of Manaus fluviometric station.

The MBES surveys yielded high-resolution
digital elevation models (DEM), which were
used to quantify dune height, wavelength and
lee-side angles, as well as the area occupied by
different types of bedforms, using GIS software.
The area occupied by the lee sides of the dunes
was identified by producing aspect maps that
highlighted surfaces dipping in the direction of
the river flow. The aspect map of simple and
superimposed dunes was computed directly
from the original DEM, whereas the lee side of
compound dunes was computed using a
33 x 33 pixel moving average window to filter
the superimposed dunes. The distinction
between lee sides of compound dunes with or
without superimposed dunes was accomplished
manually.

© 2018 The Authors. Sedimentology © 2018 International Association of Sedimentologists, Sedimentology
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Fig. 1. Location of the surveyed areas in the Lower Solimoes (A) and Upper Amazon (B) rivers.

All dune heights and the lee-side angles of
compound dunes were measured manually on
longitudinal sections in the direction of flow,
parallel to the river banks, spaced laterally ca 30
to 60 m apart: this yielded 1233 and 1550 mea-
surements of primary and secondary dunes,
respectively. Bedform height was defined as the
vertical distance from the crest to the trough of
the dunes. Wavelength was defined as the hori-
zontal distance between consecutive troughs.
The lee-side angles of compound dunes were
measured from the base of the lee side to the
lowest brinkpoint, excluding low angles related
to the asymptotic portions of the lee side at the
base of the dune.

The lee-side angles of simple and superim-
posed dunes were obtained using slope maps
produced from the DEM, by quantifying pixels
with slope values in the lee-side area of the
dunes. In order to avoid measuring pixels from
the low-angle upper and lower parts of the lee
sides, the morphometric algorithm DEV, or devi-
ation from mean elevation (Gallant & Wilson,
2000; De Reu et al.,, 2013) was applied with a
DEV range of 0-2 to 0-5. Dunes with amplitudes
smaller than 0-45 m were excluded from the
dataset, since their wavelengths were too close

to the horizontal resolution of the DEM to allow
accurate slope measurements.

Bed material samples were collected at 12
sites in the Upper Amazon River (Almeida
et al., 2016a) and 14 sites in the Lower Solimoes
River during low flow stage, three months after
the MBES survey, using a 10 kg Van Veen grab
sampler. Grain-size analyses were performed
with a Malvern Mastersizer 2000 (size fractions
<1 mm; Malvern Instruments Limited, Malvern,
UK) and mechanical sieves (>1 mm).

BEDFORMS IN THE SOLIMOES AND
AMAZON RIVERS

Bedforms quantified from the MBES images
were classified into two groups: (i) primary bed-
forms, represented by simple and compound
dunes; and (ii) secondary bedforms, represented
by simple superimposed dunes on the stoss and
lee sides of the compound dunes, which are the
primary, or host, dunes for these secondary bed-
forms. The term ‘simple dune’ is herein
restricted to describe dunes with no superim-
posed dunes, i.e. contrary to a compound dune.
In extent, the superimposed dunes described

© 2018 The Authors. Sedimentology © 2018 International Association of Sedimentologists, Sedimentology
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Fig. 2. Monthly discharge for each measured year
(grey curves) and mean monthly discharge (black
curves) for the Manacapuru (Lower Solimoes) and Jat-
uarana (Upper Amazon) gauging stations.

herein, with quantitative measurements and
statistics, are those located in the lee side of the
compound dunes.

