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’Lykas de rivier
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fan Binne Lútsen Boarnstra

’Niets houdt zijn eigen aanschijn. De vernieuwster aller dingen,
Moeder natuur, laat elke vorm ontstaan uit andere vormen.

Geen enkel ding in dit heelal, geloof me, gaat teloor,
maar alles wisselt en vernieuwt. Men spreekt van een geboorte

als er iets anders aanvangt dan er was, en sterven is
ophouden met hetzelfde-zijn. En toch, het groot geheel

blijft wel bestaan, al schuift er nog zoveel van hier naar daar.’

Ovidius, Metamorphosen, boek XV
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Samenva�ing

Rivieren zijn karakteristieke elementen van onze planeet en komen voor in vele land-

schappen. Ze transporteren sediment van de bergen via laaggelegen delta’s naar de

oceaan. Op deze manier werken rivieren als aderen, die water en sediment herverde-

len over de Aarde. In sommige gevallen organiseren deze aderen zichzelf in een enkele

kronkelende meanderende geul, terwijl in andere gevallen een vlechtend rivierpatroon

ontstaat waarin meerdere geulen parallel stromen.

Rivieren die langzaam door het landschap migreren vormen afzettingen met een

duidelijke interne gelaagdheid door de afwisseling van depositie en erosie, en variaties

in sediment sortering. Veranderingen in het rivierpatroon, de frequentie en grootte van

overstromingen en de verschillende soorten vegetatie worden zodoende opgeslagen

in afzettingen van de rivier. Deze afzettingen zijn daardoor een enorm archief met

informatie over het vroegere klimaat, en kunnen onze voorspellingen van toekomstig

riviergedrag als gevolg van klimaatverandering helpen verbeteren.

Het poreuze zand van rivierafzettingen vormt reservoirs voor natuurlijke hulpbron-

nen zoals water, olie en gas. Gedetailleerde informatie over de geometrie en sedimen-

taire opbouw van deze reservoirs is nodig om de extractie van de hulpbronnen zo e�-

ciënt mogelijk te maken. De heterogene geometrie en sedimentaire samenstelling van

rivierafzettingen maakt het voorspellen en modelleren van het gedrag van de natuur-

lijke hulpbronnen in deze afzettingen zeer uitdagend. Een belangrijke beperking is dat

we momenteel vooral puntboringen (1D) en doorsneden (2D) bekijken, terwijl de af-

zettingen een drie-dimensionale (3D) vorm hebben. Bovendien maakt erosie het lastig

om de originele geometrie en gelaagdheid te herkennen. Deze informatie is essentieel

om de grootte van sedimentaire lichamen in te schatten en tot juiste interpretaties te

komen.

Schaalexperimenten in een laboratorium maken het mogelijk om rivierafzettingen

systematisch te onderzoeken. De volledige controle over de begin- en randvoorwaar-
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Samenva�ing

den stelt ons in staat om de verschillende processen te isoleren en hun impact op de

afzettingen te bestuderen. Een belangrijke vraag is bijvoorbeeld hoe hoge rivierafvoe-

ren de afzettingen beïnvloeden. Ook het e�ect van een overvloed aan sediment waar-

door aggradatie optreedt wordt nader bekeken in dit proefschrift. Een groot voordeel

van schaalexperimenten is dat zowel de actieve rivier als de bewaarde afzettingen van

die rivier tegelijkertijd kunnen worden bestudeerd. Dit maakt het mogelijk om de af-

metingen van de actieve rivier in 3D te relateren aan de afmetingen van de gevormde

afzettingen. Echter, de miniatuur rivierlandschappen hebben kleinere ruimte- en tijd-

schalen dan natuurlijke rivieren, en potentiële schaale�ecten moeten daarom kritisch

worden geëvalueerd.

Hoofdstuk 2 laat zien dat de morfologie en de afzettingen in schaalexperimenten

kwantitatief vergelijkbaar zijn met natuurlijke rivieren. Experimentele rivier- en delta-

patronen laten dezelfde morfologie en dynamiek zien als hun natuurlijke tegenhangers

omdat deze patronen schaal-onafhankelijk zijn. Een correcte schaling van de geuldi-

mensies is essentieel om juiste experimentele afzettingen te vormen. De afhankelijk-

heid van de voorspellers voor de dwarshelling van de binnenbocht (vergelijking 2.20)

en voor de opbouw van de afzettingen (vergelijking 3.1) van de geuldiepte laat zien dat

vooral een verticale vervorming van de geul een groot e�ect heeft op de sedimentaire

opbouw van de afzettingen. De helling van de laterale accretievlakken in de experimen-

tele kronkelwaarden (binnenbocht afzettingen) is vergelijkbaar met die van natuurlijke

grove zand-grind kronkelwaarden (Hoofdstuk 6) en komt goed overeen met de theo-

rie (vergelijking 2.20). Deze overeenkomst is een sterke aanwijzing voor een correcte

schaling en biedt meer procesmatig inzicht in de vorming van natuurlijke kronkelwaard

afzettingen.

De opbouw van meanderafzettingen wordt bepaald door zowel de diepte van een

geul als de volgorde van passeren van opeenvolgende meanderende geulen. De diep-

ste geulen leiden tot de dikste afzettingen. Een later passerende geul zal deze dikke

afzetting deels eroderen waardoor een dunnere gestapelde sedimentaire opbouw ont-

staat. De sedimentaire opbouw is daardoor zeer sterk afhankelijk van plaats en tijd.

Hoofdstuk 3 en 6 laten zien dat er grote ruimtelijke verschillen in sedimentaire op-

bouw binnen een meandergordel zijn. Deze verschillen worden veroorzaakt door het

systematische gedrag van een meanderende rivier waarbij de meeste geulactiviteit in

het centrale deel van de meandergordel plaatsvindt. Een meanderende rivier migreert

namelijk zijwaarts door de vorming van kronkelwaard afzettingen in de binnenboch-

ten. Op deze manier ontwikkelt het rivierpatroon zich van een vrijwel rechte geul tot

een slingerende meanderende geul. De mate van slingering van een meanderende geul

is beperkt en uiteindelijk wordt de geul afgesneden. Dit heeft tot gevolg dat er dicht

bij de randen van een meandergordel dikke en volledige afzettingen bewaard blijven

terwijl in het centrale deel van een meandergordel vooral dunnere en meer versneden

afzettingen bewaard blijven.

Voor een betere 3D karakterisering van de externe geometrie en interne sedimen-

taire opbouw van meandergordels zijn drie belangrijke kwantitatieve parameters ge-
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vonden. Ten eerste, de resultaten van zowel schaalexperimenten als een numeriek mo-

del laten zien dat de breedte-dikte verhoudingen van de meeste meandergordels tussen

100 en 200 liggen. Deze waarden zijn vergelijkbaar met die van natuurlijke mean-

dergordels en tonen aan dat de meeste variatie in meandergordels zijwaarts in plaats

van verticaal plaatsvindt. Ten tweede, de interne opbouw van meandergordels bestaat

grotendeels uit gefragmenteerde afzettingen: 95% van de afzettingen zijn dunner dan

de gemiddelde geuldiepte (Hoofdstuk 4). Bovendien bedragen de gemiddelde lengte,

breedte en hoogte van de bewaarde geulafzettingen maar ongeveer een derde van de

originele lengte, amplitude en geuldiepte van de meanderende geul. Ten derde, een

goede voorspelling van de dwarshelling van laterale accretievlakken in kronkelwaar-

den is mogelijk met behulp van de gemiddelde geuldiepte, een typische korrelgrootte

en de kromming van de geul (Hoofdstuk 6). Dit laat zien dat op basis van enkele basale

morfologische en sedimentaire parameters een kwantitatieve voorspelling van de 3D

sedimentaire opbouw van kronkelwaard afzettingen mogelijk is, die complementair is

aan de gegevens van boringen en seismiek.

Rivieren zijn onderhevig aan veranderingen in externe factoren. Op korte tijdscha-

len speelt bijvoorbeeld de variatie in rivierafvoeren een rol terwijl op langere tijdscha-

len ook aggradatiesnelheden zeer variabel zijn. Voor de meeste rivierafzettingen zijn

de exacte afvoer- en aggradatiecondities ten tijde van depositie dus onbekend. Daarom

is het belangrijk om te begrijpen hoe veranderingen in deze externe factoren de sedi-

mentaire opbouw van rivierafzettingen beïnvloedt. Het onderzoek in dit proefschrift

laat zien dat aanzienlijke rivierafvoeren (∼ 50 jaar herhalingstijd) en aggradatiesnelhe-

den (<10 mm/jaar) een verwaarloosbaar e�ect hebben op de sedimentaire opbouw van

rivierafzettingen. Hogere rivierafvoeren leiden voornamelijk tot langere afzettingen

terwijl er geen diepere geulen of hogere kronkelwaarden worden gevormd (Hoofstuk

4). Voor een wijd bereik van realistische aggradatiesnelheden is er geen zichtbaar e�ect

op de sedimentaire opbouw van meandergordels (Hoofstuk 5). Het aggradatiesignaal

vergroot echter de ruimtelijke verschillen in sedimentaire opbouw binnen een mean-

dergordel, omdat dit signaal door de lagere geulactiviteit vooral aan de randen van een

meandergordel wordt bewaard.
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Summary

Full preservation of ancient meandering channels is an uncommon feature: most pre-

served architectural elements are fragmented due to erosion and cutting of channels

and bars at a later point in time. This makes it challenging to relate preserved archi-

tectural elements to the original dimensions at the time of sedimentation. Quantitative

information on the three-dimensional geometry and composition of these basic build-

ing blocks of reservoirs and aquifers formed by meandering systems is essential for

exploration and production purposes, and a potential source of information about an-

cient climate. In this thesis, the relation between the morphodynamics of meandering

rivers and the resulting stratigraphic architecture is explored and quanti�ed in three

dimensions. This led to a scale-independent inverse relation that uses stratigraphy to

predict the original meandering river dimensions that is of considerable use for inter-

preting �uvial successions and in reservoir engineering studies.

Chapter 2 demonstrates that �ume experiments reproduce natural �uvial morphol-

ogy and stratigraphy in many quanti�able ways. Experimental �uvial and deltaic pat-

terns show similar morphology and dynamics as their natural counterparts because

these patterns are scale-independent. Therefore, if a direct comparison to a speci�c

prototype is not the aim, then the classic similarity scaling rules of engineering scale

models can, to some extent, be violated without this leading to unnatural morphology.

Indeed, the transverse-bed slope in bends is found to be well predictable independent of

scale (Eq. 2.20). However, a fundamental requirement for experiments is that the mor-

phology is dynamic as it is in nature, because this allows us to assume that a natural

stratigraphy is formed.

Channel dimensions need to be scaled correctly to produce meaningful experimen-

tal stratigraphy. Any vertical distortion of the channels modi�es the resultant strati-

graphical and sedimentological architecture (Chapters 2 and 6), as exempli�ed by the

dependence of the transverse-bed slope (Eq. 2.20) and stratigraphical architecture (Eq.
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3.1) predictors on channel depth. The transverse-bed slope of the experimental lateral-

accretion surfaces has similar values as the targeted natural prototype rivers (Chapter

6) and agrees well with theory (Eq. 2.20). Also, the formation of experimental stratig-

raphy for meandering rivers depends on the deepest channel cuts and the order of

occurrence of these channel cuts, which is consistent with the theory.

Three key archimetric parameters are identi�ed in this thesis to enhance the three-

dimensional characterization of the external geometry and internal stratigraphy of me-

ander belts. Archimetrics quantify the dimensions of the basic building blocks within

a meander belt with non-dimensional size ratios. First, the results of multiple �ume

experiments and a numerical model indicate that meander belt width-to-thickness ra-

tios are generally between 100 and 200 (Chapter 6), which is consistent with reported

values of natural meander belts. Second, the internal stratigraphical architecture of

meander belts largely consists of fragmented deposits: 95% of the stratigraphic sets are

thinner than the mean channel depth (Chapter 4) and the average length, width and

height of the preserved channel deposits corresponds to about one third of the original

meander-bend length, meander-bend amplitude and channel depth. Third, prediction

of the slope of lateral-accretion deposits is possible based on the mean channel depth, a

typical grain size (i.e.,D50) and channel curvature. This indicates that a few fairly basic

morphological (i.e., channel) and sedimentary parameters provide insightful quantita-

tive predictors for the three-dimensional sedimentary architecture of meander belts,

which is complementary to well and seismic observations.

Most �uvial systems are subject to changes in forcing. For example, aggradation

rates and discharge are extremely variable. The discharge conditions at the time of sedi-

mentation and the aggradation rate of preserved sediments are thus usually not known.

This stresses the need to assess how changes in forcing a�ect the resulting stratigraphy.

This thesis demonstrates that moderate �oods (∼ 50 years recurrence time) and aggra-

dation rates (<10 mm/yr) are unable to alter the stratigraphy and preservation of chan-

nel deposits. Floods mainly elongate the morphology and deposits while the channel

depth and bar aggradation are similar to smaller �oods (Chapter 4). Also, aggradation

is unable to a�ect the average stratigraphic set thickness. Most of the stratigraphical

variation within meander belts is found laterally and not vertically, even for aggrad-

ing systems. Repeatedly produced alternations of point bar growth followed by cut-o�

result in a vertical trend in channel and scour feature stacking, that di�ers laterally

within the meander belt. In the center of a meander belt, the high reworking intensity

results in many stratigraphic sets and disturbed deposits while closer to the margins

reworking is infrequent and thick deposits with a limited number of stratigraphic sets

are preserved. Aggradation increases the overall stratigraphical variability because it

ampli�es the lateral di�erences in stratigraphic architecture: the aggradation signal is

predominantly preserved along the margins of a meander belt (Chapter 5).
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CHAPTER 1

General introduction

Rivers are characteristic features of the Earth’s surface and are observed in a great va-

riety of landscapes. Rivers carry sediment particles from mountainous areas through

lowland delta plains, and eventually to the oceans. As such, river systems are major

veins for redistributing water and sediment across the Earth’s surface. In some cases,

these veins organize themselves into a single sinuous meandering river channel while

in other instances a multi-channel braided river forms (Figure 1.1). In turn, this organi-

zation of individual channels into patterns determines how rivers shape their landscape

by erosion, transport, deposition and storage of sediment.

Rivers that gradually migrate across the landscape form deposits with distinct inter-

nal layers by repeated deposition, erosion and sediment sorting. River deposits re�ect

changes in the environment, and the resulting three-dimensional (3D) architecture of

the preserved sediments is the product of the internal river dynamics, but may also

re�ect external changes in the local and upstream environments. Consequently, it pro-

vides a sedimentary record of river history with information about the style of channel

migration, �oods and vegetation types of past climates. This information is of great

help to improve our predictions of changing river behavior in response to future cli-

mate change.

River deposits are ubiquitous in the geological record and an important reservoir

of natural resources (oil, gas and water). Many of the large reservoirs used for the ex-

ploration of hydrocarbon and groundwater contain deposits of �uvial origin. Detailed

information on the architecture of these reservoirs and aquifers is essential for explo-

ration and production purposes. This is particularly true for �uvial deposits because

the sandstone bodies that contain natural resources and allow for their through�ow

are often heterogenous, fragmented and limited in size.

1
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Figure 1.1: Examples of river patterns. (A) The multi-channel braided Waitaki river, New
Zealand. (B) The single-thread low-sinuosity Allier river, France. (C) The single-thread highly
sinuous Ob river, Russia.

1.1 River morphology and deposits

The heterogeneous nature of �uvial deposits challenges us to characterize, predict and

model them. Their sedimentary structures can be seen in outcrops and trenches. Be-

cause these structures have often been truncated, relating them to their original mor-

phological counterpart is challenging (Figure 1.2), but highly relevant for natural re-

sources exploration and production. Typically, lithology and stratigraphy of �uvial

deposits are complex and vary across a range of scales. We have a fair impression of

the average width and thickness of sandstone bodies (e.g., Gibling, 2006) but the varia-
tion around these average dimensions is not well known (Figure 1.2A and B). Yet, this

information is needed for predicting sand quantities and the degree of amalgamation

of sandstone bodies. Internally, lithological heterogeneities are the product of channel

erosion, deposition and preservation (Figure 1.2C and D). Fine-grained sediment lay-

ers are potential �ow obstacles, which can compartmentalize reservoirs. Spatial and

temporal variations in transport and deposition of �nes determine whether these �ne-

grained sediment layers act as barriers or ba�es to �ow. For example, erosion of the

�ne-grained layers by in-channel migrating bars and dunes may enhance the reser-

2
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Figure 1.2: Examples of original channel morphology and the potential subsurface architec-
tural product. (A) Map view of meander-belt evolution of the lower Mississippi river (Fisk,
1944). (B) Stacked �uvial deposits that are interpreted as meander-belt deposits, Upper Creta-
ceous Tremp-Ager basin close to Fontlonga, Spain. (C) Map view of meandering river channel
and �oodplain with relict and cross-cut point bars, river Rhine, close to the Dutch-German
border. (D) Section of a point-bar deposit of the river Rhine with distinctive lateral-accretion
deposits, quarry in Rheinberg, Germany (courtesy G. Erkens). (E) A series of in-channel mi-
grating dunes, Saskatchewan river, Canada (courtesy W. Toonen). (F) Stacked dune deposits
from the lower part of Rhine meander belt, Gossens (close to Rheinberg), Germany (courtesy
K.M. Cohen and L. Tebbens).

voir’s connectivity again (Figure 1.2E and F). Hence, a detailed understanding of the

morphological processes is required to characterize and predict the external as well as

the internal stratigraphical and sedimentological architecture of �uvial deposits.

The large sedimentary variability of �uvial deposits is also re�ected in the vast

number of conceptual �uvial facies models that have been developed to classify and

explain ancient �uvial deposits (e.g., Miall, 1980). These models have led to a wealth

of sedimentary and stratigraphical information in the form of paleogeographical maps,

idealized 1D vertical pro�les and conceptual block diagrams. Interpretations from the

sedimentary record heavily relied on these idealized 1D vertical pro�les and morphol-

ogy of the channels. Later studies demonstrated that these tools were not as diagnostic

as anticipated. For example, idealized 1D vertical pro�les can not adequately capture

the 3D geometrical and stratigraphical variation observed in real-world �uvial deposits

(e.g., Crowley, 1983; Lunt et al., 2004). Moreover, quite similar �uvial successions can

3



1. General introduction

be formed as the result of di�erent processes and in di�erent settings (e.g., Miall, 1980,

1996). Channel morphology has also been used as a predictive tool for �uvial deposits.

Traditionally, river morphologies have been subdivided on the basis of their morphody-

namics (e.g., Leopold and Wolman, 1957); from straight channels through meandering

channels with localized and systematic lateral migration to braided plains with multi-

ple parallel channels (Figure 1.1). Yet, it is generally accepted that channel morphology

forms a continuum rather than discrete types (e.g., Ferguson, 1987; Kleinhans and Van

den Berg, 2011). Moreover, processes that were thought to be characteristic of mean-

dering rivers (e.g., lateral accretion) also occur in braided rivers (e.g., Jackson, 1978; Ori,

1982; Allen, 1983). Clearly, a more systematic and diagnostic approach incorporating

natural variation is needed to explain and interpret ancient �uvial deposits.

1.2 Architectural-element analysis

Fluvial deposits can be subdivided into a number of basic three-dimensional architec-

tural elements. Two aspects with di�erent information are used: (i) the basic building

blocks (architectural elements) and (ii) their boundaries (bounding surfaces).

1.2.1 Architectural elements

The purpose of the analysis of architectural elements is to identify principal architec-

tural components within the spectrum of sedimentological and stratigraphical varia-

tion of �uvial deposits. Architectural elements are de�ned by their scale (e.g., thickness

and lateral extent), the nature of the lower and upper bounding surface (e.g., erosional,

gradational, planar, irregular, curved), external geometry (e.g., sheet, lens, wedge), in-

ternal organization (e.g., lithological heterogeneity, bedding geometry and orientation)

and overall particle size. Based on these criteria, Miall (1985) distinguished eight ar-

chitectural elements: channel �lls, gravel bars and bedforms, sandy bedforms, foreset

macroforms, lateral-accretion deposits, bank-failure deposits, laminated sand sheets

and overbank �nes.

Every �uvial setting can be expressed as a combination of part or all of these eight

architectural elements. It is important to realize that not all elements need to be present

in a certain �uvial setting. For example, Figure 1.3 incorporates the major morpholog-

ical and architectural elements of a coarse-grained meandering river. Characteristic

elements for this setting are the point bars with distinctive lateral-accretion deposits.

For more braided settings, lateral-accretion deposits are less common, whereas sandy

and gravelly bedforms occur more frequently. In this way, the full spectrum of channel

and deposit styles is systematically classi�ed and compared.

1.2.2 Bounding surfaces

Architectural elements are bounded by erosional contacts of di�erent origin and mag-

nitude (Figure 1.4). Smaller elements are often nested within larger elements forming a
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Figure 1.3: Major morphological and architectural elements in a meandering coarse-grained
river. Modi�ed from Miall (1985).
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Figure 1.4: The hierarchy of architectural elements. This hierarchy facilitates a systematic
and diagnostic description and analysis of �uvial deposits. Modi�ed from Miall (1985) and
Holbrook (2001).

hierarchy of scales. First-order contacts correspond to lamina boundaries, second-order

contacts re�ect genetically related lithofacies or bar surfaces, third-order contacts are

bar boundaries, fourth-order contacts de�ne nested channel cuts, �fth-order contacts

correspond to boundaries of channel �lls or lateral-accretion elements, sixth-order con-

tacts re�ect channel belts or complexes of elements with usually well-de�ned bounding

surfaces, and seventh-order contacts are nested-valley boundaries (Miall, 1988, 1996;

Holbrook, 2001). In this thesis, the focus is on the third to sixth order bounding surfaces.

Following Pettijohn et al. (1972), the term belt is used to describe coalesced smaller

architectural components, typically formed by scouring and lateral migration of chan-

nels. Large-scale sequence stratigraphic studies focus on seventh-order contacts for
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1. General introduction

intra-regional correlations, while small-scale studies examining hydraulic properties

zoom in to lower-order contacts.

Many studies over the last 25 years have used this approach of identifying architec-

tural elements and bounding surfaces to analyze ancient and modern �uvial deposits.

Most studies focused on the internal stratigraphy of channel belts (�rst- to �fth-order

bounding contacts), thus revealing the heterogeneity and 3D character of �uvial de-

posits at these scales (e.g., Miall, 1988; Bridge et al., 1995; Lunt et al., 2004). Higher-

order surfaces, i.e., the external geometry of channel belts and paleovalleys, have also

widely been studied over the last decades and a compilation and classi�cation is found

in Gibling (2006). Typical dimensions of most architectural elements are thus known.

The variation of these typical dimensions is, however, poorly documented and not well

understood. Yet, information on this variation would make the architectural elements

truly three-dimensional, which, in turn, will greatly improve genetic models of �uvial

deposits. Furthermore, a quanti�cation of the relation between the original morphol-

ogy and resultant preserved architectural elements will develop the element approach

from a purely analytical into a predictive tool, as defended in this thesis.

1.3 Forming and interpreting bounding surfaces

The reconstruction of the original dimensions of morphological features such as river

channels from preserved sediments is a fundamental part of interpreting the sedimen-

tary record. The hierarchy of architectural elements and their bounding surfaces pro-

vides a helpful analysis framework. Yet, full preservation of ancient morphology is

uncommon: most preserved architectural elements are fragmented and it is therefore

challenging to relate them to their original dimensions at the time of sedimentation

(Figure 1.2). A key question is: what was the original height, length and width of

the fragmented architectural elements? To answer this question, a quantitative under-

standing of the relation between the original morphology and the formation of bound-

ing surfaces is required.

A number of studies addressed this question and established quantitative theoreti-

cal relations between the height of the original morphology and the resultant bounding

surface architecture (e.g., Allen, 1984; Paola and Borgman, 1991; Bridge and Best, 1997).

For �uvial systems, the theoretical relations show that the formation of bounding sur-

face architecture is a function of 1) the magnitude and sequence of extreme scours

related to migrating channels, and 2) the rate of net-sedimentation.

In the absence of net-sedimentation, the formation of channel-bounding surfaces

is thus controlled by the extreme scours (Figure 1.5). The deepest channels provide the

space for the thickest sets, which are reworked and therefore decreased in thickness

by migration and cutting of shallower channels (Figure 1.5A). Clearly, not only the

magnitude of the extreme scours is important. The succession of extreme scours of

di�erent depth ultimately determines which part of the channel history is recorded

(Figure 1.5B). Typical thicknesses, widths and lengths between these bounding surfaces
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Figure 1.5: Formation of stratigraphic sets by a succession of laterally migrating channels for
zero-net depositional conditions. The succession in (A) consists of three individual channels of
which the �rst is the deepest, the second shallower and the third even shallower. This succession
of individual shallowing channels results in three stacked stratigraphic sets. The same three
channels are shown in (B) but now for a di�erent succession: the sequential channels are deeper
and therefore only a single thick stratigraphic set is preserved.

can be used to characterize and quantify �uvial architecture. In this thesis, set thickness
is de�ned as the thickness of a depositional body enclosed by two successive bounding

surfaces in vertical direction (Figure 1.5), set length as the length of a depositional body

enclosed by two successive bounding surfaces in longitudinal direction, and set width
as the width of a depositional body enclosed by two successive bounding surfaces in

lateral direction.

Formation and dimensions of bounding surfaces are also determined by the rate of

net-sedimentation. If the rate of net-sedimentation is low, preservation of the archi-

tecture is mainly controlled by the magnitude and succession of the extreme scours.