Both survey areas in the Lower Solimdes and
Upper Amazon rivers display a thalweg and
bank-attached bars on the right channel margin
(Fig. 3A and C). The beds largely comprise sand,
which forms simple and compound dunes, but
also locally possesses bedrock outcrops. Com-
pound dunes always possess superimposed
dunes on their stoss side, but also very often on
their lee side. The shaded areas in Fig. 3B and
D represent the lee sides of compound dunes
with (blue) and without (red) superimposed bed-
forms. Superimposed dunes cover ca 94% of the
total area of the compound dune lee sides, and
thus only ca 6% possess slopes at, or near, the
angle of repose. The surveyed reaches show sim-
ilar patterns in their bedform distribution with
regard to water depth: (i) shallower areas on the
bar tops are characterized by simple dunes, with
visual observations at low flow also showing
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minor upper-stage plane bed or ripples in the
shallowest regions; and (ii) deeper areas, repre-
sented by the thalwegs and the base of bars,
which are dominated principally by very large
compound dunes. In deeper areas, the occur-
rence of simple dunes as primary bedforms is
restricted to specific locations that determine
the local sediment supply, such as downstream
of bedrock pinnacles or downstream of conflu-
ence scours. Otherwise, the deeper areas of the
channel exhibit only compound dunes. In this
way, simple dunes occur as a primary bedform
from 10 to 36 m water depth (Fig. 4A), but are
present at greater flow depths as a secondary
bedform, in the shape of superimposed dunes
(Fig. 4B), which are of one order of magnitude
smaller than the host dunes (Fig. 4C). Com-
pound dunes develop from 22 m to greater
depths, and largely dominate the areas of sedi-
mentation at this depth interval, occupying ca
90% of the area.

In terms of morphology, compound dunes
commonly display greater dune heights in the
central sections, which significantly decrease
towards the sides, whereas simple and superim-
posed dunes show a greater continuity in dune
height along their width. In planform, simple
dunes commonly possess straight to sinuous
crests, mostly perpendicular to the flow, whilst
compound dunes display barchanoid, sinuous
and straight crests, the latter being oblique or
perpendicular to the flow. Superimposed dunes
mainly exhibit straight crests that are perpendic-
ular to the flow. In a profile view, compound
dunes are flatter than simple dunes, as
expressed by a lower dune form index (height/
wavelength), being 0-03 for compound dunes
and 0-05 for simple dunes (Fig. 4D). Simple and
compound dunes commonly exhibit convex
shapes with an average of 39% of the wave-
length occupied by the lee side. Superimposed
dunes display convex shapes or planar tops,
with an average of 58% of the wavelength occu-
pied by the lee side (Fig. 5).

Bedform data from both reaches were ana-
lyzed to determine dune height, wavelength,
lee-side angle and grain size using a classifica-
tion split into three water depth intervals: shal-
lower than 20 m, between 20 m and 40 m, and
deeper than 40 m. Statistics regarding superim-
posed dunes relate to those located in the lee
side of compound dunes. Dunes whose sedi-
ment supply was affected by bedrock pinnacles
or confluent flows were not included in this sta-
tistical analysis.
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Fig. 3. Multibeam Echosounder (MBES) bathymetric map of survey areas in: (A) Lower Solimoes River; and (C)
Upper Amazon River. In the detailed inset boxes, large compound dunes are highlighted, which possess superim-
posed dunes on their lee sides; (B) and (D) highlight the lee sides of compound dunes with (blue), or without
(red), superimposed dunes, and indicate the location of the longitudinal sections shown in Fig. 4 as well as bed
sediment sampling areas. Empty symbols indicate samples collected from downstream of scours or bedrock pro-
trusions. The inset boxes illustrate the same compound dunes as shown in (A) and (B).
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Dune height

The dune height data for the primary simple
and compound bedforms show that maximum
dune height increases at greater water depths
(Fig. 6A, note that outliers are not included; for

maximum dune heights see Fig. 3). However,
the minimum dune height does not increase
with water depth, thus yielding a wider scatter
in the data at greater water depths. At flow
depths shallower than 20 m, only primary sim-
ple dunes occur, and are limited to a maximum
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height of 1-4 m, with a mean of 0-5 m. From 20
to 40 m flow depth, the primary simple dunes
become larger, as shown by mean and maximum
dune heights of 1.7 m and 4-7 m, respectively.
At this same depth interval, compound (and
therefore superimposed) dunes are also present,
with mean and maximum heights of 3-3 m and
87 m, respectively. At water depths deeper than
40 m, compound dunes reach a mean height of
4-4 m and maximum amplitude of 12:2 m.
These data also show that, contrary to the size
of the primary bedforms, the size of superim-
posed dunes on the lee side of the compound
dunes does not change significantly with water
depth, and that they exhibit a contrasting height
compared to their host compound dunes
(Fig. 6A). From 20 to 40 m in depth, superim-
posed dunes show a mean height of 0-6 m,
reaching a maximum value of 4 m, whereas at
depths >40 m, the mean dune height is 0-7 m,
with a maximum of 3-1 m. At both depth inter-
vals, 70% of these dunes are smaller than 1 m