For higher rates of net-sedimentation, a more complete preservation is expected. Even

under these conditions, however, complete preservation of the original morphology is

deemed rare and usually only fragmented architectural elements are recognized.

In short, by combining morphological and stratigraphical observations, the part of

the original morphology that is preserved can be quanti�ed. Such quantitative infor-

mation is currently lacking but essential for the reconstruction of paleochannel dimen-

sions from stratigraphy and for the modeling of �uvial architecture for scienti�c and

reservoir engineering purposes.
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1. General introduction

1.4 Experimental approach

Fluvial deposits result from a large number of processes operating at a wide range

of spatial and temporal scales (Figure 1.2). Sedimentary observations, such as coring

and logging, generate a wealth of information on the physical, chemical and biological

conditions at the time of sedimentation (Figure 1.6). Typically, this kind of observations

has a high degree of detail but is spatially restricted. Nowadays, seismic imaging of

the subsurface is also widely used. This technique uses lithological contrasts to image

subsurface depositional architectures. Originally, the analysis of such seismic images

was mainly qualitative but due to technical improvements, quantitative data can now

be obtained as well (e.g., Kolla et al., 2007; Wood, 2007). This kind of data provide large-

scale (∼tens of meters) architectural information and thus provides insight into �uvial

systems at a di�erent scale than corings and outcrops do. Additionally, deposits with

limited outcrop exposure or core coverage can be examined in this way. Yet, most data

sets derived from the ancient sedimentary record are insu�cient to disentangle the

range of architectural elements and their associated processes.

A complementary and widely used technique to unravel the ancient sedimentary

record are �ume experiments (Figure 1.6). Flume experiments have two advantages

over real-world data: there is full control over the initial and boundary conditions, and

the evolution is much faster, so that the original morphology and resultant architectural

elements can be witnessed and recorded in the absence of a change in forcing. Flume

experiments can thus be used to isolate processes and evaluate their subsurface archi-

tectural impact. Flume experiments reproducing morphology and stratigraphy often

su�er from scale e�ects, because reducing length- and time scales results in di�erent

behavior of water and sediment (e.g., Peakall et al., 1996; Paola et al., 2009; Kleinhans

et al., 2010b). The hydraulic and sediment transport conditions in past experiments

often con�icted with traditional scaling rules. Yet, they produced insightful results.

A key question that needs to be answered is which traditional scaling rules must be

maintained and which ones can be relaxed to produce realistic and meaningful mor-

phodynamics and stratigraphy.

Floods and aggradation are examples of inherent �uvial processes that can poten-

tially a�ect the morphodynamics and the architecture at the spatial (channel belt) and

temporal (centuries to millennia) scale of interest in this thesis. It is, for example, un-

known to what extent the sedimentary record re�ects more frequent small-magnitude

�oods or rare extreme �oods (Sambrook Smith et al., 2010). Also, the sedimentary

record is probably biased towards aggrading conditions because these are more likely

to be preserved. Currently, it is not well understood how �oods and aggradational con-

ditions a�ect the transfer from the original morphology into architectural elements.

Flume experiments are a useful tool to isolate these forcing factors, and to quantify

their morphological and architectural impact.

Past �ume experiments have already provided quantitative insights in the relation

between the dimensions of the original morphology and preserved architecture for
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Figure 1.6: Approaches to unravel the �uvial sedimentary record. The classical geological
approach is to observe and interpret the �nal product (’the deposit’). The experimental approach
allows full control over the initial and boundary conditions and has a much faster evolution so
that both the processes and deposits can be witnessed and recorded.

speci�c sedimentary environments. For example, Leclair (2002) identi�ed that the ratio

of the mean cross-set thickness to the mean original dune height is about 0.3. Since the

ratio of mean dune height to �ow depth is also in the order of 0.3 (e.g., Leclair, 2002), an

estimate of the original channel depth can be made from stratigraphy. Furthermore, to

substantiate �eld observations of the morphodynamics and depositional architecture

formed by braided rivers, numerous studies have reported on experimental braided-

surface evolution (e.g., Ashmore, 1982, 1991b; Ashworth, 1996; Metivier and Meunier,

2003), its depositional expression (e.g., Ashworth et al., 1994, 1999; Peakall et al., 1996;

Moreton et al., 2002) and quantitative relations between the two (Straub et al., 2009;

Ganti et al., 2011).

Experimental reproduction of sustained dynamic meandering rivers has, however,

proven to be more challenging (Paola et al., 2009). In the absence of cohesive mate-

rial, incipient meandering channels widen and eventually evolve towards a braided

pattern (Friedkin, 1945), while the introduction of too much cohesive material results

in a static planform (Schumm and Khan, 1972; Jin and Schumm, 1987; Smith, 1998).
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1. General introduction

Bank strength determines the elementary characteristics of rivers, such as the channel

width-to-depth ratio, bar and channel pattern, and �ooding frequency of overbank ar-

eas (Kleinhans, 2010). Natural and experimental rivers with low bank strength evolve

into wide and shallow braided rivers with a chaotic bar pattern (Parker et al., 1998).

Rivers with stronger banks are narrower and deeper, and often have alternate bars

(e.g., Struiksma, 1985; Camporeale et al., 2007). The addition of silt-sized silica �our

(Peakall et al., 2007) and small vegetation (e.g., Tal and Paola, 2007; Braudrick et al.,

2009) have proven to be successful tools to constrain experimental channel width.

Numerical simulation of meandering rivers is also a rapidly advancing �eld. In con-

trast to one-dimensional meander simulation models (e.g., Howard and Knutson, 1984;

Willis and Tang, 2010) and cellular automata (e.g., Coulthard and Wiel, 2006), process-

based numerical models can now produce river meandering without presuming a �xed

relation between bank erosion and bank accretion (e.g., Asahi et al., 2011). Like �ume

experiments, numerical models allow simultaneous observation of the original mor-

phology and preserved architecture, but in full-scale dimensions.

In short, logging, coring and seismic imaging of ancient �uvial sediments are an in-

valuable source of information about the physical, chemical and biological conditions

at the time of sedimentation. Yet, these techniques are insu�cient to identify the range

of processes and resultant architectural elements that form the sedimentary record. It

is, for example, not known which part of the original channel is preserved, and how

this varies in response to changes in �ooding frequency and intensity, and varying net-

sedimentation rates. Thus, to date, studies of modern and ancient rivers have not fully

addressed the relation between the original channel and the resultant architecture, and

what might happen to this relation by changes in forcing that are inherent to �uvial

systems. This is particularly true for meandering rivers because experimental and nu-

merical reproduction has long proven to be challenging. Due to recent experimental

and numerical progress, process-product relations for meandering rivers can now be

studied in more detail. This thesis employs �ume experiments and numerical mod-

eling to quantify the relation between original channel and resultant architecture for

meandering rivers and shows how this relation is a�ected by �oods and aggradation.

1.5 Research objectives

The overall aim of this thesis is to quantify the relation between the original chan-

nel and the resultant stratigraphical and sedimentological architecture for meandering

rivers. The focus of this thesis is on coarse-grained meandering rivers. The speci�c

research objectives are to:

1. Identify which scaling rules must be ful�lled to reproduce realistic morpho-

dynamics and stratigraphy of meandering rivers in experimental settings, and

which traditional rules can be relaxed.

2. Test the Paola and Borgman (1991) theory that predicts stratigraphic architecture
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as a function of the meander morphology for zero-net depositional conditions,

and evaluate and explain spatial variations in stratigraphy in terms of the dimen-

sions and behavior of the original channel.

3. Quantify the e�ect of �oods on the stratigraphic architecture of meander belts.

4. Quantify the e�ect of aggradation due to an excess supply of sediment on the

stratigraphic architecture of meander belts.

5. Quantify the external geometry and internal stratigraphic architecture of mean-

der belts in three dimensions.

To realize these research objectives, �ume experiments and a numerical model will

be used. In most chapters of this thesis, �ume experiments are applied because they

have the advantage of materiality over numerical models: the materials and processes

in the experiment are real, unlike those in numerical models that are virtual (Paola et al.,

1992; Morgan, 2003; Kleinhans et al., 2005). In Chapter 5, a numerical model is used to

quantify the e�ect of aggradation on the stratigraphy of a meander belt. Numerical

models are better suited to test scenarios than large-scale �ume experiments (Oreskes

et al., 1994; Kleinhans et al., 2005). This is highly relevant because the e�ect of a range

of aggradation rates on the stratigraphic architecture of a meander belt will be tested.

To generalize the experimental and numerical results, the outcomes will be compared

to nature and to independent empirical and theoretical predictions.

1.6 Thesis outline

Chapter 2 deals with the �rst research objective by assessing potential scale e�ects on

bar and channel dimensions. Furthermore, a set of simple, small and fast experiments

that isolate processes of �oodplain sedimentation, bank erosion and bank failure are

presented. These small-scale experiments are used to constrain the conditions and

materials that are likely to work well in a large setup.

Chapter 3 addresses the second research objective and tests the prediction of strati-

graphic architecture as a function of the morphology of a meandering river channel.

To this end, sequential Digital Elevation Models (DEMs) are used to study the

morphological and architectural development of a dynamic meandering river. The

meandering river forms under the most simple conditions of constant discharge and

zero-net deposition.

Chapter 4 is an extension to the work discussed in Chapter 3 with a variable instead

of a constant discharge, thus focusing on the third research objective. Two parallel

experiments are described. One has a constant bankfull discharge and the other is run

with a schematized long-duration low �ow and short-duration high �ow but otherwise

similar conditions. Since no �ne sediment is added to these experiments, the rivers are
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weakly braided.

Chapter 5 deals with the fourth research objective and uses a numerical model to

examine the preservation of meander channel and scour features under aggradational

conditions. A highly-sinuous meandering river and the resultant architecture are

simulated by the two-dimensional �uid dynamics and morphodynamics model code

NAYS (e.g., Jang and Shimizu, 2005; Asahi et al., 2011), which is the �rst model to

produce river meandering without presuming a �xed relation between bank erosion

and bank accretion.

Chapter 6 adds to the work discussed in earlier chapters by analyzing the architecture

of a meander belt in three dimensions, thus aiming at the �fth research objective. The

constant discharge �ume experiment described in Chapter 3, a new �ume experiment

with a variable discharge and the addition of silt, and the numerical model described

in Chapter 5 are used. The analysis focuses on the dimensions and preservation

of the external geometry and the internal architectural elements of a meander belt.

Also, an empirical predictor of the slope of lateral-accretion deposits is compared

to the point-bar deposits of some well-known modern and ancient meandering systems.

Chapter 7 is the synthesis of this thesis. A general discussion on the application and

perspectives of the main results is provided.
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CHAPTER 2

�antifiable e�ectiveness of experimental scaling of river-
and delta morphodynamics and stratigraphy

Laboratory experiments to simulate landscapes and stratigraphy often su�er from scale e�ects,

because reducing length- and time scales leads to di�erent behavior of water and sediment.

Classically, scaling proceeded from dimensional analysis of the equations of motion and sed-

iment transport, and minor concessions such as vertical-length scale distortion led to accept-

able results. In the past decade many experiments were done that seriously violate these scal-

ing rules, but nevertheless produced signi�cant and insightful results that resemble the real

world in quanti�able ways. Here we focus on self-formed �uvial channels and channel pat-

terns in experiments. The objectives of this paper are 1) to establish a design strategy based

on a combination of classical scale rules and small-scale experiments focused at speci�c pro-

cesses, and 2) to assess what scale e�ects are present in such experiments. We present a num-

ber of small laboratory setups and protocols that we use to quantify and design morphody-

namics and potential scale e�ects for depositional or erosional conditions, and for more de-

tailed properties such as e�ective material strength. Strength of �oodplain material determines

channel dimensions, which in turn determines the channelization tendency and channel pat-

tern. We show how �oodplain formation can be controlled by adding silt-sized silica �our,

bentonite, and Medicago sativa (alfalfa) to poorly sorted sediment. The experiments demon-

strate that there is a narrow range of conditions between no mobility of bed or banks, and

too much mobility. The experimental setups and protocols presented here can optimize design

and tune experiments aimed at reproducing and studying dynamical and channelized systems.

This chapter is based on: Quanti�able e�ectiveness of experimental scaling of river- and delta

morphodynamics and stratigraphy, by M.G. Kleinhans, W.M. van Dijk, W.I. van de Lageweg,

D.C.J.D. Hoyal, H. Markies, M. van Maarseveen, C. Roosendaal, W. van Weesep, D. van Breemen,

R. Hoendervoogt and N. Cheshier, submitted to Earth Science Reviews.
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2. Scaling of river- and delta morphodynamics and stratigraphy

2.1 Introduction

Experiments to simulate landscapes and stratigraphy at the lab scale have been used

for more than a century (Reynolds, 1887). Experiments have two advantages over real-

world data, namely full control over the initial and boundary conditions, and a much

faster evolution so that it can be witnessed and recorded. Experiments also have ad-

vantages over numerical modeling, namely materiality: the materials and processes at

work in the experiment are real as in the real world, unlike those in numerical models

that are virtual (Paola et al., 1992; Morgan, 2003; Kleinhans et al., 2005). Even if such

models are based on the laws of physics, these remain dependent on choices about the

included physics, speci�cation of boundary conditions and resolution, and numerical

issues related to discretization and propagation of errors (Oreskes et al., 1994; Kleinhans

et al., 2005). However, landscape experiments have a major disadvantage: the length-

and time-scales cannot be scaled down perfectly (Yalin, 1971).

Typically, scale problems of replication of the prototype, i.e., the natural system

that is targeted in the experiment, increase with smaller scales of experiments (Peakall

et al., 1996). Some scale problems increase gradually, such as vertical distortion of di-

mensions and reduction of sediment mobility. Other scale problems appear suddenly

when certain thresholds are crossed at which the character of �ow and sediment trans-

port changes dramatically. The gravest scale problems are then expected in analogue

models but even this may be acceptable depending on application (Paola et al., 2009).

Often such analogue models are applied in the context of stratigraphy. Depositional

architecture is caused by the dynamics of morphology, including sedimentary and ero-

sional processes associated to channel migration and scouring. Hence, the key issue

for experimental studies of stratigraphy is that the relevant morphodynamics are well

reproduced.

This paper addresses scale e�ects for self-formed rivers and deltas with erodible

banks at smaller scales than distorted-scale models and larger scales than analogue

models (Figure 2.1). Traditionally, rivers with �xed banks were down-scaled to the

laboratory through dynamic similarity of �ow and sediment mobility expressed in di-

mensionless numbers (Reynolds, 1887; Yalin, 1971; de Vries et al., 1990; Hughes, 1993).

Similarity scaling has been a tremendously powerful measurement-, analysis- and pre-

diction tool for scienti�c study and engineering. The strong emphasis on the scale

rules was justi�ed for these purposes, particularly some decades ago when numerical

models and computer power were limited. However, rigidity in the adherence to these

scale rules have also impeded scienti�c progress on experiments covering much larger

spatial and temporal scales in smaller experimental facilities (Paola et al., 2009). Yet

spectacular results with patterns and dynamics surprisingly similar to nature were ob-

tained in setups that violate the classical scaling rules in many ways (e.g., Tal and Paola,

2007; Malverti et al., 2008; Kraal et al., 2008; Braudrick et al., 2009; Hoyal and Sheets,

2009; Van Dijk et al., 2012b).

But how can we be reasonably certain that these experimental results represent na-
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Figure 2.1: Schematic view (after Peakall et al., 1996) of the balance between scales and scale
problems in replicating prototypes, i.e., the natural system that is targeted. Here we address
river models at a scale between distorted scale models and analogue models.

ture when the scale rules are violated? One approach has been not to “care that special-

ists in sediment transport have declared that the movable-bed scale models are wrong;

so, just like the bumblebee who goes on �ying even though it has been declared aero-

dynamically impossible for him to do so, [we] keep using the movable-bed scale model,

and most of the time with great success.” (Le Méhauté, in Hughes, 1993, p. 245). In-

deed, several authors have discussed how well very small-scale experiments reproduce

spatial patterns and dynamics of natural systems (Paola et al., 2009), even if the �ow is

fully laminar (Malverti et al., 2008) or hydraulically smooth, which suggests that �ow

turbulence is of limited importance for morphological pattern formation. Progressing

from such successes, Paola et al. (2009) review and propose various fruitful ways of

studying and quantifying similarity between experimental and natural system, once

the experiment has been done.

The fundamental problem we address here is that similarity scaling has worked

well for rivers with �xed banks and for braided gravel-bed rivers (e.g., Ashworth et al.,

2004), but cannot straightforwardly be applied when characteristic (e.g., bankfull) width

is a dependent parameter in self-formed channels. The reason is that no convenient

theory is available to scale bank-erosion rate and �oodplain sedimentation, because this

involves many more processes than the �ow and sediment transport on channels and

bars. Yet, the balance of bank erosion and �oodplain sedimentation determines channel

width and channel pattern (Ferguson, 1987; Kleinhans, 2010). As a result, experimental

design of self-formed rivers and deltas is usually based on many trials and costly errors,

which may or may not give us interesting results.

The �rst objective of this paper is to identify which traditional scaling rules must

be adhered to in order to produce the phenomenon of interest and which rules can be

relaxed. Furthermore, we will use bar theory to assess potential scale e�ects on bar di-

mensions and, for instance, the transverse bed slope in curved channels to quantify the
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2. Scaling of river- and delta morphodynamics and stratigraphy

link between morphodynamics and the resulting stratigraphy. The second objective is

to present a set of simple, small and fast experiments that isolate processes of �ood-

plain sedimentation, bank erosion and bank failure at a similar scale as large landscape

experiments but for a much smaller area so that they can be done much faster. We use

these experiments to constrain the conditions and materials most likely to work well

in a large setup and compare these to conditions and materials used in other reported

experiments, and this set of experimental setups may inspire other test setups.

2.2 Similarity scaling, scale e�ects and design

The ultimate aim of river and delta experiments is to reproduce the morphology and

stratigraphy of natural systems under controlled conditions. To reproduce a natural

system in the laboratory, the spatial scale must be reduced. The scale ratio relates the

scale N of parameter X of a river or delta in nature to the experimental river or delta:

NX =
Xn

Xe
(2.1)

where subscripts n and e refer to nature (or prototype) and experiment (or scale ex-

periment). We refer to ‘large scale number (NX )’ and ‘small scale’ as synonymous.

Geometric similarity means that all scales with dimensions of length x, y, z are equal:

Nx = Ny = Nz , whilst distorted scale models are vertically exaggerated. Dynamic

similarity entails geometric similarity and kinematic similarity, so that the ratios of all

vectorial forces are the same (Hughes, 1993). This requirement cannot be ful�lled as

reviewed below, so that perfect similitude is never obtained. However, similarity is

possible to some extent if similitude is obtained for the most important forces whilst

the requirements are relaxed for the less important.

These compromises may lead to more severe scale problems in smaller scale experi-

ments (Figure 2.1). Obviously, sediment may still transport, erode, deposit and produce

morphodynamics and stratigraphy on a small scale in experiments, but with large scale

numbers several thresholds are crossed at which the character of �ow and sediment

transport changes dramatically. These we discuss below. Table 2.1 summarizes condi-

tions for experiments reported in literature and reports dimensional and dimensionless

characteristics described in this section.

2.2.1 Scaling of flow, morphology and stratigraphy

Hydraulic similarity

Similarity of free surface �ow requires that the ratio of inertial and gravitational forces

is similar in nature and experiment. This ratio is the Froude number:

Fr =
u√
gh

(2.2)
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2.2. Similarity scaling, scale e�ects and design

where u = depth-averaged �ow velocity, h = water depth and g = gravitational ac-

celeration. In nature, backwater e�ects are important in rivers and deltas and occur

only in subcritical �ow. Many systems in nature have a tendency to remain subcritical

(Parker, 1978; Grant, 1997; Giménez et al., 2004). Flow in experiments is not neces-

sarily subcritical with Fr < 1, as many experiments have localized antidunes with

Fr ≥ 1 and some delta experiments of Hoyal and Sheets (2009) also had supercritical

�ow. A simple advantage of subcritical �ow is that the experimental water levels can

be controlled by the downstream weir over a length similar to the e-folded backwater

adaptation length in subcritical �ow (i.e., the characteristic length scale over which a

water-level curve with exponential shape approaches the asymptote of steady uniform

�ow depth). This backwater adaptation length is estimated as:

λbw =
3h

S
(2.3)

with S = energy gradient.

Scaling of �ow velocity, �uid vorticity and the adaptation of spiral �ow in bends re-

quires that the �ow resistance scaleNC adheres to the roughness condition (Struiksma,

1986):

N2
C =

Nx,y
Nz

(2.4)

However, relative to water depth both sediment particles and laboratory dunes are

typically larger than dunes in real rivers. The e�ect of relatively larger �ow resistance

in experiments, with NC > 1, is a lower �ow velocity than required for other scaling

conditions. The classical way of resolving this is by vertical distortion, which implies an

exaggeration of the water depth. In small-scale channel pattern and delta experiments,

bedforms are generally absent or negligible so that �ow is entirely determined by skin

friction and energy gradient.

Another requirement of similarity holds for the ratio of inertial to viscous forces as

expressed in the Reynolds number:

Re =
uh

ν
(2.5)

where ν = dynamic viscosity (ν ≈ 1× 10−6
for water of 20◦C). In natural rivers, �ow

is usually turbulent with a Reynolds number Re > 2000. The Froude and Reynolds

conditions cannot be reconciled simultaneously, but the Reynolds similarity condition

can be relaxed as long as �ow is turbulent, that is, dominated by inertial forces, and

details of turbulence are not important.

For large length scale numbers NX , surface tension may become important. The

relative importance of inertial and surface tension forces is expressed in the Weber
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2. Scaling of river- and delta morphodynamics and stratigraphy

number:

We =
ρu2h

σ
(2.6)

where σ = surface tensile force per unit length (0.073 N/m for pure water), where

as a rule of thumb surface tension is negligible for We > 10 (Peakall et al., 1996).

Surface tension can be modi�ed by surfactants. Polymers in the �ow may increase the

surface tension, while soap may decrease it (de Gennes et al., 2004). Experimentation

and analysis on the e�ect of soap on shallow �ow and sediment transport are clearly

needed before practical application becomes feasible.

However, a rule of thumb for surface tension e�ects based on a simple threshold

Weber number gives neither the e�ects on general �ow nor the spatial extent. Theory

for thin liquid �lms and capillarity may elucidate potential scale e�ects of surface ten-

sion. It is particularly instructive to assess the length scale over which surface tension

may modify the �ow conditions. The exponential decay of surface perturbations such

as an emergent object is characterized by the capillary length λc. This e-folded adap-

tation length is found by comparing the Laplace pressure σ/λc with the hydrostatic

pressure ρgh (de Gennes et al., 2004), where:

λc =

√
σ

ρg
(2.7)

For water this yields a capillary length λc = 2.7 mm. Hence the hydraulics are sig-

ni�cantly modi�ed by surface tension if the water depth is of the same order as the

capillary length and if sudden bed jumps or objects such as large particles or vegeta-

tion stems are present. A more thorough analysis is presented in Malverti et al. (2008).

For practical purposes we can derive from the above that surface tension is only im-

portant at water depths of a few mm where the largest particles emerge or emergent

plants are used, and that even then the e�ect is limited to enhanced sedimentation of

�nes within a few mm around such emergent objects, similar to tail bars behind trees

or other obstructions in nature.

The near-bed �ow conditions a�ect bed scouring tendency. The channel bed is hy-

draulically smooth when the particles are submerged in the laminar sublayer. When

this is the case, ripples form if there is enough water depth (h > 0.02 m), or scour holes

form in shallow �ow. A full explanation for these phenomena is lacking but a reason-

able working hypothesis is that the turbulence generated at the ripple top or scour hole

rim is strong enough to penetrate the laminar sublayer, so that scour is maintained. For

hydraulic rough boundaries, the bed remains planar or dunes form. The balance be-

tween inertial and viscous forces at the bed surface is given by the Reynolds particle

number:

Re∗ =
u ∗D50

ν
(2.8)
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2.2. Similarity scaling, scale e�ects and design

where u∗ =
√
τ/ρ is the shear velocity. The transition from hydraulic smooth to rough

is gradual (Re∗ = 3.5 − 70), so that a hard threshold cannot be given. Conservative

estimates take the upper limit, but there is empirical evidence that the actual limit

below which scour holes and ripples form is lower. Comparison to empirical bedform-

stability diagrams (Southard and Boguchwal, 1990; Van den Berg and Van Gelder, 1993)

shows that the transition takes place in the lowest part of the Shields curve (Wiberg

and Smith, 1987; Zanke, 2003; Vollmer and Kleinhans, 2007) at Re∗ ≈ 5.

Sediment-transport similarity

The key issue in reproducing mobile bed morphology and consequent stratigraphy is

sediment mobility. In nature, sand-bed rivers have high mobility whereas gravel-bed

rivers have low mobility near the threshold for sediment motion. Sediment mobility is

expressed as the Shields number (θ), which is the balance between the bed-shear stress

and gravity:

θ =
τ

(ρs − ρf )gD
(2.9)

where in steady uniform �ow τ = ρfghS is the total shear stress, with ρf = density

of �uid, ρs = density of sediment and D = particle diameter, usually the mean or

median of the distribution by weight. For sediment-transport calculations, the shear

stress related to skin friction is used to exclude form roughness from bedforms and

channel walls, where

τ = ρfg
u2

C2
(2.10)

with the Keulegan (1938) equation to estimate the skin friction-related Chézy number

(C/) (Van Rijn, 1984b):

C/ = 18 log
12h

D90
(2.11)

where D90 = 90th percentile of the particle-size distribution. This condition for simi-

larity of mobility cannot be ful�lled in conjunction with the Froude similarity because

one depends on u2 and the other on u. Furthermore, particle size cannot be reduced as

much as the other cartesian dimensions of the experiment relative to the prototype in

nature, because properties such as threshold mobility and cohesion of silt and clay are

signi�cantly di�erent from that of sand and gravel (e.g., Lick and Gailani, 2004).