in height, averaging about 15% of the height of
the host dune. From 20 to 40 m in depth, the
average is of about 18%, varying from 1 to 57%,
whereas below 40 m, average is of about 12%,
varying from 2 to 56%.

Lee-side angle

The lee-side angles of primary bedforms show
different values, with simple dunes being charac-
terized by steeper lee-side angles than compound
dunes (Fig. 6B). At water depths shallower than
20 m, simple dunes possess mean lee-side angles
of 16°, with 48% and 15% of values being steeper
than 15° and 21°, respectively. Between 20 m
and 40 m flow depth, simple dunes show a mean
angle of 18°, with 60% and 27% of values being
steeper than 15° and 21°, respectively. However,
at flow depths between 20 m and 40 m, com-
pound dunes show a mean lee-side angle of 9°,
with 78% of values below 15°. At flow depths
deeper than 40 m, compound dunes possess a
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Fig. 4. Dune height versus water depth for: (A) primary dunes, including simple dunes from the shallow channel
and compound dunes from the deep channel; and (B) secondary bedforms, which include superimposed dunes
on the lee side of the compound dunes. (C) Height of superimposed dunes in relation to the height of their respec-
tive host dunes, with contours representing the two-dimensional density plot and a median (red line). To the
right, the frequency density for the y-axis. (D) Relationship between dune form index (height/wavelength) and

water depth for the primary bedforms.
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mean lee-side angle of 10°, with 79% of these
slopes being below 15°.

The lee-side angle of superimposed dunes is
also steeper compared to the host compound
dunes, although it is more gentle than the pri-
mary simple dunes. At water depths between
20 m and 40 m, dunes display a mean lee-side
angle of 16°, with 51% and 14% of values stee-
per than 15° and 21°, respectively. At flow
depths >40 m, the superimposed dunes have a
mean lee-side angle of 14°, with 33% of slopes
steeper than 15° and 9% greater than 21°.

Compound dunes of all morphologies display
superimposed dunes on their lee side at any
given height and grain size, but the lee-side
angle of compound dunes is nearly always
below 15 to 18° when lee side bedform superim-
position is present (Fig. 7). At greater lee-side
angles, superimposed dunes are rarely present,
and here the lee sides are probably dominated
by avalanching. In the present data, such stee-
per-angled lee sides with sediment avalanching
occur almost exclusively associated with barcha-
noid compound dunes. Low lee-side angles are
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very common in compound dunes, thus imply-
ing that these possess abundant superimposed
dunes downclimbing their lee faces (Fig. 3).

Grain size

The mean grain size of both surveyed reaches
(see Fig. 3 for location) ranges from 0-148 to
0-505 mm (Fig. 6C). Mean and maximum grain
sizes show a strong relationship with the type of
primary bedform, with simple dunes possessing
a mean grain size from 0-148 to 0-247 mm (fine
sand), reaching a maximum size of medium
sand, whereas compound dunes have mean
grain sizes of 0-271 to 0-505 mm (medium to
coarse sand), reaching a maximum size of gran-
ules. Coarser grain sizes are also related to
greater water depths within the channels, partic-
ularly regarding maximum grain size.

DISCUSSION

Since bedform height controls the thickness of
the resulting cross-strata sets as a partial preser-
vation of the original foreset (Paola & Borgman,
1991; LeClair & Bridge, 2001; Leclair, 2011; Ree-
sink et al., 2015), the results presented herein
imply that there may be predictable trends in
the distribution of cross-strata set thickness for
the deposits of large rivers in the rock record.
The basic assumption of previous research that
recognized large river deposits in the rock
record is that the abundance of large dunes is
reflected in a high proportion of large-scale
cross-strata sets in the rock record (Miall, 2006;
Fielding, 2007). However, a previous work by

14

Reesink et al. (2014) challenged this view,
showing large river deposits from the Rio Parana
dominated by small dunes and ripples. The here
presented results from the world’s largest fluvial
channel show that, even in the thalweg of an
exceedingly larger and deeper river, the domi-
nant bedforms are smaller than what would be
expected, since superimposed dunes are remark-
ably common on both stoss and lee sides of
large compound dunes in the deep channels of
the Amazon and Solimoes rivers (Fig. 3). The
implications of this finding are important for the
interpretation of channel size based on cross-
strata set thickness in the rock record, since the
preserved sets would be formed by the migration
of these superimposed bedforms down the lee
side of host dunes, resulting in low-angle cosets
instead of single large-scale cross-strata sets
(Brookfield, 1977; Haszeldine, 1982; Almeida
et al., 2016a,b).

Recent works have shown that palaeodepth
estimations from cross-strata set thickness in
outcrops, based on the assumption that dune
height scales with water depth, may be problem-
atic (Best et al., 2007; Leclair, 2011; Reesink
et al., 2014; Bradley & Venditti, 2017). The data
presented herein confirm that, at any depth,
there is a wide range of possible dune heights
(Fig. 4A and B). The relationship of dune height
and water depth in the Amazon River is particu-
larly similar to that observed in the Jamuna
River (Best et al., 2007): despite a wide range of
dune heights at any water depth, there is an evi-
dent scaling of the maximum dune height,
which is about 20% and 30% of the water
depth, in the case of the Amazon and Jamuna
rivers, respectively.
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The dominance of superimposed dunes on the
lee side of the compound dunes is of great signif-
icance for the sedimentary record. Previous work
on compound dunes in both aeolian and fluvial
deposits has shown the effects on the sedimen-
tary structures of superimposed dunes located on
the stoss side (Reesink & Bridge, 2007, 2009,
2011) and lee side (Brookfield, 1977; Haszeldine,
1982; Almeida et al., 2016a,b) of larger host
dunes, resulting respectively in higher-angle and
lower-angle inclined cosets. These sedimentary
structures have been identified in sedimentary
deposits of active rivers (Reesink & Bridge, 2011;
Reesink et al., 2014) and the rock record (Brook-
field, 1977; Haszeldine, 1982; Almeida et al.,
2016a). Note that both ‘higher-angle’ and ‘lower-
angle inclined cosets’ are low-angle dipping sur-
faces below the angle of repose of a dune (Ree-
sink & Bridge, 2007, 2009; Almeida et al., 2016a)
and the terms ‘higher’ and ‘lower’ are given to
distinguish them. According to these previous
studies, and considering the multibeam echo-
sounder (MBES) data presented here, the follow-
ing sedimentary structures can be inferred from
the studied bedforms of the Amazon River
(Fig. 8): simple cross-strata sets in the shallow
channel, formed by the simple dunes; and
inclined cosets in the deep channel, formed by
the compound dunes. Furthermore, the com-
pound dunes would thus display two types of
inclined cosets: (i) lower-angle inclined cosets,

related to the occurrence of superimposed dunes
on the lee side; and (ii) higher-angle inclined
cosets, related to the effects of stoss side super-
imposed dunes on the host bedform lee side. In
most of the surveyed areas of the deep channel,
compound dunes present superimposed dunes
on the lee side (Fig. 3), which would produce
lower-angle inclined cosets, with individual
cross-strata sets scaled to the height of the super-
imposed dunes. Only in the rare cases of com-
pound dunes with superimposed dunes
restricted to the stoss side, foresets would be pro-
duced at the scale of the large host dune, laterally
transitioning to higher-angle inclined cosets.