In practice, the above equations are used to assess sediment mobility a priori based

on expected �ow conditions and design sediment properties. The key problem in mor-

phological experiments is that these sediments cannot be very di�erent from those in

nature, yet the �ow is very much weaker. Given the small water depth of small-scale

experiments, the typical shear stress is low despite larger gradients than in nature.
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2. Scaling of river- and delta morphodynamics and stratigraphy

Hence sediment mobility may be low or even below beginning of sediment motion.

Three ways have classically been applied to increase sediment mobility. The �rst is to

vertically distort the model, that is, Nh > NL. This has the advantages of increasing

gradients and also of decreasing surface-tension e�ects. The second is to further in-

crease the bed gradient of the experiment, which is known as tilting. The third way

is to use light-weight materials as bed sediment (Yalin, 1971; Hughes, 1993). Although

very useful, light-weight sediment have been predicted to lead to subtle scale e�ects

on bar dimensions discussed later.

High bed slope and small water depth in experiments also a�ect the threshold for

the beginning of sediment motion, i.e., the Shields criterion, which may therefore di�er

from that in nature (Vollmer and Kleinhans, 2007). This modi�cation becomes particu-

larly important in shallow �ows where the larger particles emerge above the �ow sur-

face (Ferguson, 2007). Furthermore, steeper slopes and e�ects of shallow �ow on di�er-

ent particle sizes may a�ect sediment-sorting patterns. The mobility of size-fractions

in sediment mixtures are still relatively poorly understood for small-scale experiments

(Wilcock and Crowe, 2003; Vollmer and Kleinhans, 2008), but data indicate that the sed-

iment mixture should be unimodal in order to have equal mobility of all size fractions

and prevent signi�cantly lower mobility of the larger sizes (Parker and Klingeman,

1982; Wilcock, 1993; Kleinhans and Van Rijn, 2002). Such lower mobility would re-

sult in sediment-sorting patterns such as armoring. On the other hand, there are also

conditions in which coarser particles become more mobile than the average grain size.

In shallow experimental �ows where D approaches h, coarser particles may be more

prone to overpassing onto the bars than in nature because of limited water depth rela-

tive to particle size (Carling, 1990). Furthermore, in extreme cases of channel gradients

of about 0.05, the relative mobility of �ner and coarser sediment reverses because the

bed tilt signi�cantly changes the force balance on the large exposed particles (Solari

and Parker, 2000).

The Reynolds particle number (Eq. 2.8) characterizes an important aspect of sedi-

ment mobility in addition to the Shields number: it directly compares the size of a par-

ticle resting on the bed and the thickness of the laminar sublayer, just above the bed, in

which turbulence is suppressed. Roughness and turbulence generation are also depen-

dent on particle shape, in particular angularity, and the particle size distribution. This

may be part of the reason that Stefanon et al. (2010) obtained morphology dominated

by the typical scour holes associated to hydraulic smooth conditions. Their sediment

was a uniform 0.8 mm polystyrene, which probably was moderately well-rounded. On

the other hand, Peakall et al. (2007) had hydraulic rough conditions despite the D50

being only 0.21 mm. The probable reason of this hydraulic behavior is that the D90 is

nearly 2 mm, and Peakall et al. (1996) argue that the Reynolds particle number should be

calculated with theD90 rather than theD50. Consequently, the advantage of a poorly-

sorted sediment is that sediment mobility, related to the median particle size, remains

relatively high whilst the bed remains hydraulically rough. We found that a poorly-

sorted unimodal sediment mixture can be used to obtain relatively high mobility and
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2.2. Similarity scaling, scale e�ects and design

hydraulic rough conditions.

With high sediment mobility, suspension of bed material may occur in nature and

in experiments. Suspended sediment transport requires turbulence. Many �uvial ex-

periments (Friedkin, 1945; Smith, 1998; Tal and Paola, 2007; Peakall et al., 2007; Brau-

drick et al., 2009) and delta experiments (Hoyal and Sheets, 2009; Van Dijk et al., 2009)

had turbulent �ow in the self-formed channels, but laminar �ow on the �oodplains.

Self-formed �oodplains are essential elements in channel patterns (Kleinhans, 2010),

and form from bedload and suspended sediment deposited in splays and levees, from

clay in �oodbasins and from vegetation. However, sediment suspension requires turbu-

lence, which is di�cult to obtain in small-scale experiments. It is hardly useful to assess

proper scaling of suspension by comparing �ow velocity on the �oodplain to settling

velocity of the sediment if suspension is impossible. We hypothesize that experimental

�oodplain siltation by �nes is more localized near the channel than in nature. It is pos-

sible that light-weight sediments have a longer settling lag so that these may deposit

more distally in the �oodplains but this is still being explored.

Similarity of morphology, dynamics and stratigraphy

The ultimate aim of the experiments described in this paper is to reproduce and in-

vestigate natural river morphology, morphodynamics, morphological adaptation and

the resulting stratigraphy to a change in boundary condition. Unfortunately, morpho-

logical and stratigraphical similarity is not necessarily attained under conditions of

geometric, hydraulic and sediment transport similarity. Wavelengths, migration rates

and amplitudes of bars depend on channel width-to-depth ratio, sediment mobility and

the planimetric form of the channel including its curvature, width variations and sinu-

osity (Struiksma et al., 1985; Seminara and Tubino, 1989). Hence any vertical distortion

of channels will modify the morphology and resulting stratigraphy.

To predict analytically the dependence of �uvial bar morphology on channel dimen-

sions, �ow conditions and sediment mobility in experiments, we apply the Struiksma

et al. (1985) theory, which, as other theories (e.g., Seminara and Tubino, 1989), is based

on a physically-based description of the interaction between �ow and a deformable

sediment bed as follows. The direction of sediment transport may di�er from the di-

rection of depth-averaged �ow because of gravitational e�ects on moving particles on

transverse and longitudinal slopes and because of spiral �ow in bends. The �rst is often

referred to as the transverse-bed slope e�ect and the second is often referred to as bend

�ow. The steady-bed topography in river bends can be understood as a combination

of a transversely sloped bed depending on the local-channel curvature and a pattern

of steady alternate bars induced by upstream variations (or perturbations) in channel

curvature. The superimposed bars are in some conditions expressed as deep pools on

the outer bend, mirrored by high bars on the inner bend. The transverse-bed slope

and bar patterns are highly relevant for stratigraphy: the transverse-bed slope e�ect

e�ectively determines the slope of lateral-accretion surfaces, whilst the deepest scours

form the erosional base of the channel belt.
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2. Scaling of river- and delta morphodynamics and stratigraphy

Struiksma et al. (1985) (also see Kleinhans and Van den Berg, 2011) derived ana-

lytical predictors for bar wavelength and bar behavior. This theory can intuitively be

understood from the starting point of a perfectly straight channel with a �at bed and

an upstream perturbation of the bed on one side of the channel at a �xed location.

Starting from this perturbation, the transverse �ow adapts whilst the bed develops a

transverse slope, which is the �rst bar forced by the perturbation. Depending on condi-

tions, this bar excites new bars further downstream, or the perturbation is damped out.

Struiksma et al. (1985) identi�ed four characteristic length scales that describe such a

situation, namely the adaptation length of transverse �ow λw , the adaptation length of

transverse-bed adaptation λs, the wavelength of the bars Lp and the damping length

of the bar LD . Most importantly, nondimensional bar period (or wavelength) Lp (m) is

calculated by:

2πλw
Lp

=
1

2

√
(n+ 1)

λw
λs
−
(
λw
λs

)2

−
(
n− 3

2

)2

(2.12)

wheren = the degree of nonlinearity of sediment transport versus depth-averaged �ow

velocity (qb = f(un)). For a classical bed load transport predictor such as Meyer-Peter

and Mueller (1948), n ≥ 3 for high Shields numbers and increases to in�nity towards

the critical Shields number for sediment motion. We choose with n = 4 for sand-bed

rivers and for gravel-bed rivers n = 10 (following Crosato and Mosselman, 2009) as

gravel is closer to the threshold of motion so that the nonlinearity is stronger. Here,

the adaptation length λw (m) of transverse �ow is given as:

λw =
C2h

2g
(2.13)

where adherence to the roughness scale (Eq. 2.4) is important. The adaptation length

of a bed disturbance λs (m) is calculated as:

λs =
h

π2

(
W

h

)2

f(θ) (2.14)

whereW is channel width (m), and where the magnitude of the transverse-slope e�ect

f(θ) is calculated from an empirical function (e.g., Koch and Flokstra, 1981; Talmon

et al., 1995):

f(θ) = αθ
√
θ (2.15)

where αθ is used for calibration.

Nondimensional damping length Ld (m) of the bars is calculated by:

λw
Ld

=
1

2

(
λw
λs
− n− 3

2

)
(2.16)
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2.2. Similarity scaling, scale e�ects and design

Thus bar theory predicts whether forced bars dampen out in less than one bar length

(overdamped regime) or over longer distance so that multiple bars along the river may

exist (underdamped regime) or excite (excitation regime, Ld < 0). This characteristic

of bars is a function of the nondimensional Interaction Parameter (IP ):

IP =
λs
λw

(2.17)

which depends strongly on width-depth ratio, and weakly on hydraulic roughness and

sediment mobility. The signi�cance of this ratio is that it predicts whether bars can

exist at all in a channel. For instance, very narrow and deep experimental channels

will not develop bars.

The above shows that the key variables that needs to be controlled in experiments

are the width and depth of the channel. The above length scales, particularly the bar

length but also the damping length that predicts behavior, depend most strongly on

channel-aspect ratioW/h and also on roughness h/D50 and C , and sediment mobility

θ. All variables may di�er between experiment and nature because of vertical distor-

tion, so that the eventual morphology di�ers as well (Struiksma et al., 1985; Struiksma,

1986). We will assess how sensitive river pattern in generic experiments is to such scale

e�ects.

The di�erent regimes of the Interaction Parameter lead to the development of dif-

ferent river patterns (as described in Kleinhans and Van den Berg, 2011). A river can be

considered as single-thread, moderately braided or braided depending on the number

of active channels across the river width during channel-forming discharge (Egozi and

Ashmore, 2008; Kleinhans and Van den Berg, 2011). The number of active channels are

given in the braiding index (Bi) or the bar modem. Crosato and Mosselman (2009) de-

rived an analytical bar-mode predictor, which provides the favorable mode according

to the theory of Struiksma et al. (1985) for sand-bed and gravel-bed rivers:

m =

√√√√0.17g (n− 3)√
ρs−ρf
ρf

D50

B3S

CQ
(2.18)

where the relation between mode m and braiding index Bi is de�ned as

Bi =
m− 1

2
+ 1 (2.19)

Metivier and Meunier (2003) and Malverti et al. (2008) analyzed the e�ects of lami-

nar �ow on sediment transport and braiding and found that sediment transport in lam-

inar �ow can well be described by a Bagnold-type or Meyer-Peter and Mueller-type

predictor, which depend on the threshold for sediment motion. Furthermore, braided

rivers were experimentally produced in laminar �ow in agreement with linear-stability

theory by Devauchelle et al. (2007), which demonstrates that the existence of braiding

does not depend on turbulence of the �ow. It has, however, not been investigated yet
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2. Scaling of river- and delta morphodynamics and stratigraphy

how spiral �ow develops in laminar �ow in meandering channels, so we do not know

the e�ect of laminar �ow on bar dimensions and transverse-bed slope in experiments

aimed at meandering. Furthermore, meandering requires formation of �oodplain, and

if this is done by �ne suspended sediment then turbulence is required for suspension.

An analytical solution for the transverse-bed slope can be found for an in�nitely

long and gentle bend when the gravitational force on particles is balanced by the spiral

�ow (Struiksma et al., 1985; Talmon et al., 1995):

tan

(
δz

δn

)
= 9

(
D

h

)0.3√
θ

2

κ2

(
1−
√
g

κC

)
h

R
(2.20)

where n is local �ow-normal direction, κ = 0.4 is Von Kármán’s constant and R = ra-

dius of curvature of the streamlines.

To sum up what can be learned from theory: to obtain geometrical similarity be-

tween prototype and scale model, all dimensionless length scales should be equal, in-

cluding the Interaction Parameter and the dimensionless damping and wavelength of

the bars. Scale model distortion (Nx 6= Ny 6= Nz) then leads to a signi�cant scale

problem, because the width-to-depth ratio appears in the length scales reviewed above.

It cannot be resolved by adjusting the sediment mobility, which also appears in the

length scales, because this a�ects sediment-transport mode and transverse-bed slope

(see Eq. 2.20). The scale problems are also not improved when using a low-density sed-

iment, because then the balance between spiral �ow and transverse-bed slope e�ect is

changed (Struiksma et al., 1985; Struiksma, 1986; Struiksma and Klaassen, 1986). Also

the balance is modi�ed for di�erent grain sizes if a poorly-sorted sediment is used. In

conclusion, there is no method to prevent these scale problems so they must be quan-

ti�ed by comparison of experimental results to theory, numerical models and natural

systems.

The morphological time scale can be calculated directly from the average sediment-

transport rate and a control volume that is eroded or deposited if experiments were

scaled according to a similarity-scaling procedure (Yalin, 1971; de Vries et al., 1990).

This results in a characteristic time scale of, for instance, transverse-bed slope tilting

in a curved channel, channel excavation, and of the formation of an entire delta. The

appropriate time scale depends on the phenomena of interest, because it is the appro-

priate spatial gradient of sediment transport that determines the rate of morphological

change. So, on a transverse-bed slope and at a channel cuto� or avulsion site, the appro-

priate transport rate is the transverse sediment-transport component which depends

on helical �ow, transverse-bed slope, sediment mobility and �ow resistance (also see

Eq. 2.20). For deltas with a certain volume that capture all supplied sediment, the cal-

culation of the morphological time scale for delta formation is straightforward. This

has been applied for experimental deltas and alluvial fans (Kraal et al., 2008; Van Dijk

et al., 2012a) and has been applied to deltas on planet Mars (Kleinhans et al., 2010a)

to determine the formative time scale given a sediment-transport rate estimated from

upstream channel dimensions.
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2.2. Similarity scaling, scale e�ects and design

Aim, design and characteristics of river and delta experiments

Our approach to experimental design and analysis outlined above takes an interme-

diate position between the powerful similarity scaling of traditional engineering and

the equally powerful exploratory landscape and stratigraphy experiments that violate

scaling rules yet produce various forms of similarity between experiment and nature.

Many experiments in sedimentology and geomorphology focus on generic questions

rather than a speci�c prototype in nature (Table 2.1), so N is unknown. Furthermore,

when results are compared among di�erent experiments and perhaps a control exper-

iment, the violations of similarity scaling discussed above can largely be ignored and

the above theory can be used to design the experiments. Theory is in fact more appro-

priate for experimental river pattern design than empirical approaches; for example,

the empirically accurate streampower classi�cation for river patterns Kleinhans and

Van den Berg (2011) breaks down for small rivers and experiments whereas the theory

of Struiksma et al. (1985) outlined above predicts bar dimensions in our experiments

rather well (Kleinhans et al., 2010b; Van Dijk et al., 2012b).

From the foregoing, it follows that three relaxed-scaling requirements must be ful-

�lled for general process similarity with natural gravel-bed rivers. First, �ow must

remain subcritical or critical and turbulent. Grant (1997) found that self-formed chan-

nels that tend to evolve into the supercritical regime will not exceed critical �ow by

much or will tend to oscillate around critical �ow. Indeed, experiments often are about

critical and rarely exceed Fr = 1 (Table 2.1). Second, bed sediment must be mobile

in the bedload regime to represent gravel-bed rivers in nature and in the suspension

regime to represent sand-bed rivers in nature. The latter has proven di�cult when very

�ne cohesive sediment was used (Smith, 1998; Hoyal and Sheets, 2009). Scale problems

are largely unexplored in such conditions, if only because weakly cohesive sediment

behavior in laboratory conditions is poorly understood. Usually, however, experiments

have dominant bed-load transport which is typical for gravel-bed rivers (Kleinhans and

Van den Berg, 2011). Third, the bed must be hydraulically rough. This con�icts with the

requirement of su�cient sediment mobility which also depends on particle size, and in

the case of the smooth bed of Smith (1998) may have led to unrealistically deep scour

holes and sharp bends. The con�ict has been resolved by using a poorly-sorted uni-

modal sediment where the coarsest particles cause the bed to be rough (Peakall et al.,

2007; Van Dijk et al., 2012b).

The key problem that now remains is to constrain material behavior and conditions

such that the dynamic balance between �oodplain formation and bank erosion leads to

the type of river or delta pattern that is required. This will determine the channel width-

to-depth ratio, which must be in the range where the correct river pattern appears. For

braiding experiments the channels must be wide and shallow so that higher-mode bars

appear as in Ashmore (1991a) and Tal and Paola (2010). The channel width-to-depth
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2.3. Experiments for testing erosion and sedimentation

ratios of the Smith (1998) experiments are extraordinary small compared to natural

systems because of the large cohesion of the sediment. The large depth cannot have

been caused by distortion due to high �ow resistance, because such �ne sediments

would be relatively smooth, which is con�rmed by the high Froude number. Early

experiments demonstrated that lack of bank strength led to runaway bank erosion and

formation of braided systems (Friedkin, 1945; Schumm and Khan, 1972), or too much

bank strength led to unrealistically narrow and sometimes immobile channels (Smith,

1998). Therefore many authors attempted to form �oodplains that were erodible by

adding slightly cohesive sediment (Peakall et al., 2007), vegetation (Tal and Paola, 2010)

or cohesionless low-density sediment that was mobile on the �oodplain and trapped by

vegetation (Braudrick et al., 2009). Most of these materials were selected by trial and

error in time-consuming experiments and the question addressed in the next section is

how we can test such materials in advance and in a systematic and rational manner.

2.3 Experiments for testing erosion and sedimentation

To design an experiment with self-formed channels, one could apply hydraulic-

geometry relations. However, these implicitly depend strongly on the strength of the

banks and therefore indirectly on processes that form �oodplain on the accreting bank

(see Ferguson, 1987; Kleinhans, 2010, for reviews). Consequently, we must �nd a way to

scale down the �oodplain-forming processes and the resulting ratio between strength

of the banks relative to strength of the �ow that determines bank erosion processes

and rate (Simon et al., 2000; Simon and Collinson, 2002). The tendency of a small-

scale �uvial system to form �oodplains and erode banks depends to a large extent on

the properties of the sediment and presence of vegetation or other substances that en-

hance bank strength, which we will �rst describe. Following material description, we

present four experimental setups that test aspects of this balance: the direct-shear test,

a bank erosion experiment (Figure 2.2A and B), a delta-deposition experiment (Figure

2.2C) and a stream table (Figure 2.2D).

Together these four setups can be used to quickly determine relevant properties

and behavior of materials (Table 2.2) in otherwise similar conditions, in contrast to

expensive experiments with a large �ume for complete rivers and deltas (Table 2.1)

that take weeks or months to run.

2.3.1 Materials

Three sediment mixtures cover the range reported in literature (Figure 2.3). One sed-

iment is uniform �ne sand as used in Van Dijk et al. (2009). The other sediments are

poorly-sorted sand as in Peakall et al. (2007), and varying degrees of armoring were

studied after the coarse tail of the poorly-sorted sediment was sieved out. Silt-sized

silica �our was added to the poorly-sorted sand in various proportions. How this silt

a�ects the morphodynamics is not fully understood, but it is the only granular material
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2. Scaling of river- and delta morphodynamics and stratigraphy
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Figure 2.2: Small-scale experimental setups to systematically test erosional and depositional
behavior for di�erent sediment mixtures under conditions similar to that in large �ume exper-
iments (see Table 2.2). (A) Setup of Friedkin erosion test. The water supply channel is 5.0 cm
wide, 1.1 m long and coated with a sand layer to represent sand roughness. The standard mold
has a surface area of 3.225 dm2 (or ×10−2 m2), is 2 cm in height (total volume 0.645 L) and
is inclined with a 45◦ angle to the water supply channel. (B) Friedkin erosion run with erosion
indicated for every time step. Warmer colors correspond to a longer erosion duration. (C) Side
view of Delta experiment. We used a �at plywood stream table of 1.5 by 1 m with a constant
base level with a 4.0 cm wide inlet. (D) Side view of plywood stream table of 5 m long, 1.25 m
wide set at a slope of 0.01 m/m.

Table 2.2: Approximate conditions in three small experimental setups (Figure 2.2) in compar-
ison to large �ume experiments with self-formed rivers in Chapters 3, 4 and 6.

Setup Qwater Qsed gradient inlet w scale

10
−3

m
3/s 10

−3
m

3/hr m/m m m×m

Large �ume 0.25–1 0.2–1 0.0055–0.01 0.25 10×3

Stream table 1 1 0.01 0.1 5×1.25

Delta table 0.17 0.6 0 0.04 1.5×1

Friedkin 0.111 0 0.01 0.05 1.1×0.05

discovered so far that builds �oodplain at the experimental scale that leads to dynamic

meandering. Although the silt is not nearly as cohesive as clay, Lick and Gailani (2004)

show that the critical shear stress increases for particles smaller than 50 µm, so that

the added silica �our is expected to increase the threshold for channel erosion on a

�oodplain. At the same time, the silt particles percolate through the pores into the bed,

and silt smaller than a certain cuto� size does not contribute to bed-level change and

roughness (Frings et al., 2008). We calculated that silt-sized material �ner than 20 µm,

that is, 40% of the silt-sized silica �our, is accommodated entirely in the pore space of

the sand mixture, which means that more than half of the silt is deposited on top of the

sand to form slightly cohesive layers with smooth surfaces.

Two materials were added to the poorly-sorted sediment in some experiments: ben-
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Figure 2.3: Particle size distribution of four sediment mixtures; uniform sand (dark-grey line),
poorly-sorted sand (dashed line), 20% silt mixture (light-grey line) and 40% silt mixture (black
line). The cuto� size (Dcp) shows the fraction that will percolate into the bed. Porosity (εtot)
indicates the percentage of pores in the sediment mixture.

tonite and Partially Hydrolyzed PolyAcrylamide (PHPA, a synthetic polymer). The ben-

tonite is a clay mineral that was mixed into the sand in dry-powder form. The polymer

was used in the delta experiments of Hoyal and Sheets (2009) in combination with the

bentonite and other materials. For an experiment with distinct channels and �oodplain

it is important to be able to measure where the polymer is deposited, but, unlike the

other materials, PHPA is di�cult to observe. We unsuccessfully attempted to dye the

polymer and we attempted to measure the polymer concentration with an amide hy-

drolysis method (Nagase and Sakaguchi, 1965). For both methods the measurable poly-

mer concentration in a soil sample turned out to be an order of magnitude higher than

the low polymer concentrations at which the morphodynamics were already strongly

a�ected. More importantly, we found from percolation experiments with colored poly-

mer that the polymer was not �xated in the deposit at all but percolated in all direc-

tions. As a result, the entire deposit becomes strongly cohesive when PHPA is used.

This need not be a problem in the case of accumulating deltas where deeper layers do

not a�ect the morphodynamics. However, in the case of non-aggrading conditions such

as in river pattern experiments it prohibits morphodynamics due to the large cohesion

added to sediment.

Vegetation was sown on the poorly-sorted sand in some experiments to simulate a

uniform vegetation distribution, and added to the in�ow in other experiments, which

is a novel approach that simulates how the �ow distributes seeds in river landscapes.
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2. Scaling of river- and delta morphodynamics and stratigraphy

We experimented with various species (Van de Lageweg et al., 2010), including garden

rocket (Eruca sativa), garden cress pepper weed (Lepidium sativum), thale cress (Ara-
bidopsis Thaliana) and alfalfa (Medicago sativa) as in Tal and Paola (2010) and Braudrick

et al. (2009). Sprouts of these species were systematically subjected to di�erent seeding

densities and to various growing conditions, including light intensity, submergence and

nutrient starvation. We found that plants sprouted quickest and grew best on saturated

soil. Garden cress pepper weed and garden rocket grew the largest stem heights and

root systems, whereas thale cress and alfalfa remained smaller and showed a slower

development. Alfalfa and garden rocket developed single main roots, whereas gar-

den cress pepper weed developed main roots with side branches that anchored much

more strongly in the soil. Denser seeding reduced sprout growth after about a week.

Stronger light increased plant growth and plant strength. A striking result was that

environmental conditions do not a�ect seedlings very much in the �rst week because

in this stage the plants still depend mostly on nutrition from the seed. However, the

sand is devoid of nutrients, which leads to general mortality after a week, particularly

if water is not refreshed but recirculated. Fungi developed on dead plants when water

was recirculated in a relatively dark laboratory, but these can be prevented or slowed

in development by using fresh water and a minor amount of copper sulfate.

2.3.2 Direct shear test for material strength

Experiments using clay for �oodplain material demonstrated that this material is too

strong to be removed by experimental rivers (Jin and Schumm, 1987). This is expected

because clay has a strength of the order of several kilo-Pascal, whereas the �ow shear

stress in nature is of the order of several Pa and less in the laboratory. Much of past

e�orts to reproduce river patterns in the laboratory focused on �nding and optimizing a

�oodplain-forming material or using vegetation as a ’�oodplain �ller’ (Gran and Paola,

2001; Tal and Paola, 2007; Braudrick et al., 2009). Plants increase bank strength as do

cohesive �oodplain sediment and vegetation in nature (Tal and Paola, 2007), but this

has not been quanti�ed relative to other materials. Predictions with theory or models

for bank stability cannot replace measurements because they are strongly dependent

on empirical determination of cohesion and other soil parameters, as well as physical

properties of plants with roots in that soil.