Since the size of the bedform defines the maxi-
mum possible thickness of the preserved cross-
strata sets, and the thickness of cross-stratal sets
is a fraction of the formative dune height (Paola
& Borgman, 1991; LeClair & Bridge, 2001;
Leclair, 2011; Reesink et al., 2015), sedimentary
structures formed by the superimposed bedforms
described herein would be relatively small, at
any flow depth (Fig. 6A). Apart from rarer, lar-
ger, deep channel compound dune avalanche lee
sides (6% of the total area in the reaches studied
herein) that would result in metre-scale cross-
strata sets and higher-angle inclined cosets, the
dominant deep channel superimposed dunes
and smaller shallow channel simple dunes
would produce centimetre to decimetre-scale
thick cross-strata sets (Fig. 8).
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These latter thicknesses are usually expected in
deposits of small rivers, where dunes are limited
to a few metres in height (Van den Berg, 1987;
Julien & Klaassen, 1995; Wilbers & Ten Brinke,
2003). Similarity of the set thicknesses occurs
since published works investigated by the authors
of this work from the deposits of small rivers sug-
gest that the compound dunes with superimposed
dunes on the lee side are not the dominant feature
in those settings. On the contrary, their dunes are
characterized by avalanche foresets (Dinehart,
1989; Carling et al., 2000; Wilbers & Ten Brinke,
2003; Huizinga, 2010; Eilertsen et al., 2013) and
superimposed dunes occur on the stoss side of the
host dunes (Carling et al., 2000; Reesink & Bridge,
2011). The presence of superimposed dunes upon
compound dune lee sides in the deep channel, as
well as the wide scatter of dune height at any
given water depth, also reveals that inferences of
palaeo-water depth based on cross-strata set thick-
ness may be misleading (Reesink et al., 2015).

The lee-side angle results (Fig. 6) reveal that
both shallower and deeper areas of the channel
covered by mobile sediment show dunes with
lee-side angles steeper than 15°, which has not
been recognized to date in large rivers (Hender-
shot et al., 2016). In shallower flows, these
higher-angle dunes are primary simple dunes,
whereas in deeper areas, these higher-angle
dunes are superimposed on compound dunes
with lee-side angles below 15°. These results
also show a threshold lee-side angle at which
compound dunes display superimposed dunes
on their lee sides of ca 15 to 18°, and above
which the lee-side faces may be ascribed to ava-
lanche slopes (Fig. 7), matching the value of lee-
side angles that control the onset of permanent
flow separation (Kostaschuck & Villard, 1996;
Best & Kostaschuck, 2002; Hendershot et al.,
2016). It is interesting to note that a similar rela-
tionship of higher dune form index in shallow
areas, with higher lee side angles, and lower
dune form index in deep areas, with lower lee-
side angles (Fig. 4C), was also described in a
work by Bradley & Venditti (2017), although at a
very different scale. In this work, the split
occurs at around 30 m of water depth, whereas
Bradley & Venditti (2017) found this difference
to occur at 2-5 m of water depth.

Successions dominated by centimetre to
decimetre-scale cross-strata sets could be formed
in channels as deep as several tens of metres,
and therefore independent criteria must be used
to recognize channel scale. These superimposed
dunes are also migrating on much lower angle

surfaces (Fig. 8), and suggest the need for care-
ful evaluation of such low-angle surfaces in the
rock record, which may be very difficult to infer
with limited exposures, or impossible in core.
Given the data presented herein (Fig. 6), it may
be possible to recognize the deposits of deep flu-
vial channels based on the identification of
coarse sandstones with metre-scale thick cross-
stratified cosets (formed by the migration of
large compound dunes) composed of centimetre
to decimetre-scale thick inclined cross-strata sets
(formed by the migration of the superimposed
dunes) with foreset dip angles ranging from 12
to 21°. The recognition of compound dune
cosets is thus key to the interpretation of river
scale, since compound dunes are a main ele-
ment in large river channels (Best et al., 2007;
Wang et al., 2007), and the maximum height of
these large bedforms appears better correlated
with water depth (Fig. 4).

Given the lack of sequential MBES surveys at
different river stages in the studied locations,
the origin of conspicuous smaller bedforms both
on the stoss and lee sides of larger host dunes
cannot be interpreted directly from the present
data. The low-angle lee-side surfaces of the large
compound dunes might be attributed to changes
in flow stage, with the large bedform being pro-
gressively deformed by an increase in sediment
accumulation on the lee side (Kostaschuck &
Villard, 1996) or by erosion of the host dune
crest. It is possible that the weakening of flow
separation resulting from the low-angle lee side
enables the active migration of smaller bedforms
also on the lee surface, giving rise to the
observed morphology of compound dunes.

The rock record of large rivers

Despite the great contribution of modern day
large rivers to the global sediment transport and
their common occurrence in subsiding areas
related to active tectonic environments, the recog-
nition of large rivers in the rock record is rela-
tively scarce. Examples of interpreted large river
deposits are the Cretaceous McMurray Formation
in western Canada (Hubbard et al., 2011) the Tri-
assic Hawkesbury Sandstone in south-eastern
Australia (Miall, 2006; Fielding, 2007) and the
Pleistocene deposits in central-western Amazonia
(Rossetti et al., 2005; Horbe et al., 2013). Two
main types of criteria are often used to infer river
scale: (i) thickness of preserved channel-forms,
channel-fill successions or bar-forms scaled to
channel depth; and (ii) average or maximum
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thickness of preserved cross-strata sets, consid-
ered to be a function of channel depth.

The Middle McMurray Formation exhibits 30
to 40 m thick point-bar deposits, interpreted from
large-scale inclined heterolithic strata (IHS) and
related to kilometre-scale scroll-bars imaged in
three-dimensional seismic surveys (Hubbard
et al., 2011; Jablonski & Dalrymple, 2016).
Despite the thick channel-fill elements, ripple
cross-laminated sandstones and heterolithic
strata are more abundant than the 0-5 to 2-0 m
thick cross-bedded sandstones, even close to the
channel bases (Jablonski & Dalrymple, 2016). Pre-
vious models to explain this apparent discrep-
ancy are grain-size controls on bedform
development and tidal influence (Jablonski & Dal-
rymple, 2016, and references therein). The data
herein suggests the possibility of the actual larger
bedforms on the deeper parts of the channel being
preferably preserved as cross-strata cosets result-
ing from smaller bedforms, ripples in the McMur-
ray case, migrating on their lee sides. It is
important to note that in the absence of well-
developed large-scale IHS or available seismic
images, similar successions would be unlikely to
be interpreted as deep channel deposits based on
the cross-strata set size distribution alone.

Another example of interpreted large river
deposits are the Pleistocene sands exposed at up
to 30 m tall river banks in central-western Ama-
zonia. These sands are genetically related to the
largest active rivers on Earth and compose large-
scale fining-upward cycles dominated by tabular
and trough cross-bedded medium to fine sands,
with the local occurrence of coarse sand near
the base of the fining-upward cycles and fre-
quent intercalated silts and muds near their tops
(Rossetti et al., 2005; Horbe et al., 2013). Again,
the preserved 0-1 to 0-3 m thick cross-strata sets
do not differ significantly from what is found in
much smaller river deposits, and the low-angle
cross-strata set bounding surfaces hamper the
recognition of the 0-6 to 1-5 m thick cross-strata
cosets, which are locally concave upward and
downstream (Almeida et al., 2016a). In fact, the
preserved cross-strata set thicknesses are com-
patible with the partial preservation of bedforms
with a size comparable to those found as super-
imposed dunes on larger bedforms in the mod-
ern Amazonas and Solimades rivers.