A classic geotechnical measurement of material strength is the direct shear test in

well-drained conditions, which we used to compare strength of materials used in ex-

periments. Samples of 0.06 m wide and long and 0.02 m thick were sheared at a constant

rate and under a constant normal stress whilst the required force was measured. The

direct shear apparatus incorporated a motor to move a piston at a prede�ned constant

rate (horizontal displacement). A load hanger system provided the adjustable (5, 10,

15, 20 and 30 additional kg) normal stresses. The material strength was derived at the

peak shear strength just before failure (Figure 2.4A). For every sediment sample at ev-

ery normal stress at least three replica measurements were done. The intercept of the

trend line of shear strength against normal stress is an apparent cohesion (c/), and the
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Figure 2.4: Results of direct shear tests. (A) Typical time series of required shear versus dis-
placement showing the optimum before failure. (B) A �t of the maximum strength at failure for
replica measurements and di�erent normal stresses, but note that these normal stresses repre-
sent bank heights orders of magnitude larger than found in experiments. The sediment mixture
with silica �our has signi�cant cohesion whereas the polymer mixture shows nonlinear behav-
ior.

slope of this trend line indicates the angle of internal friction (φ).

We found that accurate measurements of shear strength require a signi�cant nor-

mal stress, but then the extrapolation to zero normal stress for the determination of

cohesion is inaccurate (Figure 2.4B). Although the apparent cohesion of poorly-sorted

sand with silica �our is larger than that without the silt, the uniform sand also has a

relatively large cohesion value. On the other hand, sand with polymer has a negative

apparent cohesion because the polymer limited drainage from the sample making it

unsuitable to quantify its material strength from a direct shear test.

Apparently the material properties at the experimental scale di�er signi�cantly

from that in the direct shear test. A normal stress of 25 kPa, the minimum value applied

here, means that a sample of unit surface area is subjected to a weight of 2500 kg. With

a typical soil density of about 1500 kg/m
3

this translates to a minimum bank height of

more than 1 m. The banks of experimental channels are, however, of the order of 0.01 m

high. We therefore conclude that the standard direct shear test of material strength is

of limited value for the present purposes.

2.3.3 Friedkin setup for bank erosion tests

The bank erosion rate resulting from all physical and biological processes acting in

channel-pattern experiments can directly be measured in an experiment. These in-

clude �ow shear, armoring at the bank toe, capillary forces, added strength by roots

and polymer excreted from roots, added �ow resistance at banks by overhanging veg-

etation, mass failure of banks, and so on. We present an experimental ’Friedkin’ setup

gleaned from Friedkin (1945) with which we compared bank erosion rates for a wide

range of conditions and materials of experiments from literature (Table 2.1). The prin-
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2. Scaling of river- and delta morphodynamics and stratigraphy

Table 2.3: Sediment mixtures were composed of poorly-sorted sand (’Ps’), silica �our (’s-f’),
bentonite and/or polymer. Polymer was measured in grammes of dry granular material per liter
of dry sediment whereas the other components were measured as volumes of dry material. Note
that our Delta mix contained much less polymer than other mixtures that also incorporated
polymer.

Input Ps s-f Ps s-f bent. Ps s-f poly. Delta mix Hoyal mix Unit

Ps 80 80 80 79.8 76 % vol

S-f 20 20 20 20 19 % vol

Bent. - 3 - 0.2 5 % vol

Poly. - - 1.25 0.07 1.25 g/L

ciple of the experiment is that a block of sediment with similar bank height as in the

channel-pattern experiments is eroded over time by clear water of similar water depth

and �ow velocity as in the channel-pattern experiments (Figure 2.2A). We used a mold

to position a block of sediment in the Friedkin �ume with high accuracy and repeatabil-

ity. Time-lapse photography and image analysis allowed for automated determination

of the volume of the block of sediment (Figure 2.2B). Each time series of sediment vol-

ume was characterized by a half-life time at which half the sediment was eroded.

Tens of small-scale bank erosion experiments and bank failure experiments (Van de

Lageweg et al., 2010) were done to quantify the strength of banks reinforced by plant

roots at the experimental scale. Seeds were allowed to sprout in sand already positioned

in molds to prevent disturbance upon placement in the �ume. Various mixtures of

sediment were tested repeatedly with systematically varying cohesive additions (Table

2.3).

We found di�erent erosion trends that were very sensitive to material composition

(Figure 2.5). Many erodible mixtures show relaxation behavior characterized by fast

initial erosion and gradually decreasing erosion rate (Figure 2.5A). Some materials, such

as our standard poorly-sorted sand (Figure 2.3) continued to be eroded until the block of

sediment was breached. Breaching is important to have as a condition contrasting cases

where the breach did not occur because of di�erent material properties. For example, in

very poorly-sorted sand with a tail of �ne gravel and a 90
th

percentile of 2.7 mm static

armoring occurred at the bank toe, which prevented breaching. The uniform sand of

Van Dijk et al. (2009) with the hydraulic smooth boundary showed a constant bank-

erosion rate rather than relaxation, possibly because it is �ner and much more mobile

in the experimental range of shear stress. The polymer ’delta’ mixture with bentonite

and poorly-sorted sand of a lower concentration than the mixture of Hoyal and Sheets

(2009) (Table 2.3) was moderately erodible, whereas a mixture of poorly-sorted sand

with silica �our and higher bentonite concentration was hardly erodible (Table 2.3).

The e�ect of silica �our was tested for two di�erent sedimentary styles: uniformly

mixed into the bed to represent a heterogeneous bank with many thin layers of cohesive

sediment, and spread (as dry powder) as a uniform cohesive silt on top of a uniform
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Figure 2.5: Bank-erosion test results. ’Ps’: poorly sorted sand, ’s-f’: weakly cohesive silt-sized
silica �our. (A) Time series of normalized sediment volume shows di�erent behavior ofmaterials
(Figure 2.3, Table 2.3). (B) Half-life (in hours) of sediment blocks with silt mixed uniformly into
poorly-sorted sand (given as a volumetric concentration) or deposited as a uniform layer on
top of poorly-sorted sand. (C) Half-life time of the sediment block with 20% silt and increasing
bentonite concentration. (D) Half-life of an 8 mm base layer of poorly-sorted sand with a 4 mm
top layer of di�erent compositions. (E) E�ect of two plant species, two plant ages and two
seeding densities on bank erosion.

cohesionless layer of poorly-sorted sand (Figure 2.5B). The erodibility of the sediment

block was more than halved by increasing silt to 40% by volume. This is more than

the pore volume of the poorly-sorted sand, so the mixture must have become matrix-

supported on the silt between 20–30% (Figure 2.3). Indeed, we found that dry mixing

followed by wetting worked well whereas wet mixing led to immediate �uidization

upon removal of the mould. However, exceeding the pore volume when mixed dry

seems not to have a�ected the erodibility, except perhaps that variability was much

larger for 40%.

For the second style with a uniform silt layer on top of cohesionless sand, the vol-

umetric fraction of silt was calculated from the thicknesses of sand and silt layers to be

able to compare on the same axis to the uniformly mixed banks (Figure 2.5B). A layer

of silt on a sandy bank doubled the half-life compared to the same amount of silt mixed
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2. Scaling of river- and delta morphodynamics and stratigraphy

uniformly into the sand, and increased variability. A 1–2 mm layer of silt resulted in

a half-life of 2–3 hr, which is considerably less than for the control experiments with

poorly-sorted sand which breached in less than 0.5 hr. This shows that an experimental

�oodplain with a top layer of silt considerably reduces bank-erosion rates despite that

the bank toe is composed of cohesionless sediment. We suspect that the relatively large

e�ect of the top layer is partly caused by a transition from hydraulic rough to smooth

boundary of the bank toe as silt blocks fail from the bank top and gradually break apart

on the bank toe to enrich the sediment surface locally with silt.

As expected, bentonite had a much stronger e�ect on bank erodibility than silica

�our (Figure 2.5C). A concentration of only 1.5% by volume halved the erodibility and at

3% no erosion occurred at all. The bentonite is an important component of the polymer

mixture of Hoyal and Sheets (2009) because it reacts with the polymer, but the Friedkin

experiment shows that the bentonite on its own must have had already quite a large

e�ect compared to the much less cohesive and coarser-grained silica �our used in the

�uvial experiments of Peakall et al. (2007) and Van Dijk et al. (2012b). The e�ect of

polymer mixed into the sediment in the concentration used by Hoyal and Sheets (2009)

is much larger than any other component tested here. We also tested the e�ect of 4 mm

thick layers of cohesive sediment on a 8 mm thick bank compared to the control ex-

periment with 12 mm thick poorly-sorted sand (Figure 2.5D). Poorly-sorted sand with

20% silt by volume is two times less erodible than cohesionless poorly-sorted sand. Ad-

dition of the amount of bentonite also added to the delta mixture of Hoyal and Sheets

(2009) adds no measurable e�ect. However, addition of the same polymer concentra-

tion as in Hoyal and Sheets (2009) renders the banks non-erodible as tested over more

than 3 hours. Our delta mixture, which combines silica �our, bentonite and a much

lower polymer concentration was somewhat erodible. Again we found that the poly-

mer percolated from the top layer into the entire bank, which increased the strength

of the initially cohesionless material as well. This shows that the polymer is unsuit-

able for river experiments since the risk of ossi�cation is large and we found no way

to �x most polymer to sediment and stop percolation. We observed that mixtures and

deposits aged within hours and became much more cohesive in the ageing process, but

we did not investigate this in detail. There exist oxidants that break down highly-gelled

muds with polymer, which may be interesting for further investigations.

Erodibility of vegetated banks is strongly determined by seeding density, rooting

density and depth of rooting relative to channel depth (Figure 2.5E). Halving the seeding

density approximately doubles the erodibility for 3-day old seedlings, with no di�er-

ence between the two species shown. However, after 6 days the garden rocket provided

much more strength to the bank than alfalfa, but only for the low seeding density, be-

cause the roots branched strongly in these conditions. For the higher seeding density,

the e�ect of the two species hardly di�ered and also was the same as after 3 days. The

enhanced bank strength for low garden rocket seeding density is probably due to the

strongly spreading root systems of individual seedlings in contrast to that of alfalfa.

This indicates that higher seeding densities can compensate for the strength added by

34



2.3. Experiments for testing erosion and sedimentation

root branching, and that di�erences between species are mainly visible for low seed-

ing densities. These results suggest that bank strength by alfalfa is better controllable

because it merely depends on seeding density. In addition, the erosion tests of the veg-

etated banks indicate that the risk of ossi�cation is large and therefore low seeding

densities and limited spreading root systems of individual seedlings are preferred.

We conclude that the Friedkin setup is useful to compare bank-erosion rates be-

tween various sediment mixtures and to isolate e�ects of additions such as cohesive

material or plants, and to test layered bank scenarios.

2.3.4 Delta setup for sedimentation tests

Erosion and sedimentation are equally important: to maintain a constant width in time,

the bank erosion must be equalled by sedimentation on the opposite side of the river.

’Sedimentation’ is also the set of processes that determines the stratigraphy once �u-

vial accommodation space has been generated by a channel or by subsidence. Here we

present an experimental ’Delta’ setup that allows fast and systematic comparison of

sedimentation styles of di�erent materials. Stratigraphy will obviously di�er between

deltas and �oodplain splays, but the sedimentary behavior is similar in the sense that

there is an expanding �ow that leads to sedimentation, and nevertheless there is chan-

nel initiation and bifurcation as in splays, chutes and braided rivers.

Formation of small-scale channelized fan deltas in the laboratory has proven chal-

lenging but signi�cant progress has been made in several labs in recent years (e.g.,

Sheets et al., 2002; Hoyal and Sheets, 2009; Van Dijk et al., 2009; Powell et al., 2012).

Various types of deltas have been created, ranging from �ne- to coarse-grained, non-

cohesive to cohesive sediment, and from sheet-�ow dominated to strongly channelized.

These experiments have elucidated a number of important factors and autogenic be-

haviors under constant boundary conditions, such as channelization and mouth-bar

formation and backward sedimentation leading to avulsion. However, there has been

very little systematic investigation of scale e�ects and of the e�ect of sediment mixture

on autogenic delta behavior. Here we describe a set of experiments with identical con-

ditions to investigate the link between sediment-mixture properties, such as grain size,

sorting, addition of �nes or polymers, and delta morphodynamics. A quanti�cation of

aspects of morphodynamics such as time series of channel dimensions, network pat-

tern, planform-delta shape, and bifurcation mechanisms is beyond the scope of this pa-

per. Visual inspection, however, gave strong indications for the sedimentary behavior

and tendency to form channels, which can also be expected in large-scale experiments.

These experiments were designed to be small, fast and repeatable, so that a wide range

of di�erent mixtures could be covered.

We found that the delta experiments elucidated the tendency of splay formation

and channelization in naturally formed sediment deposits. Sedimentation patterns and

dynamics di�ered dramatically between di�erent types of sediment (Figure 2.6). The

uniform �ne sand invariably exhibited sheet �ow or formed unwanted scour holes be-

cause of hydraulic smooth conditions. These scour holes are unwanted because their di-
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Figure 2.6: Delta morphology. (A) Uniform-sand experiments show delta development with
cycles of sheet �ow and channel incision (as in Van Dijk et al., 2009). (B) Poorly-sorted sand
experiments show sediment size-sorting trends, mouth bars and multiple channels which mi-
grate until they are abandoned. (C) Silt addition results in a more focused channel, at the end
of which a mouth bar forms that leads to back-sedimentation and channel back-�lling followed
by avulsion (as in Hoyal and Sheets, 2009; Van Dijk et al., 2009). (D) Polymer addition to the
sediment mixture (poorly-sorted sand with 20% silt) results in back-cutting of relatively narrow
and deep channels and much more irregular deltas (see also Hoyal and Sheets, 2009).

mensions are nearly independent of channel depth and often much larger than channel

depth. We further found that deltas with the uniform sand exhibited alternating phases

of (unchannelized) sheet �ow and deeply incised channels (Figure 2.6A) in agreement

with Van Dijk et al. (2009, 2012b). Incision initiated with a scour hole at the apex.

In contrast, the poorly-sorted sand formed well-channelized deltas without scour

holes, probably because the coarser particles cause hydraulically rough conditions (see

Eq. 2.8), and because bifurcations were temporarily stabilized by gravel deposition

(Figure 2.6B). More mature deltas were generally semi-circular fan-shaped with pro-

truding mouth bars.

Weakly cohesive silica �our added to the poorly-sorted sand increased channel-

ization and channel depth (Figure 2.6C). The channels showed lateral migration as

well as ’avulsive’ tendencies in the form of chute cuto�s, and deposited silt-rich sheets

between channels in agreement with the river experiments with similar sediment by

Peakall et al. (2007) and Van Dijk et al. (2012b). A wide sediment mixture with poly-

mer, poorly-sorted sand, silica �our and in some cases bentonite (Table 2.3, delta mix)

formed narrow channels with limited lateral mobility and strong banks (Figure 2.6D).

Channels were narrower than in any other mixture and �ow was often supercritical.
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2.3. Experiments for testing erosion and sedimentation

As a result of channel extension by mouth bars and upstream aggradation, avulsion oc-

curred frequently in agreement with Hoyal and Sheets (2009). At the largest polymer

concentrations, knickpoints and backward steps appeared similar to those in deltas on

cohesive lake beds or bedrock. The polymer percolated to underlying layers, which

became stronger over time. Experiments with higher concentrations of polymer and

bentonite (Table 2.3, Hoyal mix) failed in our setup because the delta apex built up to

a level exceeding our simple wooden inlet. Furthermore, the properties and ageing of

this material are determined partly by the setup that mixes polymer into the �ow and

sediment feed.

In general, these experiments showed that poorly-sorted sediment removes the un-

wanted scale e�ect of scour holes in �ne sand and facilitates sorting-related bifurcation

and bar formation. Addition of silica �our increases channelization by strengthening

the banks. Addition of polymer increases bank strength much more and enhances chan-

nelization and avulsion, but causes unwanted channel-bed hardening and backward-

step erosion. In aggradational settings this may not be a problem but in river-pattern

experiments without net degradation or aggradation polymer would inevitably ossify

the entire system.

2.3.5 Stream-table setup for bar formation

A stream table was used to study morphodynamics resulting from the combination

of erosive and sedimentary processes without net degradation or aggradation. In our

channel-pattern experiments, the stream table �tted about two bar or meander lengths.

Water and sediment were supplied at the upstream boundary and the downstream

boundary was a �xed weir. Overhead photography captured the morphodynamics, and

dye indicated water depth and active channel �ow. The stream table allowed fast exper-

imentation with one or two experiments per day and rapid preparation within an hour

for new experiments because of its small size. Di�erent sediments were tested, varia-

tions in upstream discharge and sediment feed were applied to test theoretical relations

between bar wavelength and discharge and to determine the equilibrium conditions.

Furthermore, vegetation was manually sown on the initial bed or in other experiments

added to the in�ow and allowed to be spread by �ow. In this setup we discovered that

shifting of the inlet funnel was crucial to maintain channel dynamics, which was later

employed in the large �ume experiments (Chapters 3, 4 and 6).

Again we found that uniform sand had many scour holes but did not develop an

obvious channel (Figure 2.7A), which is expected from hydraulic smooth conditions and

was also observed in the delta experiments. A double, weakly sinuous bend developed

in poorly-sorted sand with an upstream perturbation (in�ow at an angle to the general

�ume direction). This system also formed scroll bars visible from the sediment-sorting

pattern (Figure 2.7B). A large reduction of discharge resulted in smaller channels, which

then exhibited chute cuto�s before the bends migrated into the sidewalls, which was a

reason to stop the experiments with higher discharge (Figure 2.7C). Addition of silt to

the feeder led to incipient �oodplain formation, somewhat narrower channels, and in
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discharge did not decrease the dynamics of the experiment. (D) Silt addition in the feed deposited
on the outer-bank �oodplain and in the inner-bank point bar. (E) Vegetation on the initial
�oodplain shows formation of sharper and shorter bends because the bank stability increases.

some cases to the prevention of chute cuto� (Figure 2.7D). High silt concentrations in

the feed and lower concentrations in the initial bed both led to lower lateral mobility

or even immobility. Finally, we show an example of an experiment with vegetation

sown uniformly on the initial �oodplain, which reduced lateral mobility but also caused
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Figure 2.8: Comparison of measured bar wavelength in stream-table experiments (Figure 2.7)
and predicted bar length (Eq. 2.12), which is sensitive to transport nonlinearity and which is
highly variable near the beginning of sediment motion. The choice of n = 10 recommended by
Crosato and Mosselman (2009) for gravel-bed rivers agrees reasonably well with our results.

sharper and shorter bends and higher scroll bars (Figure 2.7E).

The wavelength of the forced bends in one of the stream-table experiments (Figure

2.7B) was directly compared to the value predicted by theory (Eq. 2.12, Figure 2.8).

The wavelength is well predicted, but the prediction is highly sensitive to the assumed

nonlinearity n of sediment transport, which is highly variable close to the beginning

of sediment motion as in these experiments. This shows on the one hand that there are

no apparent scale e�ects in the overall dimensions of the bends, but on the other hand

that the predictability is limited whilst the stream-table experiments allow an accurate

measurement that can aid designing a large-scale experiment. Ultimately, these small-

scale experiments resulted in the set of boundary conditions and sediment mixture used

in our large �ume experiments (Chapters 3, 4 and 6).

2.4 Discussion

2.4.1 Experimental design to represent natural rivers

We presented a combination of theoretical and empirical designs for river and delta

experiments. The theoretical design is based on classical similarity scaling and the

empirical design on a set of experiments that can be conducted quickly and cheaply to

explore sediment behavior in bank erosion in the Friedkin setup and channelization and

�oodplain formation in the Delta setup and the stream table in the relevant conditions

so that the large-scale experiments can be conducted more e�ciently.

We compared behavior of materials used in the literature, including poorly-sorted

sediment, silt, clay, alfalfa and a polymer. It turns out that aggrading delta environ-

ments are less sensitive to materials causing a large threshold for erosion, particularly
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the polymer. However, river environments in dynamic equilibrium require a more sub-

tle mode of �oodplain building, which can be done by silt, light-weight sediment, alfalfa

and combinations thereof. On the other hand, materials used here for the �uvial ex-

periments could also fruitfully be used for delta experiments in the future and would

perhaps lead to enhanced �oodplain formation in deltas. Furthermore, there are oppor-

tunities for cross-fertilization with other �elds that employ experiments with mobile

sediments, including debris �ows and turbidites (e.g., Postma et al., 2009), tidal experi-

ments (e.g., Stefanon et al., 2010; Kleinhans et al., 2012) and planetary experiments (e.g.,

Kraal et al., 2008).

The most important characteristics of natural rivers are that the sediment has to be

mobile, the channel-bed sediment must be cohesionless and on average coarse enough

for hydraulic rough conditions, and �ow must be subcritical. Furthermore, the erodibil-

ity of the banks and the resulting width-to-depth ratio determines natural bar pattern

(Figure 2.9). All these characteristics are also the most important experimental design

criteria. Most experiments listed in Table 2.1 ful�ll these criteria, except those with the

�nest bed material. A striking result is that most experiments have dominantly bed-

load transport for sandy sediment, whereas natural rivers with sand as bed material are

usually dominated by suspended bed-material transport. This leads to the conclusion

that most experiments to date represent gravel-bed rivers in nature, whereas exper-

imental reproduction of suspension-dominated sand-bed rivers remains a challenge.

Perhaps the use of light-weight sediments coarse enough to prevent hydraulic smooth

conditions and cohesion can be of use.
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2.4.2 Interpretation of experimental scales

Given a spatial scale of an experiment designed according to the rules of the similarity

scaling procedure, a morphological time scale can be calculated directly from a rele-

vant sediment-transport rate and a control volume that is eroded or deposited. For our

experiments and analogue models that violate similarity scaling rules, this time scale

approach is still valid because the sediment-transport rate literally determines how fast

a certain volume is �lled or removed. However, the process of bank erosion depends

on multiple variables including geotechnical. This raises the question how the charac-

teristic time scale of channel migration and bend formation a river pattern experiment

should be determined, and what it actually represents.

We compared experimental bend-migration rates normalized with channel width

to typical values found in nature. Typical bank-erosion rates in the experiments were

of the order of 1 cm/hr, or about one channel width per about 8 �oods (Van Dijk et al.,

2013). Apparently, the experimental channel migration is relatively faster than in na-

ture. In itself this is not entirely surprising because experimental rivers are always in

the formative �ood condition, so a correction of the data with an appropriate �ood in-

termittency could perhaps correct the bias. To estimate the morphological time scale, a

control volume of eroded sediment was calculated from the average water depth near

the outer banks and the surface area of the area eroded by one bend with the maxi-

mum erosion length of one width. This volume, eroded over a certain amount of time,

was compared to the sediment-transport feed rate of the experiment. We found that

migrating bends reworked a surprisingly large amount of sediment: more than four

times the sediment-feed rate (Chapter 3). This agrees with values found in the Friedkin

experiments, where no sediment was fed upstream.

At the moment, the cause of the relatively large local sediment-transport rate in

eroding bends is not fully understood. Higher transport rates near the banks are ex-

pected to some extent because �ow shear stress is larger than average near the outer

banks and transport is enhanced by the bank slope. On the other hand, the banks are

stronger than the loose bed sediment. Perhaps the high transport rate is due to an ex-

perimental scaling issue where banks in experiments are weaker than in natural rivers

relative to the shear stress of the outer-bank �ow, but perhaps the sediment displace-

ment rate by bend migration in nature is also much larger than the typical average

sediment-transport rates in the channel.

Tentatively, we de�ne a loose time scale characteristic of bend migration over which

a bend migrates on average one channel width. Here we compare the experiment de-

scribed in Chapter 3 to the Allier river in France and the Rhine river near the Dutch-

German border, which are both morphologically similar to the experiment in the sense

that the dominant mode of sediment transport is bedload and the pattern is meander-

ing with chute cuto�s. When compared to the Allier river, the experiment represents

decades and when compared to the Rhine river it represents centuries. Rivers of other

sizes would have di�erent time scales depending on their dimensions, sinuosity and on

general �oodplain properties that determine bank strength.
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Figure 2.10: Point-bar deposits have lateral-accretion surfaces corresponding to the migrating
transverse-bed slope of the river channel. (A) Section of a point-bar deposit of the river Rhine
in a quarry in Rheinberg, Germany (courtesy G. Erkens). (B) Map view of experimental point
bar (see also Chapter 6). (C) Slice of experimental synthetic stratigraphy of the point bar in B.

2.4.3 Scale-dependence or independence?

The use of experiments to study �uvial and deltaic patterns has been eloquently de-

fended elsewhere (Paola et al., 2009) and our results in small-scale �umes show that

scaling rules from engineering may be violated with usable results for the purpose of

studying the patterns if direct comparison to a particular prototype is not the aim.

Paola et al. (2009) argued that experiments of �uvial and deltaic patterns show sim-

ilar morphology and dynamics as their counterparts in nature, because these patterns

are scale-independent. We further assume in agreement with Paola et al. (2009) and oth-

ers that appropriate experimental morphodynamics automatically lead to appropriate
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Figure 2.11: Cumulative distributions of mean-annual �ood discharge as a measure for the
size of a river, showing that similar patterns occur in rivers with discharge varying more than
three orders of magnitude. Field data of natural equilibrium rivers is �ltered for bar pattern in
three classes that all show evidence of lateral migration: (A) Meandering rivers with scroll bars.
(B) Meandering rivers with scroll and chute bars, and (C) braided rivers.

stratigraphy. This assumption is based on the scale-independence of the transverse-bed

slope predictor (Eq. 2.20), which determines the angle of lateral-accretion surfaces and

the scour depth of pools. Following Paola and Borgman (1991) the deepest scours de-

termine the set-thickness statistics, and our experiments corroborated this hypothesis

for meandering rivers (Chapter 3). We found that transverse-bed slopes in the experi-

ments agreed very well with theory (Figure 6.13 of this thesis) and has similar values

as the targeted prototype rivers (Figure 2.10). Such results indicate that scale problems

of river and delta models may be smaller than anticipated in the engineering literature.

There is further evidence for some scale-independence in �eld data of natural equi-

librium rivers with various patterns (Kleinhans and Van den Berg, 2011). Three bar

patterns associated to increasingly larger width-to-depth ratios are compared in Figure

2.11. The data show that similar patterns occur in rivers with discharge varying more

than three orders of magnitude. For example, rivers with scroll bars and chute cuto�s

as also formed experimentally in Chapter 3 occur for mean-annual �ood discharges

ranging from 20–30,000 m
3
/s. The ratio of discharge of the largest and smallest rivers

in the data set is as large as the ratio of discharge of the smallest river and the exper-

iments with the same pattern. In other words, similar river patterns are observed for

�ow discharges di�ering seven orders of magnitude.

The notion of scale-independence is supported to some extent by the experimental

data in comparison with theoretical predictions of bar lengths and pattern. For exam-

ple, bar length is well predicted for the small-scale stream-table experiments (Figure

2.8). However, it is sensitive to the assumed degree of sediment-transport nonlinearity,

which is highly sensitive to the Shields mobility number near the beginning of sedi-

ment motion. Clearly, bars and channels cannot be scaled down without a limit. In
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fact, most experiments reported in literature (Table 2.1) have a discharge, particle size

and slope of similar magnitude. This is not merely a compromise between the scale

e�ects and the maximum size of facilities that can be handled by a few researchers, but

is in fact near the smallest scale above the threshold for motion of medium sand that

produces bars, channels and other phenomena of interest.

Clearly, several thresholds exist beyond which the scale-independence breaks

down. The theoretical analysis and the experiments show that these thresholds in-

clude the transition from subcritical to supercritical �ow, the transition from hydraulic

smooth to rough bed, the beginning of sediment motion, and the threshold for erosion

of cohesive or vegetated banks. Phenomena of interest in their own right arise when

these thresholds are not met, but when experiments are designed on the right side of

these thresholds, many phenomena found in natural rivers and deltas can well be rep-

resented in the experiments in a quanti�able way. Our results show that experiments

at practically feasible scales can adhere to these relaxed scaling rules.

2.5 Conclusions

We showed how a number of small laboratory setups and protocols can be used e�-

ciently to isolate certain processes, determine their rates and tendency to channelize

or spread, assess potential scale e�ects and identify the most likely successful settings

for expensive large-scale experiments.

1. Similarity scaling has worked well for rivers with �xed banks and for braided

gravel-bed rivers, but cannot straightforwardly be applied when width is a de-

pendent parameter in self-formed channels.

2. Physics-based predictors of bar wavelength and transverse-bed slope are well

applicable without apparent scale problems to laboratory experiments.

3. The tendency of a small-scale �uvial system to form �oodplains and erode banks

depends to a large extent on the properties of the sediment and presence of veg-

etation or other substances that enhance bank strength.

4. The Friedkin bank erosion test showed signi�cantly di�erent erosion trends that

were very sensitive to bank composition.

5. The delta-deposition test indicated that sedimentation patterns and dynamics dif-

fered dramatically between di�erent types of sediment with an increased chan-

nelization tendency for more cohesive sediment mixtures.

6. Stream-table �uvial experiments demonstrate that there is a narrow range of

conditions between no mobility of bed or banks, and too much mobility.

7. Most experiments represent gravel-bed rivers in nature, whereas experimental

reproduction of suspension-dominated sand-bed rivers remains a challenge.
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CHAPTER 3

Meander-belt architecture formed under constant
conditions

Strati�cation in meander belts is the key to reconstruct formative channel dimensions and pa-

leo�ow conditions. This requires an understanding of the relation between morphodynamics

and stratigraphic set thickness. So far, theories to reconstruct the original morphology from

preserved stratigraphy have not been tested for meandering river channels for lack of detailed

bathymetry. We conducted an experiment which reproduced a sustained dynamic meandering

gravel-bed river with the objectives to i) test the prediction of set thickness as a function of the

morphology formed by a meandering river channel, and ii) explore and explain spatial and tem-

poral set-thickness variations in the resulting channel belt. High-resolution measurements of

time-dependent surface elevation were used to quantitatively relate the preserved stratigraphy

to the meandering river morphology. We �nd that the mean set thickness agrees well with the

theoretical prediction from channel morphology. The mean preserved set thickness is 30% of the

mean channel depth. Due to the absence of aggradation during the experiment, this provides a

lower limit for the preserved mean set thickness which is to be expected as well for aggrading

systems as reworking is some orders of magnitude faster than aggradation. Furthermore, the

time to mature a channel belt and its set-thickness distribution is about the time required to de-

velop and propagate bends that �ll the channel-belt surface. Finally, there is much systematic

spatial variation in set thickness related to repetitive point-bar growth and chute cuto�. We �nd

undisturbed and thick sets close to channel-belt margins and more irregular stratigraphy with

stacked thinner sets in the channel-belt center.

This chapter is published as: Channel-belt architecture formed by a meandering river, by W.I.

van de Lageweg, W.M. van Dijk and M.G. Kleinhans, Sedimentology, 2012, doi: 10.1111/j.1365-

3091.2012.01365.x.
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3. Meander-belt architecture formed under constant conditions

3.1 Introduction

Preservation is the link between �uvial surface morphodynamics and what is recorded

in the �uvial sedimentary record (e.g., Allen, 1984; Paola and Borgman, 1991; Bridge

and Best, 1997). Reconstruction of the original channel morphology from stratigraphy

can provide important information about paleo�ow conditions. To infer the original di-

mensions of paleomorphological features such as river channels from the �uvial record,

a detailed understanding of the relation between morphodynamics and preservation is

needed.

Studies of ancient and modern �uvial systems have indicated a complex and irregu-

lar internal channel-belt architecture (Collinson, 1970; Cant and Walker, 1978; Jackson,

1978; Miall, 1980; Ori, 1982). In the absence of channel aggradation and incision, lateral

channel migration governs the spatial variability of the channel-belt architecture. For

meandering rivers, repetitive meander growth and cuto�s result in a higher number

of reworking cycles of point bars compared to the abandoned channel �lls adjacent

to the channel-belt margins (Fisk, 1952; Allen, 1963; Lewin and Macklin, 2003). As

a consequence, attempts to synthesize this three-dimensional architectural variability

within the channel-belt deposits into characteristic one-dimensional vertical pro�les

have failed (Miall, 1985; Bridge, 1985).

Set thickness can be predicted from morphology based on a number of theories.

For the most simple case of regular morphology, the formation of sets is described

in Allen (1970). However, �uvial morphology is often irregular and therefore set for-

mation depends both on the magnitude and order of occurrence of extreme scours.

Paola and Borgman (1991) developed a theory which allows determination of the

probability-density function of set thicknesses produced by irregular morphology for

zero net-deposition, i.e., no net degradation or aggradation. Prediction requires de-

tailed bathymetry to determine the tail parameter in a gamma or similar distribution.

This is available for experimental bedform data (Bridge and Best, 1997; Leclair et al.,

1997; Storms et al., 1999; Leclair and Blom, 2005) but unavailable for meandering rivers.

Morphological surveys of modern braided rivers channels resulted in predicted preser-

vation ratios between 0.4 and 0.75 (Paola and Borgman, 1991), but these could not be

compared to subsurface observations.

To substantiate �eld observations of the morphodynamics and deposits formed by

braided rivers, numerous studies have reported on experimental braided surface evo-

lution (e.g., Ashmore, 1982, 1991a,b; Ashworth, 1996; Metivier and Meunier, 2003), its

depositional expression (e.g., Ashworth et al., 1994, 1999; Peakall et al., 1996; Moreton

et al., 2002) and quantitative relations between these (Straub et al., 2009; Ganti et al.,

2011). In contrast, experimental reproduction of sustained dynamic meandering has

proven di�cult (Tal and Paola, 2007; Peakall et al., 2007; Braudrick et al., 2009; Paola

et al., 2001, 2009; Kleinhans, 2010). In the absence of cohesive material, incipient mean-

dering channels widen and eventually develop into a braided pattern (Friedkin, 1945)

whereas the introduction of too much cohesive material resulted in a static planform
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3.2. Methods and data

Table 3.1: Experimental design conditions.

Parameter Value

Flume length 11 m

Flume width 6 m

Initial channel width 0.3 m

Initial channel depth 0.015 m

Bankfull discharge 1 l/s

Velocity 0.2 m/s

Basin slope 0.0055

Froude number 0.5

Reynolds number 3000

Particle Reynolds number 38

Shields number 0.09

(Schumm and Khan, 1972; Jin and Schumm, 1987; Smith, 1998).

Here we report on a �ume experiment simulating a meandering gravel-bed river

during constant forcing and non-aggradational conditions with the objectives to a) test

the Paola and Borgman (1991) theory to predict set thickness as a function of mean-

dering river channel morphology, and b) explore and explain spatial and temporal set-

thickness variations in the resulting channel belt. A series of high-resolution surveys

of the morphology allowed detailed observations of a maturing meandering gravel-bed

river, and for the �rst time to quantitatively relate the preserved channel-belt architec-

ture to the evolution of a meandering river channel.

3.2 Methods and data

3.2.1 Experimental scaling conditions

The experiment was set up to represent the conditions in a meandering gravel-bed river.

These are common in nature (Kleinhans and Van den Berg, 2011) and can be scaled

in laboratory size, contrary to meandering sand-bed rivers (Chapter 2). The design

conditions were not derived from direct scaling of a speci�c river but on a minimization

of scaling issues for hydraulic conditions, sediment transport conditions and channel

geometry (Paola et al., 2009; Kleinhans et al., 2010b). Key dimensionless variables are

kept within a range of values to ensure process similarity with natural rivers (Table

3.1).

For hydraulic similarity, Froude numbers (Fr) must be subcritical (Fr < 1) and

�ow is fully turbulent (Re > 2000). To satisfy the sediment transport conditions, bed-
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3. Meander-belt architecture formed under constant conditions
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Figure 3.1: Particle size distribution of bed (solid) and feed (dashed) sediment.

load should be mobile (θ > θcr) (Kleinhans and Van den Berg, 2011). The bed sediment

consisted of a poorly-sorted sediment (Figure 3.1, D10, D50 and D90 are 0.25, 0.51 and

1.35 mm respectively). The coarser particles ensure a hydraulically rough boundary

(Re∗ > 11.6) due to disruption of the laminar sublayer, which prevents the formation

of ripples and scour holes (Kleinhans et al., 2010b). Similarity in channel geometry de-

pends on the channel width-depth ratio, which determines bar formation and the bar

mode (Struiksma, 1985). This required that the channels had enough strength in their

banks so they did not become too wide and shallow which would result in braiding.

The feed sediment therefore consisted of a mixture of the poorly-sorted bed sediment

and 20 volume percent of silt-sized silica �our (D10, D50 and D90 are 3.7, 32 and 97

µm respectively). The silt-sized silica �our transports as suspended load and forms

weakly cohesive deposits. Silica-�our dominantly deposits on the bar platform in in-

active swales and introduces bank strength to the �oodplain (Peakall et al., 2007). We

quantitatively compared the experimental meandering dynamics and geometry to em-

pirical and analytical predictors (see Van Dijk et al., 2012b) to evaluate the agreement

with and scaling to natural meandering rivers.

3.2.2 Experimental procedures

The experiment was conducted in an 11 m long, 6 m wide �ume set at a gradient of

5.5 × 10−3
(Figure 3.2). The �ume was �lled with a 10 cm thick layer of poorly-sorted

sediment in which an initial 0.3 m wide and 0.015 m deep straight channel was carved.
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Figure 3.2: Schematic view of the Eurotank �ume showing the experimental conditions and
area for collecting elevation data and overhead images.

Sediment and water were supplied at constant rates of 1.25 kg/hr and 1 l/s respectively.

The downstream boundary consisted of a deep basin with constant water level con-

trolled by a �xed over�ow. The deep basin acted as a sediment trap in which a delta

formed.

Morphological surface elevation data were collected 40 times during the course of

the 260-hour experiment. A line-laser with a vertical resolution of 0.2 mm was used

to record the elevation of the �uvial surface. An overhead camera recorded time-lapse

images at 10-min intervals used for movies. For a higher contrast between dry and

wet areas, the water was colored violet with Rhodamine B dye. Surface �ow velocities

were 0.25-0.3 m/s and the �ow was slightly subcritical with occasional static antidunes

indicating localized critical �ow. The experiment was continued for another 368 hrs

with di�erent discharge and sediment scenarios (not reported here).

3.2.3 Upstream supply point

The upstream supply point at which water and sediment entered the �ume was dy-

namic and moved transversally up to 1 m in both directions. First, from 0-30 hrs the

supply point was at a �xed position with an o�set of half the channel width to study the

channel evolution with a static upstream perturbation. Second, from 30-80 hrs the sup-

ply point was transversely moved to the left with a constant rate of 1 cm/hr. Third, from

100-260 hrs the supply point was moved to the right with a constant rate of 1 cm/hr.

The migration rate of 1 cm/hr was based on the initial rate of bend migration observed

during earlier pilot experiments, and is equal to a movement of
1
30 channel width per

hour. The supply point had a �xed orientation perpendicular to the upstream edge of
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3. Meander-belt architecture formed under constant conditions

the tank. Note that the supply point is merely a perturbation and if we had wanted

to simulate exactly a meander migrating into the �ume then the motion of the supply

point would have been much more complicated with changing orientation, sinusoidal

migration rates or longitudinal movement.

Tests without upstream migration resulted in a decrease in channel dynamics, while

a faster movement of 5 and 10 cm/hr of the supply point resulted in channel abandon-

ment upstream, as lateral and longitudinal channel migration could not keep up with

the migration speed of the supply point. These results suggested that a minimum rate

of perturbation is needed and that channel development is bounded to a maximum per-

turbation rate, which depended on the erodibility of the banks. In general, we observed

that a larger amplitude of the supply point resulted in an increase of overbank �ow in

the upstream reach. The increase in overbank �ow resulted in less sediment transport

capacity and therefore to in-channel deposition in the upstream reach. A decline of the

amplitude following a directional shift in the movement of the supply point decreased

the overbank �ow again. The e�ect of the transversal perturbation on downstream

bend development was limited to the development of the �rst bend, while the second

bend moved around freely (Van Dijk et al., 2012b). This is consistent with Zolezzi and

Seminara (2001), who found that a perturbation decays a few channel widths in down-

stream direction. For further details, see Van Dijk et al. (2012b).

3.2.4 Data processing

Surface observations

Surface elevation data from the line-laser were median-�ltered on a 10 mm grid to

construct a rectangular Digital Elevation Model (DEM) for every time step. The DEMs

were detrended by subtraction of the initial DEM from successive DEMs. DEMs of

Di�erence (DoD) between consecutive DEMs were created to assess patterns of erosion

and deposition. The elevation data were summarized into histograms with a bin width

of 1 mm. To minimize boundary e�ects, the observations of the most upstream and

downstream meter were not included in the analysis. Overhead images were recti�ed

for lens distortion to a plan view using standard photogrammetric techniques (Heikkila

and Silven, 1997).

From surface to subsurface observations

The 40 DEMs were used to create three-dimensional (3D) channel-belt stratigraphy

(Figure 3.3). These synthetic deposits record channel behavior and represent the

channel-belt architecture in di�erent development stages. For every DEM grid point,

a synthetic stratigraphic column is created based on its elevation time series (Figure

3.4). Within the elevation time series, periods of inactivity, erosion and deposition

can be distinguished. Deposition builds up a stratigraphic column, whereas erosion

removes the column partially or completely. The sequence of erosion and deposition

creates stratigraphic sets. We de�ne stratigraphic sets as depositional bodies enclosed
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Figure 3.3: Cross-section of synthetic stratigraphy formed during experiment. (A) Lateral
channel migration and the formation of stratigraphic sets. (B) De�nition of set and channel
depth. Set is de�ned as a depositional body enclosed by two successive erosional surfaces, and
channel depth is measured with respect to the highest morphological elevation. This implies
that the vertical coordinate system changed with time since the �uvial landscape varied in
elevation for every time step.

by two successive erosional surfaces (Figure 3.3 and Figure 3.4), and discuss rami�ca-

tions of the de�nition and measurement methods later. The sets are used to calculate a

set-thickness distribution for comparison with the theoretical prediction from channel

morphology, and to explain stratigraphic variations within the meander belt.

Set-thickness prediction

Paola and Borgman (1991) showed that for irregular morphology the relation between

morphology and stratigraphic architecture depends both on the magnitude and order of

occurrence of extreme scours. They derived a theoretical relation between set thickness

and morphological surface elevation:

p(s) =

1
β e

− s
β (e−

s
β + s

β − 1)

(1− e−
s
β )2

; s > 0 (3.1)

where p(s) is the probability density for set thickness s, and β is the mean value of the

exponential tail of the probability density for morphological elevation and has units
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Figure 3.4: Elevation time series showing the formation of a stratigraphic column at coordinate
x = 5.5 m, y = 3.1 m. The black line indicates the elevation time series for this location. The
dashed red line shows the preserved elevation time series for this location at the end of the
experiment.

of length. The mean and standard deviation of this equation are 1.645β and 1.445β,

respectively. A direct estimate ofβ can be obtained by �tting the two-parameter gamma

density distribution to the channel-depth distribution at a certain time:

f(x) =
xα−1e−x/β

βαΓ(α)
;x ≥ 0 (3.2)

where Γ(α) is the incomplete gamma function and x is channel depth with units of

length. The β parameter a�ects the width and amplitude of the gamma density distri-

bution. Note that the β parameter is used as a �tting parameter in Eq. 3.2. The outcome

of this �tting exercise is then applied to Eq. 3.1. The two-parameter gamma density

distribution has three di�erent regimes depending on the value of α (Yevjevich, 1972;

Bobee and Ashkar, 1991). For α < 1 the distribution is monotonically decreasing, and

for α = 1 it reduces to an exponential distribution. Here α > 1, for which the distribu-

tion has an asymmetric convex-shaped curve. Parameter estimates of the mean (xm)

and variance (σ2
) of the two-parameter gamma density distribution are given by:

xm = αβ (3.3)

σ2 = αβ2
(3.4)
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3.3. Results

Hence, the α and β parameters are x2m/σ
2

and σ2/xm respectively. Mean set thickness

(MST ) and vertical set-thickness preservation ratio (V SPR), de�ned as the ratio of

mean set thickness to mean channel depth, are calculated according to:

MST = 1.645β (3.5)

V SPR =
1.645

α
(3.6)

This implies that mean set thickness is proportional to the variance in morphology.

Therefore, highly irregular morphology results in a high preservation ratio whereas

more regular morphology creates lower preservation ratios. It also shows that this

theoretical result is consistent with the common sense that the deepest scours have the

highest potential to be preserved as they are not easily reworked.

To predict a mean set thickness and preservation ratio from morphology using the

Paola and Borgman (1991) theory, we converted the morphological surface elevation to

channel depth according to their de�nition. Channel depth is measured with respect to

the highest morphological elevation formed by overbank splay deposits on top of the

pristine plain (Figure 3.3). Since the �uvial landscape developed from a straight initial

channel to a more complex system at the end of the experiment, the vertical coordinate

system changed with time: for every time step the channel depth was measured down

from the highest morphological elevation at that particular moment. We examined the

distributions of the morphological elevation and set thickness based on the 10, 50 and

90% percentiles of these distributions. To compare the observed with the predicted

mean set thickness, we also calculated the mean value from the distribution of the

observed set thicknesses.

3.3 Results

3.3.1 Meandering gravel-bed river morphology

The initial straight channel developed into a low-sinuosity meandering river during the

�rst 30 hrs (Figure 3.5A and B). During this initial phase, the supply point was o�set

with half a channel width and held constant for 30 hrs. Bank erosion on one side of

the channel provided sediment to form a point bar on the downstream opposite side. A

maximum of three point bars formed in this way, which resulted in a maximum sinuos-

ity of 1.12. The initial upstream perturbation convected downstream and straightened

the weakly sinuous channel.

As a response to the transversal movement of the upstream supply point at 30 hrs,

the channel was re-activated and remained active during the rest of the experiment.

Again, bank erosion on one side of the channel provided sediment to form a point bar

on the downstream opposite side (Figure 3.5C).
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Figure 3.5: Digital Elevation Models (DEMs, left panels) and recti�ed overhead photographs
(right panels) showing the evolution of the experimental river. The blue arrow indicates the po-
sition of the supply point and the white arrow indicates the direction of supply point movement.

Morphological evolution

A submerged bar formed in the initial bend. Successive lateral accretion of unit bars

shoaling onto this submerged bar caused an increase in bar length and width. This re-
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Figure 3.6: Meander-belt surface evolution relative to pristine plain level. (A) Meander-belt
surface elevation distribution. (B) Meander-belt width and area.

sulted in bar emergence followed by an increase in bend amplitude. In total, three bars

formed which developed in the same manner as described for the initial bar. Develop-

ment of the initial upstream point bar triggered the formation of a second submerged

downstream bar which, in turn, triggered the formation of a third bar. The formation

of three point bars with growing bend amplitude increased sinuosity to a maximum of

1.3 (Figure 3.5C).

Initially, the point bars consisted of a series of scroll bars which formed a typical

ridge and swale topography. Scroll bars were typically a few centimeters wide and

initially regularly spaced. Changes in upstream channel orientation or the formation

of a chute cuto� resulted in a more irregular spacing of scroll bars. The length of scroll

bars varied but was generally half a meander length. Ongoing lateral accretion as a

result of scroll bar deposition increased bend amplitude. Bend translation continued

over the following 100 hrs. Bend wave length increased and the initial point bars were

reworked into new point bars (Figure 3.5D).

Reversal of the direction of movement of the upstream supply point at 100 hrs

resulted in a multiple-bend cuto�, which eventually nearly straightened the channel

(Figure 3.5E). After this cuto�, new bars and bends formed which mirrored the pre-

viously formed bends and bars (Figure 3.5F). In general, bar and bend formation pro-

ceeded in the same manner as described for the initial bend. However, partially-�lled

residual channels became increasingly dominant in �oodplain formation. Due to a lim-

ited amount of suspended material and the absence of �oods, depressions were not

entirely �lled by sediment. Chute cuto�s developed as a bend migrated downstream

and occupied these depressions, i.e., topographic lows, in the active �oodplain (Figure

3.5G). First, in-channel sedimentation and bar accretion resulted in a disconnection be-

tween the channel upstream and downstream of the point bar. Second, overbank �ow

focused as it rapidly incised a chute channel in the outer bank and formed a chute splay

downstream of this channel. Third, overbank �ow converged from the �oodplain into

the large swale depressions downstream and produced headcuts that propagated in up-

stream direction. Last, the chute cuto� was successful when the overbank �ow incised
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Figure 3.7: Deposition of �ne silica �our. The silt-sized silica �our is white and is dominantly
deposited on the bar platform and bar tail. During overbank �ow silica �our is also deposited
on the pristine plain. Flow is from left to right and the pink color is caused by the Rhodamine
B dye.

the chute splay and connected with a headcut. After the occurrence of a chute cuto�,

the channel widened and a new bar formed. We observed only one chute cuto� during

the �rst half of the experiment, whereas three chute cuto�s occurred during the second

half (Figure 3.6B).

During the �rst 30 hrs, initial channel reworking decreased the surface elevation

(Figure 3.6A). Channel incision deepened the active channel which increased the ele-

vation range of the morphology. After this initial channel adjustment, lateral channel

migration determined �oodplain formation. During this phase both the median eleva-

tion and the elevation range of the meander-belt morphology remained about constant.

Both the meander-belt width and reworked area continued to increase during the

experiment (Figure 3.6B). Mean meander-belt width increased from 0.6 m at 8 hrs to 2.1

m at the end of the experiment. Also, the reworked area increased from 4 m
2

to 15 m
2
.

However, continuation of the experiment for another 368 hrs with di�erent discharge

and sediment scenarios showed that the meander-belt width and reworked area only

increased another 0.4 m and 2.5 m
2

respectively.

Deposition of fines

Finer silica �our dominantly deposited on the bar platform, bar tail and antecedent

channel adjacent to the channel bank (Figure 3.7). During bar emergence �ow veloc-

ities were high and the �ne silica �our could not settle on the bar. Lateral accretion

increased bar amplitude which eventually resulted in overbank �ow onto the point
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bar head. Consequently, relatively coarse-grained sediment deposited at the bar head

whereas the �nes settled more downstream on the bar tail. Changes in upstream chan-

nel orientation or the formation of a chute cuto� resulted in periodic higher and lower

�ow velocities along the bar. During high �ow velocities coarser sediment deposited

along the point bar forming a new scroll bar. During periods of low �ow velocity �nes

could settle on these scrolls. These alternations of �ne and coarse sediment could also

well be recognized as inclined surfaces in sediment peels. During overbank �ow silica

�our deposited on the pristine plain. Sometimes this formed small levees, sometimes

it formed the distal facies of a crevasse splay. Silica-�our deposition in the depres-

sion of the point bar and on the outer bank did not form large cohesive drapes so that

bank strength and the critical shear stress for sediment entrainment probably did not

increase much.