An example of large river deposits interpreted
based on cross-strata set thickness is the Triassic
Hawkesbury Formation of south-eastern Australia,
where 2 to 3 m thick and up to 8 m thick, often
concave upward and downstream, cross-strata sets
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abound (Conaghan & Jones, 1975; Rust & Jones,
1987; Miall & Jones, 2003). Closer inspection
reveals cosets with internal smaller cross-strata
sets within these structures, more frequent away
from the axis of the concave forms. These deposits
have been interpreted as large thalweg dunes
(Almeida et al.,, 2016a). Some of the large-scale
cross-strata sets may be interpreted locally as bar
foresets (see discussion in Almeida et al., 2016a).
Therefore, even in the best-known case of large-
scale cross-strata in large river deposits, the sedi-
mentary product of bedform superposition indicat-
ing the dominance of compound dunes is
remarkable. In the three examples above, the rein-
terpretation of centimetre-scale cross-strata sets as
formed by smaller bedforms migrating on the lee-
surfaces of larger bedforms can be reconciled with
an origin in deep channels.

CONCLUSIONS

High-resolution multibeam echo sounder bathy-
metric maps of two reaches of the Amazon River
were surveyed during peak flood, and reveal
that small dunes can be frequent in large rivers,
suggesting significant implications for interpreta-
tions of the rock record. Despite being domi-
nated by large-scale compound dunes at greater
flow depths, these data show how small dunes
can be widespread, both in shallower (as pri-
mary bedforms) and deeper (as secondary) flows
in the world’s largest river (Fig. 6A).

The presence of large sets of cross-strata has
been thought to be the most common attribute
needed to recognize the deposits of large rivers
(Miall, 2006; Fielding, 2007). However, the very
common presence of small dunes in both shallow
and deep channels indicates that large river
deposits may principally comprise bedform ele-
ments that are found within small rivers.
Although very large compound dunes do occur in
the deeper areas of the channel, their morphol-
ogy, characterized by very low lee-side angles
with downclimbing superimposed dunes, sug-
gests that large metre-scale cross-strata sets might
be rare or absent. Given that the bedform height is
the possible maximum thickness of the resulting
cross-strata set, the maximum preserved Cross-
strata set thickness must be significantly smaller
than what is expected for dunes deprived of
superimposed dunes on their lee sides.

Low lee-side angle dunes are a common fea-
ture among large rivers (Hendershot et al., 2016)
and are indeed present in the surveyed reaches
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of the present work, being represented by large
compound dunes. However, the compound
dunes generally display superimposed dunes on
their lee side at angles lower than 15 to 18°
(Fig. 7), corresponding to 94% of the area of the
lee sides of compound dunes. Steeper lee-side
angles with no superimposed dunes, interpreted
as avalanche slopes, were thus limited in area.
The superimposed dunes possess higher lee-side
angles, commonly steeper than 15° (Fig. 6B),
which have rarely been recognized in large riv-
ers (Hendershot et al., 2016). This relationship
of large, low-angle, compound dunes and super-
imposed bedforms is present in other large riv-
ers whose data resolution allows visualization,
such as the Yangtze (Wang et al., 2007), Parana
(Amsler & Prendes, 2000; Parsons et al., 2005)
and Mississippi (Abraham & Pratt, 2002).

Previous studies of the morphology of com-
pound dunes in the Amazon River (Strasser,
2002, 2008) and other large rivers in the world,
such as the Yangtze (Wang et al., 2007), Jamuna
(Best et al., 2007), Parand (Reesink et al., 2014)
or Mississippi (Harbor, 1998), suggest that
decimetre-scale cross-strata sets are much more
likely to be preserved and found in the rock
record than larger metre-scale cross-sets. In this
work, a collection of shallow and deep channel
bedform examples is provided, indicating how
ubiquitous small dunes are in the largest river of
the world and, even there where the largest
dunes are observed, they possess smaller super-
imposed dunes on the lee side that might be mis-
leading when interpreting the rock record. The
size of the superimposed dunes on the large com-
pound dunes is comparable to dunes formed in
small rivers, and criteria to differentiate between
them should thus be considered in interpretation
of ancient alluvium, such as coset recognition,
lee-side angle, facies association and grain size.
Therefore, successions dominated by decimetre-
scale cross-strata sets superimposed on larger,
low-angle surfaces, but showing rarer preserva-
tion of large-scale avalanche foresets near the
base of fining-upward cycles that are tens of
metres thick, may be characteristic of the depo-
sits of large sand-bed river channels.
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