Erosional and depositional pa�erns

Point-bar growth resulted in meander-bend expansion and translation. Channels mi-

grated by outer-bend erosion and inner-bend deposition, which systematically shifted

zones of erosion and deposition laterally (Figure 3.8A). In addition, these active zones
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density. (C) Time series of channel-depth distribution. Bin width is 1 mm.

of erosion and deposition migrated downstream.

Deposition resulted in a �at morphological expression whereas erosion created

large surface-elevation changes (Figure 3.8B). Deposition was spread over a large area

and dominantly occurred on inner-bend point bars forming scroll bars, crevasse splay

and lobate bars. In contrast, erosion was concentrated in a smaller area and associ-

ated with outer-bend deepening and formation of chute channels. Prior to channel

straightening due to chute cuto�, both the chute channel and main channel were ac-

tive. Deep con�uence scours formed downstream of the point bars where the chute

channel joined the main active channel. The di�erent signatures of the erosional and

depositional patterns a�ected the channel-depth and set-thickness distributions that

will now be described.

3.3.2 Set-thickness prediction

Channel depth

The Paola and Borgman (1991) theory uses the channel-depth distribution (xm, σ2
, see

Eq. 3.2) to predict a mean set thickness (MST ). The smallest channel depths correlated
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Figure 3.10: Comparison of measured and predicted mean set thickness (MST ) and vertical
set-thickness preservation ratio (V SPR) from channel morphology. (A) Measured values of
the probability density for channel morphology at the end of the experiment, together with a
�tted gamma density function (Eq. 3.2). (B) Time series of the χ2 test statistic. Since the data
are divided into 50 bins and we have estimated two parameters, the χ2 test statistic may be
tested against the χ2 distribution with 50 -1 -2 = 47 degrees of freedom. With 47 degrees of
freedom the critical value for the p = 0.05 signi�cance level is 64. All values are smaller which
indicates that the gamma density function is an adequate �t of the data. (C) Time series of
predicted (line) and observed (dots) MST . (D) Time series of predicted (line) and observed
(dots) V SPR.

spatially with overbank deposits such as crevasse splays and lobate bars on top of the

point bars (Figure 3.9A). Point bars consisting of a series of scroll bars formed most of

the channel morphology and had a thickness of 10 to 20 mm (Figure 3.9B). The chute

and main active channels were between 20 and 40 mm with the outer bends forming

the deepest parts. The largest channel depths were formed by con�uence scours and

outer-bend pools, which had a limited spatial extent.

Most of the morphology had channel depths between 10 and 20 mm (Figure 3.9C).

The channel depth distribution however changed over time. Reworking of the initial

channel during the �rst 30 hrs created a very broad and �at distribution with channel

depths ranging between 5 and 30 mm. After the �rst 30 hrs, lateral channel migration

formed a morphology in which most (50 to 60%) of the channel-depth observations

were between 10 and 20 mm with progressively less observations for larger depths.

The �nal mean channel depth was 15.4 mm.

Mean set thickness

The gamma distribution described the channel-depth observations well (Figure 3.10A).

The χ2
values for the �tted density function were well below the critical value for

the p = 0.05 signi�cance level, which indicates that the gamma density function is an

adequate �t of the data (Figure 3.10B). The �tted gamma distribution returned maxi-

mum likelihood estimates for the parameters α and β. From Eq. 3.5 and Eq. 3.6, this

resulted in a predicted mean set thickness (Figure 3.10C) and a vertical set-thickness
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the density function predicted from Eq. 3.1. (B) Time series of the χ2 test statistic. Since
the data are divided into 25 bins and we have estimated two parameters, the χ2 test statistic
may be tested against the χ2 distribution with 25 -1 -2 = 22 degrees of freedom. With 22
degrees of freedom the critical value for the p = 0.05 signi�cance level is 33.9. All values are
smaller which indicates that Eq. 3.1 is an adequate �t of the data. (C) Time series of predicted
(line) and observed (symbol) set-thickness distribution. The di�erences between the predicted
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preservation ratio, i.e., mean set thickness over mean channel depth (Figure 3.10D).

The predicted mean set thickness was generally between 4 and 6 mm whereas the

observed mean set thickness was generally lower and between 3.5 and 5.5 mm (Figure

3.10C). Interestingly, the predicted mean set thickness increased during the �rst 50

hrs whereas the observed mean set thickness decreased. Channel incision removed

previously deposited material which decreased the observed mean set thickness. In

contrast, the incision increased the elevation range of the morphology which raised

the β parameter and consequently the predicted mean set thickness increased.

The predicted vertical set-thickness preservation ratio (V SPR) was generally

higher than the observed V SPR (Figure 3.10D). After the �rst 50 hrs, the predicted

V SPR varied 0.25 and 0.4, and the observed V SPR between 0.25 and 0.35. For most

time steps, the observed V SPR was about 10% less than predicted.

In short, predicted and observed values of both mean set thickness and V SPR are

in close agreement although the observed value is generally 10% less than predicted.

In addition, both the observed and predicted V SPR vary around 0.3, which indicates

that on average about 30% of the original channel depth is preserved.
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3.3.3 Meander-belt architecture

Up to this point we have used only the mean set thickness to examine the meander-belt

architecture, whereas the experiment allows us to evaluate the entire set-thickness dis-

tribution and spatial variations in stratigraphic architecture. This additional informa-

tion is used here to contrast the full observed and predicted set-thickness distributions,

and explain temporal and spatial variations in the meander-belt architecture.

Set-thickness distribution

The observed set-thickness distribution was generally well described by the predicted

density function (Figure 3.11A). To predict a set-thickness distribution for every time

step, we used the β parameter as determined from the channel-depth observations. The

χ2
values for the �tted density function were well below the critical value for the p =

0.05 signi�cance level, which indicates that the predicted density function is an accept-

able �t of the data (Figure 3.11B). Initial bar formation resulted in a median set thickness

of 2.5 mm with 80% of the set thicknesses between 0.05 and 10 mm (Figure 3.11C). After

the �rst 50 hrs, 50% of the sets had a thickness smaller than 2 mm with progressively

less observations of thicker sets. The maximum preserved set thickness was 25 mm,

which is equal to 1.6 times the mean channel depth. Consistent with the mean set

thickness, the predicted and observed median set thickness were in close agreement.

Towards the tails the agreement between the observed and predicted set-thickness dis-

tributions decreased. The observed S10 was a factor ten smaller than predicted whereas

the observed S90 was a factor four larger than predicted. This indicates that the ob-

served set-thickness distribution was on both sides of the distribution heavier than the

predicted one, i.e., we observed both more thicker and more thinner sets than predicted.

The time to mature the set-thickness statistics was about the time required to de-

velop and propagate a single series of bars that �ll the meander-belt surface (Figure

3.5C). After the �rst 50 hrs, initial bend and bar formation had resulted in a set-thickness

distribution which remained about constant (Figure 3.11C) despite repetitive bar forma-

tion, chute cuto� and ongoing set formation (Figure 3.11D). Chute cuto�s eroded pre-

viously deposited material which decreased the number of sets and temporarily ceased

the formation of sets. However, re-activation of the channel and the formation of new

bends and bars increased the number of sets again but did not alter the set-thickness

distribution. Until 240 hrs, the number of sets continued to increase mainly due to

the formation of new deposits by eroding the margins of the meander belt. After 240

hrs, reworking of previously deposited material became dominant and decreased the

number of sets again but the set-thickness statistics remained about constant.

Spatial variation in set thickness

The extreme channel depths reworked the base of the meander belt (Figure 3.12A).

Individual deep con�uence scours and outer bends pools can be recognized but most

of the base was formed by less extreme channel depths. This shows that the extreme
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channel depths have only had a local impact. Consequently, the elevation distribution

of the base resembled the distribution of the surface morphology (Figure 3.12C).

The thickest sets formed where deep con�uence scours and outer bends had re-

worked the base of the meander belt (Figure 3.12B). In general, the maximum set thick-

ness increased when the elevation of the base lowered (Figure 3.12D). This corroborates

the basic underlying assumption of the Paola and Borgman (1991) theory because it in-

dicates that the extremes in channel depth primarily determined the thickness of the

full deposit whereas shallower channels reworked the deposit to form internal strati�-

cation and thinner sets.

Longitudinal and lateral di�erences in bar and channel dynamics resulted in large

spatial variations in stratigraphic set thickness within the meander belt (Figure 3.13).

Bend migration of the second bend (Figure 3.13, between longitudinal position 4.5 -

7.5 m) was faster than that of the �rst and third bend. This increased the amount of

reworking shown as the number of stacked sets in a virtual core and consequently

decreased the set thickness for the second bend. Furthermore, the systematic pattern

of bar growth and chute cuto� created lateral di�erences in stratigraphy (Figure 3.13

and Figure 3.14). We �nd undisturbed and thick sets close to meander-belt margins and
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more irregular stratigraphy and consequently thinner stacked sets in the meander-belt

center. Consequently, sets were on average thicker for the meander-belt margins than

for the center (Figure 3.13C).

The lateral variation in set thickness was large and the mean number of stacked sets

in a virtual core varied between one and �ve from one side of the meander belt to the

other side (Figure 3.14A). The low number of stacked sets on one side of the meander

belt indicates that the deposits formed during a single lateral channel migration event

and have not been reworked. On the other side of the meander belt, chute cuto�s

and lateral channel migration reworked the original deposits multiple times, which

increased the number of stacked sets. In general, a high number of stacked sets logically

resulted in a smaller set thickness (Figure 3.14C).

3.4 Discussion

3.4.1 Comparison with natural systems

The experiment reproduced a sustained dynamic meandering gravel-bed river. The

meandering channel actively migrated across the channel-belt surface which increased

sinuosity to a maximum of 1.3. Repetitive chute cuto�s resulted in channel straighten-

ing and decreased sinuosity but the channel remained single-thread. Cohesive material

is essential for the formation of experimental meandering channels. Following Peakall

et al. (2007), we introduced silt-sized silica �our which added su�cient strength to the

banks to prevent channel widening but did not cease active channel migration. How-

ever, �ne material hardly �lled the residual channels in the experiment, so that when

the �oodplain became more complex residual channels were easily reoccupied. The

limited �lling of these channel channels may be either due to a lack of �ne sediment

or the condition of constant discharge. The addition of more silica �our and a variable

discharge can create a more cohesive �oodplain and reduce the number of chute cuto�s

because the overbank areas and �oodplain lows will receive more �nes.

The time required to form a channel belt with multiple bends in natural meander-

ing gravel-bed rivers gives an estimate of the time represented by the evolution of the

experimental river. The river Allier in France and the river Rhine at the Dutch-German

border are meandering gravel-bed rivers with low-sinuosity migrating meanders and

chute cuto�s. Subsurface observations indicate that meanders in the river Rhine typ-

ically develop in about 250 years (Berendsen and Stouthamer, 2000), whereas a series

of air photos show that a single cycle of meander formation and chute cuto� in the

river Allier typically takes about 25 years (Geerling et al., 2006; Van Dijk et al., 2012b).

During the experiment we observed four cycles of meander formation and chute cuto�.

Therefore, the meandering gravel-bed morphology which formed during the 260 hrs

of evolution of the experimental river would translate approximately to a century for

the river Allier in France and a millennium for the river Rhine at the Dutch-German

border.
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3.4.2 Comparison of predicted and observed set-thickness distribu-
tions

The observed synthetic mean set thickness was generally 10% lower than the predicted

value. However, the frequency of a morphologic survey relative to the rate of process

change (Lane et al., 1994; Lane, 1997), the vertical resolution of the surveys and the

vertical non-stationarity of the channel a�ect the synthetic and predicted stratigraphic

set thickness. We �rst discuss the e�ect of survey frequency on set statistics, then

evaluate the role of detection resolution on the inferred set statistics and last examine

the e�ect of vertical non-stationarity of the channel.

A correct observation of the extreme channel depths formed by con�uence scours

and outer-bend pools is essential for the prediction of set thickness. The time of for-

mation of individual bedforms, scroll bars and con�uence scours was shorter than the

survey interval so it could be argued that not all morphological variability is captured.

However, most surveys included a number of con�uence scours and outer bend pools.

Therefore, we argue that the individual surveys captured the full morphological ele-

vation range and consequently the reported predicted mean set thickness provides a

reliable and robust estimate, which we verify by repeated surveys.

A higher scan frequency decreases the di�erence between the synthetic and actual

stratigraphic architecture (Figure 3.15). This di�erence in stratigraphic architecture

depends on the rate of channel migration in relation to the survey interval: a fast chan-

nel migration and a large interval give the largest error while a slow migration and

a short interval result in the smallest di�erence. Based on the fastest observed lateral

channel migration (Figure 3.15), we estimate that the actual deposits may be about 20%

thicker than the observed synthetic set thickness. Averaged for the entire meander belt

with slower migration we argue that a 10% di�erence between actual and synthetic set

thickness is expected.

Detection below the vertical scan resolution results in an overestimate of sets within

the vertical resolution because the net e�ect is formation of sets within the vertical res-

olution. The vertical resolution of our laser scanner was 0.2 mm, which indicates that

the percentage observed sets smaller than this detection limit may be entirely due to

noise. The observed set-thickness distributions which developed during the �rst 30

hrs have largely been a�ected by this e�ect due to the limited channel activity which

resulted in small elevation di�erences between consecutive DEMs. However, we ar-

gue that the e�ect is much smaller for the observed set-thickness distributions after

30 hrs because the elevation di�erences between consecutive DEMs were larger. Nev-

ertheless, also for these time steps the percentage of observed sets smaller than the

vertical resolution is overestimated, which implies that the observed synthetic mean

set thickness underestimates the actual mean set thickness.

To test the sensitivity of the predicted mean set thickness to the vertical resolution

of the DEMs, we added random normally distributed (µ = 0, σ = 0.025) noise to the

original DEMs. The random noise adds elevations to the original DEMs over a range

of 0.2 mm simulating our vertical resolution. However, this did not a�ect the predicted
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mean set thickness.

The Paola and Borgman (1991) theory is founded on assumptions about the shape

of the set-thickness distribution. We found that towards the tails the agreement be-

tween the observed and predicted distributions decreased. The disagreement for the

thin sets tail is larger than for the thick sets tail. This di�erence between the tails may

be attributed to the frequency and resolution of our surveys which, as previously dis-

cussed, dominantly a�ects the thinnest sets. We observed however also more thick sets

than predicted. The observed S90 was about equal to the mean channel depth, which

shows that channel �lls and non-reworked point bar deposits are more important than

the predicted distribution suggests. This indicates that the tails of the set-thickness dis-

tribution are heavier than currently predicted by Eq. 3.1 which, in turn, suggests that

using a heavy-tailed function instead of an exponential function can provide a better

�t of the tails. Straub et al. (2012) found however that the statistics of their preserved

stratigraphy followed an exponential distribution. A possible explanation for this dif-

ference is that the stratigraphy in the Straub et al. (2012) study formed during strongly

aggradational settings with an expanding braiding pattern, contrary to our meandering

pattern that formed during zero-net depositional settings. We �nd a clear asymmetry in

our channel depth distribution (Figure 3.9) because the �oodplain mainly consisted of

point bars with intermediate depth, and some deep channels. This asymmetry reduces

the potential of depositional events to compensate erosional event, hence resulting in

a heavier tailed set-thickness distribution.

The Paola and Borgman (1991) theory was developed for systems without channel

incision or aggradation, i.e., the channel is vertically stationary. However, initial chan-

nel adjustment during the �rst 30 hrs resulted in deepening of the active channel so it

could be argued that a mismatch between the morphology and the resulting deposit had

arisen which a�ected the set-thickness prediction. Channel deepening during the �rst
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3. Meander-belt architecture formed under constant conditions

30 hrs increased the elevation range of the morphology which raised the β parameter

and consequently the predicted mean set thickness increased. In contrast, the observed

mean set thickness remained about constant when removing all sets smaller than the

detection limit of 0.2 mm. This implies that local or short-term channel incision will

result in an overestimate of the mean set thickness.

In short, a higher survey frequency and a higher vertical resolution of our scans

increase the synthetic mean set thickness. A higher scan frequency or vertical scan

resolution do not a�ect the predicted value. This shows that the synthetic and predicted

mean set thickness agree within reasonable error bounds.

3.4.3 Meander-belt architecture

The exact spatial relations between set thickness and number of stacked sets shown in

Figure 3.13 and Figure 3.14 are a product of the speci�c channel behavior as generated

by the experimental settings. However, the observed mechanisms causing spatial vari-

ations in set thickness are more general. Repetitive point-bar growth and chute cuto�

resulted in more but thinner stacked sets for the point bars located in the meander-belt

center than for the residual channels at the meander-belt margins. This indicates that

residual channel �lls are more likely to be preserved than the point bars. This is for ex-

ample consistent with observations of Lewin and Macklin (2003) for a Late Quaternary

valley sequence.

The mean preserved set thickness was about 30% of the mean channel depth, which

indicates that for non-aggradational meandering systems it is possible to infer the orig-

inal channel depth from the preserved set-thickness distribution to within a factor of

3.5. We �nd undisturbed and thicker sets closer to meander-belt margins which is con-

sistent with the regular stratigraphy shown in Miall (1985) for a meandering gravel-bed

river. However, repetitive reworking of the point bars in the meander-belt center re-

sulted in more irregular stratigraphy and consequently in thinner stacked sets. This

implies that sites closer to the meander-belt margins o�er the best opportunity to re-

construct the original channel depth from preserved stratigraphic sets.

The time to mature the set-thickness statistics was about the time required to de-

velop and propagate a single series of point bars that �ll the meander-belt surface. This

indicates that the use of set-thickness statistics does not need to be limited to mature

and developed systems but can equally well be applied to relatively young systems with

only a few bends. Interestingly, due to the systematic channel behavior were deposits at

the meander-belt margins less frequently reworked than those in the meander-belt cen-

ter (Figure 3.13). This implies that the set-thickness statistics can be used as a measure

of reworking, as sets were on average thicker for the meander-belt margins than for

the center (Figure 3.13C). Furthermore, also the number of sets, the meander-belt width

and the reworked area (continuation of the experiment for another 368 hrs showed that

the meander-belt width and reworked area only increased another 10% and 17% respec-

tively) reached saturation during the single cycle of experimental meandering. Inter-

estingly, the extreme channel depths have only had a local impact on the meander-belt
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base. This suggests that the meander-belt thickness is governed by rare extreme events,

which take long to saturate whereas saturation of reworked area and the meander-belt

width is steered by relatively fast lateral channel migration. In our case, these events

are not extreme and are entirely autogenic, i.e., the experiments did not include �oods

or anything that stratigraphers would consider an allogenic extreme event. We hy-

pothesize that saturation of the meander-belt thickness occurs over longer time scales

through continuous re-con�guration of the active channel and associated in-channel

mobility of the extreme channel depths which rework the base. External forcings such

as �oods will probably a�ect this autogenic saturation of the meander-belt thickness

but how exactly is unknown, i.e., the relative importance of stratigraphy formed by

either extreme discharge events or common events of intermediate magnitude is not

known.

The absence of aggradation provided a lower boundary on the fraction of the mor-

phology that is preserved. Laboratory bedform experiments with extremely high aggra-

dation rates compared to natural conditions (Bridge and Best, 1997; Storms et al., 1999;

Leclair, 2002) do not show an e�ect of aggradation rate on mean set thickness. The

rapid lateral channel migration of the meandering channel suggests a high likelihood

of reworking of former deposits for low aggradation rates. Therefore, we expect that

low aggradation rates will not have a signi�cant e�ect on mean set thickness in me-

andering systems with rapid lateral channel migration. This implies that stratigraphic

modeling frameworks for channel belt amalgamation in aggrading conditions do not

have to modify the structure within the channel belts for aggrading conditions, which

may be modeled independently.

3.4.4 Application

Set-thickness statistics can be used to provide quantitative error bounds for the recon-

struction of paleochannel dimensions. The following statistics are helpful to translate

stratigraphy to the original channel dimensions at the time of sedimentation:

• The maximum set thickness cannot be larger than the maximum channel depth.

The maximum set thickness will most likely be found close to the meander-belt

margins because these are least reworked and therefore undisturbed channel �lls

are preserved.

• The mean set thickness (MST ) divided by the vertical set-thickness preserva-

tion ratio (V SPR) gives an estimate of the mean channel depth (Figure 3.16A).

When neglecting the �rst 50 hrs of initial channel adjustment, we �nd a mean

V SPR of 0.3 with a standard deviation of 0.03. The lower boundary of 0.24

for the V SPR, i.e., the mean V SPR minus two times the standard deviation,

will result in the highest mean channel-depth estimate. The coe�cient of varia-

tion (standard deviation/mean of set thickness distribution) of the non-truncated

set-thickness distribution is however much higher than theoretically expected

(Figure 3.16B). Truncating the set thickness distribution at 0.25 mm results in an
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Figure 3.16: Sensitivity of set-thickness distribution to truncation of the thinnest sets. (A) Ob-
served mean set thickness (MST ) and inferred mean channel depth as a function of truncation
of the thinnest sets. We used the average vertical set-thickness preservation ratio (V SPR) of 0.3
to infer a mean channel depth from the mean set thickness. (B) Coe�cient of variation (COV )
as a function of truncation of the thinnest sets. The COV was calculated as the ratio of the
standard deviation to the mean of the set-thickness distribution. The COV of the theoretical
set-thickness distribution (Eq. 3.1) is 0.881.

observed coe�cient of variation which agrees much better with that expected

from the theoretical set-thickness distribution (Eq. 3.1). The observed mean set

thickness (MST ) at this truncation level is 6.30 mm, which raises the V SPR to

0.41 and gives an estimate of the uncertainty in the upper limit of the V SPR.

• The thinnest sets will be the most di�cult to detect which implies that the mean

set thickness and therefore also the inferred mean channel depth will be over-

estimated. This applies not only to the experiment but also to �eld situations.

To test the sensitivity of the measured mean set thickness, we truncated the set-

thickness distribution for a number of detection levels (Figure 3.16A). For exam-

ple, removal of the sets thinner than 0.5 mm, i.e., not detecting the sets which

are smaller than 2% of the thickest observed set of 25 mm, raises the mean set

thickness and inferred mean channel depth with almost 50%.

The �uvial record is composed of stratigraphy formed by a variety of morpholog-

ical features such as dunes and migrating channels. In a core or outcrop one will of-

ten �nd the strati�cation formed by channels and dunes grouped, i.e., smaller-scale

strati�cation formed by dunes within larger-scale strati�cation formed by channel mi-

gration. This provides a unique opportunity to infer the paleochannel dimensions in

two independent ways. For sets formed by dunes, Leclair (2002) showed that the mean

cross-set thickness/mean formative dune height is about 0.3. Mean dune height/�ow

depth is also in the order of 0.3 (e.g., Leclair, 2002), which indicates that based on the

set-thickness statistics of dunes an estimate of the mean channel depth can be made.

In this study, we show that also stratigraphy formed by migrating river channels can

be used to reconstruct paleochannel dimensions. For stratigraphy formed by meander-

ing gravel-bed rivers, the mean set thickness/mean channel depth is 0.3, which gives a
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direct estimate of the mean channel depth from set-thickness statistics.

3.5 Conclusions

We conducted an experiment in which a sustained dynamic meandering gravel-bed

river evolved. The direct linkage of the preserved stratigraphy to the surface morphol-

ogy allowed to evaluate existing theories to reconstruct the original morphology from

the preserved set-thickness distribution, and to evaluate existing models of meander-

belt architecture. Results show that:

1. The meandering gravel-bed river morphology is dominated by point bars, which

consist of successive scroll bars.

2. The morphology is best described by a two-parameter gamma distribution, which

indicates that the extremes in channel erosion primarily determine stratigraphic

set thickness.

3. The mean set thickness agrees well with the theoretical prediction as a function

of channel morphology, which shows that the Paola and Borgman (1991) theory

is valid for meandering channels.

4. The tails of the observed full set-thickness distribution are heavier than pre-

dicted, which indicates that both thin and thick sets are more common than pre-

dicted.

5. The time to mature the meander-belt architecture described by the set-thickness

statistics is about the time required to develop and propagate bends and bars that

�ll the meander belt surface.

6. There is much systematic spatial variation in stratigraphic set-thickness related

to repetitive point-bar growth and chute cuto�. We �nd undisturbed and thick

sets close to meander-belt margins whereas repetitive reworking of the point

bars in the meander-belt center results in more irregular stratigraphy and con-

sequently in thinner stacked sets.

7. Set-thickness statistics can be used as a measure of reworking, as sets are on

average thicker for the meander-belt margins than for the center.

8. Set-thickness statistics can be used to provide quantitative error bounds for the

reconstruction of paleochannel dimensions. On average, 30% of the mean chan-

nel depth is preserved. Due to the absence of aggradation, this provides a lower

bound on the fraction of the channel depth that is preserved.
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CHAPTER 4

Morphological and stratigraphical impact of floods

The alluvial deposits of braided rivers consist of channel-form bounding surfaces due to channel

cutting and migration. It is unknown, however, to what extent these bounding surfaces result

either from more gradual channel processes or from large but infrequent �ood events. Field mea-

surements of morphodynamically formed bounding surfaces associated with �oods are not cur-

rently available. Flume experiments are useful here because concurrent observations of channel

migration and the formation of bounding surfaces can be made whilst conditions are controlled.

We report on two �ume experiments with the objective to determine the e�ects of �oods on

i) channel cutting and migration and ii) alluvial architecture of braided gravel-bed rivers. One

of the experiments has a constant bankfull discharge, and the other is run with a schematized

long-duration low �ow and short-duration high �ow but otherwise similar conditions. High-

resolution Digital Elevation Models (DEMs) are used to monitor channel migration and to create

the three-dimensional braid-belt architecture. The data demonstrate that the �ood events result

in longer bars and more frequent chute cuto�. The DEMs showed neither deeper channels nor

increased bar aggradation during multiple �ood events compared to a steady bankfull discharge.

Consequently, the braid-belt architecture that forms during these large �oods does not signi�-

cantly di�er from the stratigraphic architecture that forms during more frequent bankfull �ows.

This implies that these events cannot be di�erentiated based on stratigraphy. Furthermore, we

�nd that between 10% and 40% of the mean channel depth is preserved. This can be used to char-

acterize braid-belt architecture for purposes of reservoir engineering and provides error bounds

to reconstruct paleochannel dimensions from stratigraphy.

This chapter is based on: Morphological and stratigraphical signature of �oods in a braided

gravel-bed river revealed from �ume experiments, by W.I. van de Lageweg, W.M. van Dijk and

M.G. Kleinhans,Journal of Sedimentary Research, In press.
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4. Morphological and stratigraphical impact of floods

4.1 Introduction

Much of our understanding of gravel-bed braided rivers and their deposits has been

synthesized into �uvial facies models. Many early observations that served as input

for these models had a limited spatial and temporal scale and were based on a small

group of bars (e.g., Crowley, 1983) and exposed sections (e.g., Cant and Walker, 1978).

Recently, signi�cant technological progress has been made, enabling the morphody-

namics and deposits of �uvial systems to be characterized at a typical scale of individ-

ual channels. The methodology often involves morphological observations from a se-

ries of photogrammetric or laser scanning surveys (e.g., Lane et al., 2003; Carbonneau

et al., 2005) that are linked to subsurface architectural and facies observations from

geophysical techniques such as ground-penetrating radar. This has resulted in new de-

positional models of the alluvial architecture of braided rivers (e.g., Bridge and Lunt,

2006), which highlighted the three-dimensional character of these deposits. Applica-

tion of these techniques over multiple years allowed the e�ect of a large �ood event on

braided-river morphology and alluvial architecture to be examined (Sambrook Smith

et al., 2010). Also, sequential ground-penetrating radar surveys were used to quantify

bar truncation and preservation following a sequence of �ow events (Parker et al., 2012).

Yet, data sets with observations on larger spatial and temporal scales are required to

characterize morphodynamics, alluvial architecture, and preservation at a channel-belt

scale.

The deposits of braided �uvial systems are architecturally complex. Characteristic

braided-river processes such as lateral channel migration, chute formation, scour for-

mation, and gravel-bar and dune migration form a hierarchy of channel-form bounding

surfaces that correspond to river morphology at di�erent temporal and spatial scales

(e.g., Miall, 1985; Holbrook, 2001). Architectural studies use low-order (e.g., channel

scours and channel-belt boundaries) surfaces that can often be recognized in outcrops

and are invaluable to infer paleo�ow dimensions and conditions. This shows that an

understanding of the range of processes forming these low-order surfaces is key to

interpret braid-belt architecture.

Quantitative theoretical relations have been derived between morphology and the

formation of stratigraphic architecture (e.g., Allen, 1984; Paola and Borgman, 1991;

Bridge and Best, 1997). These theories have so far been tested for sandy bedforms

(e.g., Storms et al., 1999; Leclair, 2002), but they should apply equally well to any type

of dynamic morphology. Application of the theories to �uvial systems shows that the

formation of channel-form bounding surfaces is a function of: 1) the succession and

magnitude of extreme scours related to migrating and cutting channels, and 2) the rate

of net-sedimentation. We focus on the limiting case of zero net-sedimentation because

sedimentation rates are usually not known in the �eld. This condition provides an im-

portant lower bound on the thickness between stacked bounding surfaces and is specif-

ically addressed in Paola and Borgman (1991). In Chapter 3, the original dimensions

of a meandering gravel-bed river were quantitatively linked to the resulting channel
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bounding surfaces in the absence of net-sedimentation. These results were obtained

during a �ume experiment with constant bankfull discharge conditions. However, nat-

ural river discharge is far from constant, and it is this variation in discharge which is

known to a�ect bar and channel morphology (e.g., Wolman and Miller, 1960; Parker

et al., 2012). Yet, it is not well understood how this range in �ood magnitudes modi�es

the formation and preservation of channel-form bounding surfaces.

Floods are likely to a�ect the formation of bounding surfaces because they can form

deeper scours and also have the potential to form thick overbank deposits. The deep

scours and thick overbank deposits increase the elevation range over which the river is

morphologically active. All other factors being equal, this will result in thicker deposits

for larger �ood events. Furthermore, the deepest scours have the highest potential to

be preserved because it requires a �ood event of similar or larger magnitude to erode

them. Concurrent observations of channel migration and formation of channel-form

bounding surfaces during �ood events are therefore required.

While these channel-form bounding surfaces are straightforward to log in the �eld

and to characterize as a probability distribution, measurements of the channel that cre-

ated these surfaces are unavailable at the braid-belt scale. At the dune and ripple scale,

�ume studies have proven helpful to relate the preserved bounding surfaces to the

original morphology. For example, Leclair (2002) showed that the ratio of mean cross-

set thickness to mean dune height is about 0.3. At the channel-belt scale, signi�cant

progress in the laboratory has been made to simulate sustained dynamic river patterns,

which has allowed to link surface topography and subsurface depositional product in

a qualitative (Peakall et al., 2007) and also in a more quantitative (Chapter 3) way. In

this study, we use �ume experiments to systematically examine and quantify how �uc-

tuating channel con�gurations in response to a sequence of �ow events are recorded

in the stratigraphic architecture. The speci�c objectives of our study are therefore to:

1. Quantify and compare channel-cutting and migration behavior of a braided river

with and without �oods, and examine the spatial patterns in bar erosion and

deposition from a time series of high-resolution Digital Elevation Models (DEMs).

2. Quantify the braid-belt architecture using bounding surfaces that formed due to

channel cutting and migration.

3. Examine the link between channel-cutting and migration behavior and braid-belt

architecture through comparison of sequential DEMs and stratigraphic architec-

ture.

4. Compare the observed thickness of channel-form bounding sets to the Paola and

Borgman (1991) theory, which predicts this thickness as a function of the topo-

graphical height.

5. Quantify the e�ect of �oods on braid-belt architecture and on the fraction of the

channel depth that is preserved.
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Figure 4.1: Setup of �ume experiments. (A) Overview of Eurotank laboratory, looking in the
upstream direction. The computer-controlled gantry was used to scan the bed with a line-laser.
(B) Detail of upstream water and sediment supply point. (C) Rate of movement and amplitude
of upstream supply point.

4.2 Methods and data analysis

4.2.1 Experimental design and procedures

Two parallel experiments were conducted in a �ume 6 m wide and 10 m long (Figure

4.1A). The �ume was split into two �uvial plains of 3·10 m set at a gradient of 0.01

m/m. The design conditions were not derived from direct scaling of a speci�c river but

on a minimization of scaling issues, i.e., low sediment mobility and scour hole forma-

tion. The optimum conditions were obtained from a large number of pilot experiments

(Chapter 2) and a successful meandering experiment (Chapter 3). Key dimensionless

variables are kept within a range of values to ensure process similarity with natural

braided gravel-bed rivers (Table 4.1). For �ow similarity, Froude numbers (Fr) must be

subcritical (Fr < 1) and �ow must be fully turbulent (Reynolds number Re > 2000).

For sediment-transport similarity, sediment needs to behave as bedload (Rouse number

P > 2.5).

The �ume was �lled with a 10-cm-thick layer of poorly sorted sand (Figure 4.2,

D10, D50, andD90 are 0.25, 0.51, and 1.35 mm respectively) in which an initial straight

channel 0.15 m wide and 0.01 m deep was carved (Table 4.1). The coarser particles

ensure a hydraulically rough boundary (Re∗ > 11.6) due to disruption of the laminar

sublayer, which prevents the formation of ripples and scour holes (Chapter 2). The

poorly sorted sand was applied as bed and feed sediment. Sediment feed was identical

for both experiments at a feed rate of 0.2 l/hr. This rate was also maintained during the

�ood events.

The upstream supply point was dynamic and moved transversally up to 0.3 m in

both directions (Figure 4.1B). An earlier experiment aimed at meandering (Chapter 3)
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4.2. Methods and data analysis

Table 4.1: Experimental design conditions.

Parameter Value Unit

Flume length 10 m

Flume width 6 m

Initial channel width w 15 cm

Initial channel depth h 1 cm

Sediment input 0.2 l/hr

Basin slope Sb 0.01 -

Froude number Fr 0.65 -

Reynolds number Re 3000 -

Shear velocity u∗ 0.03 m/s

Rouse number P 6.7 -

Shields number θcrit 0.04 -

Constant �ow θC 0.18 -

Low �ow θL 0.10 -

High �ow θH 0.26 -

Particle Reynolds number Rep 46 -

and a variety of pilot experiments with di�erent discharge and sediment characteris-

tics (Chapter 2) showed that channel and bar dynamics decreased rapidly without this

upstream perturbation. To maintain a dynamic braided-river pattern, a constant rate

of movement of 1 cm/hr was used. This rate was based on the observed bend migration

rates during aforementioned earlier experiments. The lateral movement of the supply

point was identical for the parallel experiments (Figure 4.1C): from 0 to 30 hrs, the sup-

ply point was transversely moved to the left. From 30 to 90 hrs, the supply point was

moved to the right, and from 90 to 120 hrs it moved leftward to its initial position again.

Two di�erent discharge scenarios were used to simulate �oods (Figure 4.3). The

�ood scenarios were not used to represent the �ood hydrograph of a speci�c river but

to systematically investigate the e�ect of �ood events on bar and channel morphology

and braid-belt architecture. The �rst experiment had a constant discharge of 0.3 l/s.

The other experiment had a simple stepped-shape hydrograph with a low discharge of

0.25 l/s and a high discharge of 0.5 l/s. The simple stepped shape of the hydrograph en-

abled to di�erentiate between the morphology and braid-belt architecture that formed

during either the low or the high discharge. Each �ood cycle lasted three hours, of

which the high discharge occupied 0.5 hours and the low discharge 2.5 hours, and was

repeated 40 times. As a result of these magnitude and duration choices, the total vol-

ume of water �owing through both rivers was nearly the same for each �ood cycle
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Figure 4.3: Discharge scenarios applied during �ume experiments. Each cycle lasted three
hours and was repeated 40 times. The high-�ood stage occupied 16.7% of the time. Note that
also during the constant �ow and low �ood sediment was transported (see Table 4.1).

of three hours: 3240 liters for the constant-discharge experiment, and 3150 liters for

the variable-discharge experiment. The nature of the hydrograph was thus the only

di�erence between the boundary conditions of the two experiments, which makes it

possible to test if �oods of distinct magnitude have distinguishable e�ects on braid-belt

architecture.

A typical recurrence time of the simulated �oods was estimated from reported �ood

recurrence times of natural braided gravel-bed rivers. We selected the Tagliamento

river (Italy) and the Allier river (France) for this comparison because these are well-

studied rivers with a similar planform (i.e., weakly braided) and bed composition (i.e.,

gravel) as simulated in the experiments. First, a discharge of 0.3 l/s was about bankfull

�ow for both experiments. Bankfull �ow is di�cult to measure in natural braided rivers,

but for most rivers it has a typical recurrence time of about two years (Wolman and
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Leopold, 1957). For the Tagliamento, a recurrence time of two years translates to a

discharge of 1100 m
3
/s (Töckner et al., 2003). For the Allier, the same recurrence time

translates to a discharge of 690 m
3
/s (Geerling et al., 2006). Second, the ratio of bankfull

�ow to peak discharge in our experiments was 1.67. This translates to a discharge of

about 1830 m
3
/s for the Tagliamento and about 1150 m

3
/s for the Allier, which in both

cases have a recurrence time of about ten years. This rough calculation indicates that

the simulated �oods were not extreme events on a human or a geologic time scale but,

instead, that they were signi�cant events, which may leave signatures in the channel

and bar con�guration and stratigraphic architecture.

Data on surface elevation were collected every six hours during the course of the

120-hour experiments. This implies that every survey included two high-�ow stages.

We scanned three periods at a higher frequency to distinguish between the high- and

low-�ow stages. These high-frequency surveys included a scan after 0.5 hours of low

�ow, a scan after 2.5 hours of low �ow, and a scan after 0.5 hours of high �ow. For

a higher contrast between dry and wet areas, the water was colored violet with Rho-

damine B dye.

4.2.2 Data processing

Surface observations

We used Digital Elevation Models (DEMs) to identify channel migration. The topog-

raphy was measured by projecting the line-laser onto the bed, normal to the mean

downstream direction of the channels, and photographing the line with a digital cam-

era (0.2 mm vertical (z) and 0.7 mm lateral (y) resolution) mounted at an oblique angle

with a 2 mm interval in the longitudinal (x) direction. The point cloud with x, y, and

z coordinates was median-�ltered on a 4 mm grid to construct a rectangular DEM for

every time step. The original mean DEM slope was removed by subtraction of the

initial DEM from successive DEMs. DEMs of Di�erence (DoD) between consecutive

DEMs were created to assess patterns of erosion and deposition. The DoDs showed

that points known to be constant changed slightly in elevation over time. These dif-

ferences in elevation could be the result of interpolation of the point cloud on a grid

and sub-millimeter movement of the robot on which the line-laser was mounted. We

therefore corrected the DoDs by setting no changes for values which were smaller than

0.2 mm, i.e., the vertical scan resolution. To minimize potential boundary e�ects, the

observations of the most upstream and downstream meter were not included in the

analysis.

To describe the surface evolution of the braided rivers, an active braiding index

(ABI) (Bertoldi et al., 2009), bar length, and distribution of the surface elevation were

calculated for every time step. First, the intensity of braiding was quanti�ed by the

braiding index, by counting the number of parallel channels. Following Bertoldi et al.

(2009), theABI was calculated as the average number of channels which had net mor-

phological change (e.g., erosion or deposition) observed on the DoD maps at ten cross-
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Figure 4.4: Formation of synthetic stratigraphy which records channel behavior, bounding-
surface formation, and stratigraphic sets. (A) Cross-section of synthetic stratigraphy formed
during �ume experiment with constant bankfull �ow showing lateral channel migration and
the formation of stratigraphic sets. Note that the channel depth is measured with respect to
the highest surface elevation. (B) For every Digital Elevation Model (DEM) grid point, a virtual
core is created that records time of deposition and bounding surfaces based on the elevation
time series.

sections. Second, the bar length was visually estimated as the distance between the

most upstream and downstream dry points on bars. Third, the frequency distribution

of the detrended surface elevation was used to check whether the braided rivers did not

aggrade or degrade, and to test the hypothesis that the experiment with a variable dis-

charge scoured more deeply and formed thicker overbank deposits than the experiment

with constant discharge.
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From surface to subsurface observations

The DEMs were used to create three-dimensional (3D) braid-belt stratigraphy. From

this 3D synthetic stratigraphy, virtual cores and transects were visualized and analyzed

(Figure 4.4A). The virtual cores correspond to grid points within our synthetic stratig-

raphy. The analysis of these virtual cores included extraction of descriptive statistics on

the number of and typical thicknesses between channel and scour bounding surfaces.

For every DEM grid point, a synthetic stratigraphic column was created based on its

elevation time series (Figure 4.4B). Within this elevation time series, periods of inactiv-

ity, erosion, and deposition can be distinguished. Deposition builds up a stratigraphic

column, whereas erosion removes the column partially or completely. The sequence

of erosion and deposition creates stratigraphic sets. We de�ne stratigraphic sets as de-

positional bodies enclosed by two successive bounding surfaces (Figure 4.4B). Bedform

features smaller than the vertical scan resolution of our line-laser could not be detected,

and therefore we removed the bounding surface sets smaller than this resolution of 0.2

mm.

It is worth noting that the synthetic stratigraphy constructed from composite to-

pography is likely to be slightly di�erent from the actual stratigraphy of the deposit

(Straub et al., 2012). In order for them to be the same, time scans would have to be

taken exactly at those moments when scours were deepest and bar tops were highest.

This implies that the synthetic deposit had a smaller total thickness than the actual de-

posit. Given this di�erence, characterization of the internal stratigraphic architecture

depends on the measurement frequency relative to the rate of process change (Lane

et al., 1994; Lane, 1997), which is discussed later.

We quantitatively compared the synthetic set thickness to a theory which predicts

this stratigraphic set thickness as a function of the topography (Paola and Borgman,

1991). Paola and Borgman (1991) derived a theoretical relation to quantify the link

between topographical height and the resultant stratigraphic set thickness for zero-net

sedimentation:

p(s) =

1
β e

− s
β (e−

s
β + s

β − 1)

(1− e−
s
β )2

; s > 0 (4.1)

where p(s) is the probability density for set thickness s, and β is the mean value of

the exponential tail of the probability density for morphological elevation with units of

length. The mean of this equation is the mean set thickness (MST ) and is calculated

as:

MST = 1.645β (4.2)

A direct estimate of β can be obtained by �tting the two-parameter gamma probability
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density function to the morphological elevation distribution at a certain time:

f(x) =
xα−1e−x/β

βαΓ(α)
; (4.3)

where Γ(α) is the incomplete gamma function and x is topographical height with units

of length. The β parameter a�ects the width and amplitude of the gamma density

distribution. For this purpose, the topographical height was measured with respect to

the top of the bars (Figure 4.4), and is here expressed as channel depth (h).

In essence, the formation of bounding surfaces depends on the magnitude and suc-

cession of migrating channels: the deepest channels form the thickest sets, which are

reworked and therefore decreased in thickness by shallower channels. Note that the

magnitude and succession of migrating channels are estimated by �tting the β pa-

rameter to the topographical height distribution for a certain time step (Eq. 4.3). The

outcome of this �tting procedure is then applied to Eq. 4.1 and 4.2. This shows that

the formation of bounding surfaces is here predicted from a static morphology and that

channel processes such as chute cuto� or lateral migration are not explicitly included.

The variety of channel processes in the �ume experiments was used to examine the

e�ect of channel cutting and migration on the formation of bounding surfaces.

To further quantify the link between morphological and subsurface architectural

observations, a vertical set-thickness preservation ratio (V SPR) was calculated. The

V SPR is de�ned as the MST normalized by the mean channel depth (h):

V SPR =
MST

h
(4.4)

The V SPR quanti�es which fraction of the mean channel depth is preserved. For

example, if the channels are on average 10 m deep and we �nd a mean set thickness of

5 m, the V SPR is 0.5.

4.3 Braided-river morphodynamics

In both experiments a weakly braided river pattern with a few parallel channels de-

veloped. First, the evolution of these braided-river patterns are qualitatively described

based on photographs and the DEMs. Then, a quantitative analysis is provided by the

evolution of the ABI , bar length, and the distribution of the surface elevation.

Initially, a weakly sinuous quasi-meandering river with a series of narrow alternat-

ing bars formed in initially straight channels carved in planar �oodplains (Figure 4.5,

0-30 hrs). These low-sinuosity channels were eventually cut o� by chutes (Figure 4.5,

30 to 60 hrs). As the experiment progressed, �oodplain complexity increased (Figure

4.5, 60 to 120 hrs). Depressions of the residual channels could easily be re-activated by

channel migration at a later time to transform into chute channels. Bars were often

cross cut, and the original form of fragmented bars became more challenging to recog-
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Figure 4.5: Digital Elevation Models (DEMs) of the experimental rivers for the constant-�ow
(left panels) and variable-�ood runs (right panels). The bar length was estimated as the dis-
tance between the most upstream and downstream dry points on bars: λc ≈ 2 m, λv ≈ 3.2 m.
* indicates headward erosion due to overland �ow: the erosional channel was active mainly
between 80 and 100 hrs.

nize as the experiment progressed. Despite their multi-channel planform appearance,

most of the time only a single channel actively transported sediment in both experi-

ments. During chute formation, however, sediment was also transported through the

chute channel. We observed no mid-channel bars.

A number of dominant morphological features were recognized within the braid

plains (Figure 4.6). First, large bar complexes formed due to lateral channel migration.

Often we observed gravel lobes at the heads of these bars. Eventually, these bars were

cross cut by a chute, and hence a bifurcation formed. In a number of cases the chute

channel progressively increased its discharge and became the main channel. In other

cases, however, the chute channel was blocked by a bar and thus remained a morpho-

logical low within the braid plain. Furthermore, thin overbank gravel and sand sheets

formed. Since �ow velocities rapidly decreased on bars and in overbank areas, these

sheets were deposited close to the main or chute channel.
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Figure 4.6: Major morphological and sedimentological elements within the experimental braid
plain with a variable �ood. During the high-�ood stages thin overbank gravel and sand sheets
formed. The main channel is about 15 cm wide, and �ow is from top right to bottom left.

4.3.1 Characterization of channel and bar morphology

During initial channel adjustment and alternate-bar formation only one channel was

active. As the braid belt widened, its complexity increased and more parallel channels

became active (Figure 4.7). During the �rst 50 hours of rapid braid-belt expansion, the

ABI quickly increased. After these �rst 50 hours, braid-belt expansion decreased and

the ABI stabilized around 1.7. The constant-�ow experiment as well as the variable-

�ood experiment reached a maximum ABI of 2. On average, the ABI of the variable-

�ood experiment was higher than that of the constant-�ow experiment.

A visual estimate of the bar length indicated that the bars in the variable-�ood ex-

periment were about 60% longer than in the constant-�ow experiment (Figure 4.5). The

bar length for the constant-�ow experiment was about 2.0 m, whereas in the variable-

�ood experiment the high water stages increased the bar length to about 3.2 m.

The distributions of the topographical height for the constant-�ow and variable-

�ood experiments were similar in shape (Figure 4.8A and C). The median surface el-

evation remained constant for both experiments (Figure 4.8A), which indicates that

the rivers did not incise or aggrade. During the �rst half of the experiment the vari-

ation in elevation, de�ned as the di�erence between the 5th and 95th percentiles of

the surface-elevation distribution, was somewhat larger for the constant-�ow exper-

iment while the opposite was the case during the second half. In both experiments,

most of the braid-belt surface was occupied by bar deposits, which corresponded to
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Figure 4.7: Time series of the Active Braiding Index (ABI). Note that the higher sediment
mobility during the high-�ood stages (see Table 4.1) resulted in more sediment transport and
therefore a shorter characteristic time scale for the variable-�ood run (≈ 40 hrs) compared to
the constant-�ow run (≈ 60 hrs).

detrended surface elevations between 0 mm and -10 mm (Figure 4.8C). Channels were

present between these bar deposits. The chute and main active channels corresponded

to surface elevations between -10 mm and -20 mm, with the outer bends forming the

deepest parts. Con�uence scours and outer-bend pools formed the deepest scours but

had a limited spatial extent. In short, the topographical height distributions of both ex-

periments had a similar shape (Figure 4.8C) and range of elevations (Figure 4.8A, Z95

- Z5), which indicates that bars of similar height and channels of similar depth formed

in both experiments.

4.3.2 Morphological e�ect of high-flood stages

The high stages of the variable-�ood experiment transported the largest sediment vol-

umes (Figure 4.9). During these high-�ood stages, the main channel was completely

�lled, and water also �owed overbank, thus inundating the �oodplain. This often re-

sulted in activation of chute channels and deposition of gravelly and sandy sheets on

bars and outer bends. Since �ow velocities decreased rapidly in the overbank area, these
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Figure 4.8: Morphologic descriptive statistics of the �ume experiments. (A) Time series of
the detrended median surface elevation (Z50) and of the spatially-averaged range of detrended
surface elevations of the reworked experimental surface. The range of the surface elevations
is here quanti�ed by the di�erence between the 5th and 95th percentiles of the surface eleva-
tion distributions. (B) Time series of the braid-belt reworked area. (C) Probability distribution
of detrended braid-belt surface elevation (Z) at the end of the �ume experiments. Squares
(constant-�ow) and dots (variable-�ood) indicate percentiles plotted in (A).

sheets were mainly observed close to the main channel (Figure 4.6). Lateral channel mi-

gration was also the dominant process of channel displacement during these high-�ood

stages, albeit with a higher rate than during the low �ood stages and constant-�ow ex-

periment.

Chutes formed more often during the high-�ood stages. Abandoned channels were

not �lled in due to a lack of �ne suspended sediment (Figure 4.6). These abandoned

channels were morphological lows within the braid plain in which chute cuto�s dom-

inantly took place. Because the high-�ood stages could more easily reach the aban-

doned channel by overtopping the plug bar that blocked the abandoned channel, chutes

mostly occurred during these high-�ood stages. During the low-�ood stages, �ow was

mostly restricted to the main channel and the channel predominantly migrated later-

ally. Since the high-�ood stages often occupied multiple channels, the river pattern had

a clear braided character at these times. During the low-�ood stages, however, often

only a single channel was active. By connecting the ri�es and pools of the main chan-
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Figure 4.9: The morphological impact of the high- and low-�ood stages during the �ume
experiment with a variable-�ood regime. Patterns of erosion and deposition with associated
volumes during (A) 2.5 hours of low �ow, (B) 0.5 hours of low �ow, and (C) 0.5 hours of high
�ow. Note that the eroded and deposited volumes were similar for 2.5 hours of low �ow and 0.5
hours of high �ow, though the duration of the high �ow was only 20% of the low �ow.

nel, the river pattern had a more low-sinuosity meandering character during these low

stages.

The increased lateral channel migration and chute formation during the high-�ood

stages had a large impact on the reworked braid-belt area and the transported sediment

volume. First, the reworked braid-belt area was 11.6 m
2

and 14.8 m
2

for the constant-

�ow and variable-�ood experiments, respectively (Figure 4.8B). This indicates that in

the variable-�ood experiment 28% more surface area was reworked during the same

time interval and with the same volume of water. Second, we observed that the high

�ood stages were able to transport a sediment volume that was about equal to the

volume transported during the low-�ood stages, despite its duration only being 20%

of the low-�ood stage (Figure 4.9). Since the high-�ood stages were able to transport

such a large volume of sediment during only a short period, both the reworked braid-

belt area and the deposited volume were larger for the variable-�ood experiment than

for the constant-�ow experiment, despite the nearly equal time-averaged discharge in

both experiments.
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4.4 Characterization of braid-belt architecture

Spatial and temporal variations in sedimentation and erosion due to channel and bar

morphodynamics formed bounding surfaces within the braid belt. These bounding

surfaces are here used to characterize and quantify the braid-belt internal architecture.

First, the MST and V SPR are examined and compared to the predicted values based

on the Paola and Borgman (1991) theory of formation of bounding surface sets. Then,

we evaluate time series of the entire bounding-surface-set thickness distributions and

describe the stratigraphical e�ects of the high �ood stages.

4.4.1 Set-thickness statistics

The channel-depth distributions for both �ume experiments were well described by a

two-parameter gamma function (Figure 4.10A and B). The χ2
test to quantify good-

ness of �t indicates that the gamma density function (Eq. 4.3) is an adequate �t of the

data at the p = 0.05 signi�cance level. No systematic di�erence in agreement with the

data was observed for the constant-�ow and variable-�ood experiments. The mean

channel depth was generally between 10 and 15 mm in both experiments. At the end

of the experiments, the mean channel depth of the experiment with a constant �ow

was 11.3 mm and that of the experiment with a variable �ood was 11.6 mm. The �t-

ted gamma function returned maximum likelihood estimates for the β parameter for

both experiments and for all time steps. From Eq. 4.2, this resulted in a predicted mean

set thickness (Figure 4.11A), which can now be compared to the observed MST . Fur-

thermore, the observed V SPR (Eq. 4.4) was compared with the predicted one, which

was here calculated as the predicted MST normalized by the observed mean channel

depth.
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Figure 4.11: Comparison of measured and predicted mean set thickness. (A) Time series of
predicted (line) and observed (symbols) mean set thickness (MST ). (B) Time series of predicted
(line) and observed (symbols) vertical set-thickness preservation ratio (V SPR). V SPR is
de�ned as the ratio of mean set thickness to mean channel depth (see Eq. 4.4). (C) Time series
of the 10th, 50th, and 90th percentiles of the observed set thickness distributions (S).

In Figure 4.11A, we compare the predicted and observedMST . The observedMST

was mostly between 2 and 4 mm for both experiments. At 60 hours, a large chute cuto�

occurred in the constant-�ow experiment as well as in the variable-�ood experiment.

These cuto�s removed thick bar sets and decreased the observedMST for both exper-

iments. However, the cuto�s had only a local impact, and the elevation distributions

of the entire braid plains therefore remained similar to the distributions before the

cuto�s. Consequently, the predicted MST did not show a clear response to the cuto�.

Furthermore, the maximum set thickness in the constant-�ow experiment was 27.5 mm

(∼ 2.5hmean) and that in the the variable �ood experiment was 33.8 mm (∼ 3hmean).

In Figure 4.11B, we compare the predicted and observed V SPR. The observed

and predicted V SPR generally varied around 0.3. This indicates that on average the

deposits are signi�cantly reduced in height compared to their formative dimension.

Logically, these truncated deposits will be more di�cult to relate to their depositional

history than the non-truncated deposits.
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Table 4.2: Stratigraphical impact of high-�ood stage on braid-belt architecture. The values
are the average of the three �ood cycles that were scanned at a higher frequency.

Flood stage Duration (hrs) Number of sets MST (mm)

Low 0.5 62887 1.24

High 0.5 141558 1.62

The time to reach a constant set-thickness distribution was limited and required

the formation of a single series of bars (Figure 4.11C). After initial channel adjustment

during the �rst 30 hours, the set-thickness distributions therefore remained constant

in both experiments, despite the increase of the braid-belt area and the formation of

new bends and bars. Furthermore, we �nd that 80% of the sets had a thickness between

about 0.5 mm and 9 mm for both experiments. Moreover, for both experiments, 95%

of the sets were thinner than the mean channel depth of that experiment. This shows

that sets with a thickness corresponding to the mean channel depth were the exception

rather than the rule.

4.4.2 Stratigraphical e�ect of high-flood stages

The high �ood stages formed thicker sets than the low-�ood stages (Table 4.2). We

measured three periods at a higher frequency and observed that both the number of

sets and MST were higher for these high-�ood stages. On average, the high stages

formed nearly 2.5 times as many sets as the low stages during an equal period of time.

This higher number of sets was consistent with the faster lateral channel migration and

more frequent chute-cuto� occurrence that was observed during the high-�ood stages.

Consequently, the braid belt expanded most during the high stages, which inevitably

resulted in a larger number of sets. These high-�ood stage sets were also on average

about 30% thicker than the sets of the low-�ood stages. The thicker sets of these high-

�ood stages correlated spatially to thin gravelly and sandy sheets on tops of bars and

outer-bank areas. The low �ood stages were mostly restricted to the main channel, and

deposits were formed predominantly by lateral channel migration. Similarly, most of

the deposits during the high-�ood stages were formed by lateral channel migration,

although the overbank �ow resulted in some thin sheets on tops of bars increasing the

MST .

The stratigraphic sets were on average, however, thinner in the variable-�ood ex-

periment than in the constant-�ow experiment (Figure 4.11C), despite the ability of the

high-�ood stages to form thicker sets than the low-�ood stages (Table 4.2). This has

two reasons. First, lateral channel migration was the dominant mechanism to form

sets for the low-�ood, high-�ood, and constant-�ow conditions. The thickness of these

sets was de�ned by the in-channel water level. This in-channel water level reached

bankfull during the high-�ood and constant-�ow conditions but was lower during the
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Figure 4.12: Distribution of the number of stacked sets in a virtual core. Reworking of the
original undisturbed set leads to multiple thinner stacked sets. For both experiments, reworking
was limited since about 50% of the braid-belt architecture consisted of only a single stacked set.

low-�ood conditions. The high-�ood and constant-�ow conditions thus resulted in sets

of similar thickness, while those formed during the low-�ood stages were thinner. The

high-�ood stages also occasionally deposited thin gravelly and sandy sheets on tops

of bars, but these sheets were thin and covered a small area, which limited the e�ect

on the overall stratigraphic architecture. This demonstrates that the high-�ood stages

formed thicker sets than the low-�ood stages but thinner sets than the constant �ow.

The second reason for the thinner stratigraphic sets in the variable-�ood experiment

was that the duration of the low-�ood stages was much longer than that of the high-

�ood stages. Most of the stratigraphic architecture in the variable �ood experiment

was thus ultimately formed by the low �ood stages. The inability to form thicker sets

during the high �ood stages combined with the long-duration low-�ood stages explains

that stratigraphic sets were on average thinner in the variable-�ood experiment than

in the constant-�ow experiment.

The frequency of reworking was similar for both experiments (Figure 4.12). About

50% of the braid-belt architecture consisted of undisturbed sets for both experiments.

Because these are zero-net-sedimentation experiments, this measure speci�cally means

that about 50% of the braid plain was visited by the channel only once during the ex-

periment. This demonstrates that reworking of bar deposits was generally limited. It

also indicates that the faster lateral channel migration and more frequent chute-cuto�

occurrence of the high-�ood stages did not increase reworking but resulted mainly in

lateral braid-belt expansion.
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4.5 Discussion

4.5.1 Channel and bar morphodynamics

The �ume experiments reproduced weakly braided rivers with multiple parallel chan-

nels in planform. TheABI was generally between 1.5 and 2 (Figure 4.7), which is char-

acteristic for moderately meandering rivers with frequent chute cuto�s and weakly

braided rivers (Kleinhans and Van den Berg, 2011). Despite the multi-channel and

chaotic planform appearance, often only the main active channel and chute channel

actively transported sediment. The observation that not all channels contribute to sed-

iment transport, not even during the high �ood stages, was also made by Bertoldi et al.

(2009) based on �ume experiments, and by Luchi et al. (2007), who showed that a sin-

gle active channel was su�cient to characterize the morphological change in a natural

braided river.

Floods had a very speci�c morphologic and sedimentary impact. First, the bar

length was larger in the variable-�ood experiment than in the constant-�ow experi-

ment (Figure 4.5). The high �ood stages thus had a signi�cant impact on the bar length.

This is consistent with linear stability analysis, which predicts a larger bar length for

a higher dominant discharge (Struiksma, 1985; Crosato and Mosselman, 2009). Sec-

ond, overbank gravel lobes and splays were more common in the variable-�ood exper-

iment. Miall (1985) synthesized the major morphological and stratigraphical elements

of braided gravel-bed rivers (his model 3) and identi�ed these overbank lobes and splays

as characteristic architectural elements of this river type. This demonstrates that the

overall channel and bar distribution (Figure 4.8) can be reproduced with a constant

�ow but that �oods are needed to reproduce the full range of architectural elements as

observed in natural braided river systems.

Floods also largely a�ected the braid-belt geometry. Both the braid-belt reworked

area (11.6 m
2

and 14.8 m
2

for the constant-�ow and variable-�ood experiments, re-

spectively) and width (1.29 m and 1.65 m for the constant-�ow and variable-�ood ex-

periments, respectively) were about 30% larger in the variable-�ood experiment than

in the constant-�ow experiment. This shows that the ability to do geomorphic work

(Wolman and Miller, 1960) was larger in the variable-�ood experiment as was expected

from the nonlinear relation (Struiksma, 1985) between �ow and sediment transport.

Yet, the braid-belt topographical height distributions had a similar shape (Figure 4.8C)

and range of elevations (Figure 4.8A, Z95 - Z5) for both experiments. This indicates

that the high �ood stages a�ected the braid-belt width more than its thickness. Fur-

thermore, the braid belts expanded by erosion of the outer banks. Consequently, these

outer banks introduced a lot of sediment into the braid belts. Moreover, most of the

deposited sediment (60 to 70%) was derived from these outer banks and not from the

upstream sediment feed. This shows that the outer banks can be an important sediment

source in expanding braid belts. We therefore hypothesize that the �ume experiments

are a good analogue for young expanding braid belts in which the active channel fre-

quently erodes the braid-belt outer banks.
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4.5.2 Braid-belt architecture

Modeling �uvial architecture for scienti�c or reservoir engineering purposes requires

quantitative information for the input parameters and geometry. Systematic examina-

tion of the hierarchy of channel-form bounding surfaces that can often be recognized

in deposits can provide these inputs. This study revealed a number of statistical param-

eters, which can be used to reconstruct paleochannel dimensions from stratigraphy. A

number of guidelines are described and discussed below.

Comparison with existing theory

The mean set thickness agreed well with the theoretical prediction as a function of the

bar and channel morphology for both �ume experiments. This shows that the Paola

and Borgman (1991) theory is valid for zero-net-deposition braided rivers and can thus

be used to quantitatively relate braid-belt architecture to the original channel and bar

morphology. The �ume experiments and the Paola and Borgman (1991) theory focus

on the limiting case of zero-net deposition because sedimentation conditions are often

unknown for �eld cases. The absence of net-sedimentation in the �ume experiments

thus provides an important lower bound on the fraction of the morphology that is

preserved.

In addition to a comparison between the observed and predicted mean set thick-

ness, we also compared the entire observed and predicted set-thickness distributions

(Figure 4.13A). We �nd that the theoretical set-thickness distribution agreed well with

the observed number of thin sets, but that it underestimates the very low number of

thick sets. This holds for the prediction based on the DEM of merely the last time step

as well as for the prediction based on the DEMs of all time steps (Figure 4.13A), al-

though the prediction clearly improves for the latter (Table 4.3). It is essential to realize

that the Paola and Borgman (1991) theory does not include any morphodynamics in

its formulation but merely requires the probability-density function (PDF) of elevation

relative to some datum to characterize the resulting PDF of bounding-surface set thick-

nesses, and vice versa. Clearly, a better characterization of the PDF of bounding-surface

set thicknesses is attained in our study by including a channel history by means of all

DEMs, as opposed to just a single DEM that may or may not have a deep chute cuto�

in it. This shows that incorporation of more DEMs results in more spatio-temporal

support of the prediction, which improves the predictive capability. Having said that,

stratigraphic sets do not form without dynamic morphology, so it is more accurate to

state that the Paola and Borgman (1991) theory assumes steady statistics of dynamic

morphology.

The above shows that the stratigraphic set distribution is a function of the entire

topographic history of the braid belt. As such for the inverse problem, the distribution

of set thicknesses is not a predictor of the topography of the braid belt at any instance,

but of its time-integrated topographic variability. Speci�cally, there is greater correla-

tion in the model incorporating the entire topographic history than in the model that
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incorporates only a single realization of the time-integrated topographic distribution.

Discrete measurements of a continuous process such as channel migration in-

evitably result in an approximation of the actual stratigraphy of the deposit (Straub

et al., 2012). Given this di�erence between actual and synthetic stratigraphy, the ro-

bustness of the synthetic stratigraphy is de�ned by the frequency of a morphologic

measurement relative to the rate of process change (Lane et al., 1994; Lane, 1997).

Three-hourly topographic surveys were available for the experiment with a variable

�ood, but only the six-hourly surveys were used for comparison with the experiment

with a constant discharge, which only had six-hourly surveys. These three-hourly

measurements can, however, be used to assess the robustness of the presented syn-

thetic stratigraphy
∗
(Table 4.3). We �nd that the number of sets increased about 30%

while theMST decreased about 12% for a three-hourly instead of a 6-hourly measure-

ment interval. For a twelve-hourly measurement interval, we �nd only about half of

the number of sets that were recorded during the 3-hourly measurement interval and

the thickness of these sets was also about 35% higher. Yet, the set-thickness occupa-

tion space (Figure 4.13B) was similar for all measurement intervals. This occupation

space is a measure of the fraction within a braid belt, outcrop, or core that is occu-

pied by a speci�c set thickness. It is calculated by summation of the individual set

thicknesses for every bin width class. This measure thus integrates the number and

thickness of stratigraphic sets, which results in a non-dimensional volumetric braid-

belt occupation, a non-dimensional outcrop-area occupation, and a non-dimensional

vertical-core-thickness occupation. For all measurement intervals, we �nd that most

of the braid belt consisted of thin sets with a progressively lower occupation for an in-

creasing set thickness. These braid-belt occupation-space distributions are consistent

with those predicted from the Paola and Borgman (1991) theory.

Field studies can therefore use distributions of set-thickness occupation space to re-

construct paleochannel dimensions from outcrops and cores. Application of these set-

thickness statistics can be done in a number of straightforward ways. First, search for

the thickest bounding-surface sets. These sets will be easiest to recognize but occupy

the smallest part of the braid belt, outcrop, and core (Figure 4.13B). In our experiments,

the thickest non-truncated sets had a thickness up to∼ 3hmean, which can be used as a

measure to infer the mean channel depth from the thickest bounding-surface sets. Fully

preserved channel �lls have the highest chance to be encountered near the channel-belt

margins (Chapter 3). Second, most of the sets in outcrops and cores are thinner than the

mean channel depth (Figure 4.13B). As a rule of thumb, we �nd that about 95% of the

sets were thinner than hmean and about 70% of the sets were thinner than 0.5·hmean.

Third, assemble a signi�cant number of measurements of bounding-surface set thick-

nesses and use the observed V SPR from this study to derive the formative mean pa-

leochannel dimensions. We �nd that 20 to 30% of the mean channel depth is preserved

∗
Table 4.3 demonstrates that, in contrast to what is reported in Chapter 3, the synthetic and predicted

stratigraphic architecture are a function of the measurement frequency. More importantly, Figure 4.13B

shows that the predicted and synthetic deposit have a similar architectural distribution, which is independent

of the measurement frequency.
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4.5. Discussion

Table 4.3: E�ect of temporal and spatial support on predicted and observed braid-belt ar-
chitecture. The χ2 test to quantify goodness of �t indicates that the predicted set-thickness
distribution (Eq. 4.1) is in good agreement with the observed set-thickness distribution at the p
= 0.05 signi�cance level for all survey intervals. Yet, the agreement improved when not only the
DEM of the last time step but all DEMs were used for this prediction, which shows that a larger
spatio-temporal support improves the predictive capability. Test values: Nbins = 34, degrees of
freedom = 32, χ2

3 = 0.13, χ2
6All = 0.11, χ2

6Last = 0.24, χ2
12 = 0.10, χ2

critical = 45.

Survey interval hmean β MSTpred MSTobs No. of sets

(hrs) (mm) (mm) (mm) (mm)

3 (All DEMs) 7.8 2.12 3.49 2.75 212413

6 (All DEMs) 7.9 2.13 3.50 3.15 159353

6 (Last DEM) 11.6 1.84 3.03 3.15 159353

12 (All DEMs) 7.2 2.10 3.45 3.75 107503
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Figure 4.13: Robustness of predicted and synthetic braid-belt architecture. Robustness of the
stratigraphic architecture is evaluated as a function of the measurement frequency, i.e., the spa-
tial and temporal support. A) Comparison of measured and predicted set-thickness distributions
(Eq. 4.1). Measured (symbols) values of the probability density for set thickness at the end (T
= 120 hrs) of the �ume experiments, together with the predicted (thick lines) density function
based on the DEM at T = 120 hrs. Also shown is the predicted (thin dotted lines) density func-
tion based on all DEM surfaces. The deviation between the observations and the predictions is
exaggerated on the logarithmic scale. The χ2 test to quantify goodness of �t indicates that Eq.
4.1 is an adequate �t of the data at the p = 0.05 signi�cance level for both predictions. Test val-
ues: NbinsC = 28, degrees of freedom C = 26, χ2

C = 2.1, χ2
criticalC = 38.9,NbinsV = 34, degrees

of freedom V = 32, χ2
V = 0.2, χ2

criticalV = 45. Including all DEM surfaces, however, improves
the prediction (see Table 4.3, also for test values). B) Distribution of braid-belt, outcrop, or core
occupation space as a function of the survey interval. This occupation space is calculated by
summation of the individual set thicknesses for every bin width class of 1 mm in A).

(Figure 4.11B). The survey interval a�ected these numbers somewhat and shows a 10%

di�erence between the three-hourly and twelve-hourly scan in V SPR for an hmean
of 10 mm. Including these error margins results in an expected average of 10 to 40%
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4. Morphological and stratigraphical impact of floods

of channel-depth preservation. These average preservation values compare well to the

reported V SPR of 30% for an experimental meandering gravel-bed river (Chapter 3)

and are close to the lower boundary predictions for natural gravel-bed braided rivers

(Paola and Borgman, 1991). This indicates that for natural gravel-bed rivers a robust

estimate of paleochannel dimensions from stratigraphy can be made based on a V SPR

between 10% (upper bound) and 40% (lower bound).

E�ect of floods on braid-belt architecture

The key implication of the observations presented in this study is that the �ood events

did not modify the braid-belt internal architecture: the DEMs show neither deeper

channels nor increased bar aggradation during the �ood events. A number of high-

elevation morphological features were created only during �oods of the variable-�ood

experiment, but these had a limited spatial extent and were therefore unable to mod-

ify the overall braid-belt architecture. Indeed, the synthetic stratigraphy for constant

bankfull �ow and �oods were indistinguishable. This indicates that multiple, large

�ood events with a recurrence time of about a decade do not have a discernable impact

on the sedimentary record of such rivers.

Other studies have also hinted at the limited stratigraphic imprints that �oods leave

behind. A large 1-in-40 year �ood in the South Saskatchewan River caused signi�cant

erosion and re-organization of bars and channels, but no di�erence in facies or geome-

try of the deposits from annual �ood events was observed (Sambrook Smith et al., 2010;

Parker et al., 2012). The lack of stratigraphic signature of �oods is explained from the

hydraulic geometry of rivers. Bed shear stresses rapidly increase for higher in-channel

discharges. However, as soon as the bankfull level is reached and the �oodplain inun-

dates, bed shear stresses increase at a lower rate (e.g., Sambrook Smith et al., 2010). A

higher discharge is thus often simply stored in the �oodplain. This indicates that for un-

con�ned rivers the erosive capacity does not linearly increase with discharge because

the �ow increases more in width than in depth from the moment of �oodplain inun-

dation onwards. Wide �oodplains thus greatly reduce the in-channel morphological

and stratigraphic e�ectiveness and impact of larger-than-bankfull �oods. In turn, this

implies that evidence of larger-than-bankfull �oods is present mainly in the �oodplain

and not in the in-channel morphology and stratigraphic architecture. For example,

channel-�ll sequences are known to record channel dynamics and �oods (e.g., Toonen

et al., 2012). Therefore, the sedimentary architecture of these �oodplain channel �lls

is promising for �nding evidence of paleo�oods. This observation is likely applicable

to most lowland alluvial rivers because these are practically uncon�ned and exhibit

extensive �oodplains, but it may not extend to more con�ned settings and exceptional

extreme (>1000 years recurrence time) �oods. Clearly, further research is required to

determine the sedimentary and stratigraphic signature of these extreme �ood events.
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4.6 Conclusions

We used contrasting �ume experiments to test the e�ect of �ood events on the mor-

phodynamics of braided-river bars and channels, and on the resulting stratigraphic ar-

chitecture. We compared the preserved stratigraphy to the Paola and Borgman (1991)

theory, which predicts stratigraphic architecture as a function of topographic eleva-

tion. By explicitly relating the original morphology to the resultant stratigraphy we

distilled a number guidelines that will be helpful in the �eld to reconstruct paleochan-

nel dimensions from outcrops and cores. Results show that:

1. The braided river plains consist of large bar complexes, which form predomi-

nantly by lateral channel migration. Abandoned channels are often re-occupied

by chutes that cross cut the bar deposits.

2. Floods result in longer bars, a higher number of chute cuto�s, and deposition of

thin sandy and gravelly sheets on tops of bars and outer banks. Bar deposits are

the dominant architectural element. Thin overbank sheets are prominent archi-

tectural elements but have a limited impact on the overall braid-belt architecture.

3. The mean set thickness derived from synthetic braid-belt architecture agrees well

with the theoretical prediction as a function of the topographical elevation of the

braid plain. This shows that the Paola and Borgman (1991) theory can well be

applied to link stratigraphic architecture to the original dimensions at the time

of sedimentation.

4. Wide �oodplains greatly reduce the stratigraphic impact of larger-than-bankfull

�oods. The deposits formed by larger-than-bankfull �oods are thus di�cult to

distinguish from those formed by bankfull �oods.

5. On average, between 10 and 40% of the mean channel depth is preserved inde-

pendently of �ood scenario.

6. 95% of the sets are thinner than the mean channel depth. This shows that most

braid belts, outcrops, and cores are �lled with thin sets and that sets with a thick-

ness corresponding to the mean channel depth are the exception rather than the

rule.
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CHAPTER 5

Preservation of meander channel and scour features under
aggradational conditions

Channel-belt deposits from meandering river systems commonly display a stacked internal ar-

chitecture consisting of depositional features with scoured basal contacts due to channel and bed-

form migration across a range of scales. Recognition and correct interpretation of these bounding

surfaces is essential to reconstructions of paleochannel dimensions. It is therefore crucial to un-

derstand the suite of processes that form and transfer these surfaces into the �uvial sedimentary

record. Here we use the numerical model NAYS2D to simulate a highly sinuous meandering

river and produce synthetic stratigraphic architectures that can be directly compared to the sed-

imentary record. We use this synthetic stratigraphy to quantify the e�ect of aggradation (due

to excess sediment input) on meander-belt stratigraphic architecture. We �nd a similar strati-

graphic architecture for zero to moderate aggradation rates. Therefore, �uvial reservoir modeling

frameworks do not need to account for these moderate aggradation rates and can use the lower

bound of 30% for channel deposit preservation. For extreme aggradation rates, about 50% of

the original channel is preserved, which de�nes an upper bound on the fraction of the channel

deposits that are preserved. Repeatedly produced alternations of point-bar growth and cut-o�,

the de�ning behavior of what we call meandering systems, result in a vertical trend in channel

and scour feature stacking, that di�ers laterally within the meander belt. In the meander-belt

center, the high reworking intensity results in many bounding surfaces and disturbed deposits,

while closer to the margins reworking is less frequent and thick deposits with a limited num-

ber of bounding surfaces are preserved. These marginal areas thus o�er the best opportunity to

preserve complete channel deposits and are best suited for paleochannel reconstruction.

This chapter is based on: Preservation of meander channel and scour features under aggrada-

tional and non-aggradational conditions, by W.I. van de Lageweg, F. Schuurman, Y. Shimizu, K.M.

Cohen, W.M. van Dijk and M.G. Kleinhans, In preparation.
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5. E�ect of aggradation on meander-belt architecture

5.1 Introduction

The �uvial record consists of a hierarchy of bounding surfaces that correspond to ero-

sional surfaces (scour bases) and depositional surfaces (bartops, �oodplains and pa-

leosols) spanning a range of temporal and spatial scales (e.g., Miall, 1985; Holbrook,

2001). Smaller architectural elements are often nested within larger elements form-

ing a hierarchy of scales, bounded by erosional contacts of di�erent origin and mag-

nitude (Figure 1.4 of this thesis). Large-scale sequence stratigraphic studies focus on

seventh-order contacts for intra-regional correlations while small-scale studies exam-

ining hydraulic properties zoom in to �rst-order lamina boundaries and second-order

bar surfaces. Third to sixth-order surfaces correspond to bar and channel scours, which

can often be recognized in outcrops. These surfaces are invaluable to infer paleo�ow

dimensions and therefore a detailed understanding of the range of processes forming

these third to sixth-order surfaces is required.

Quantitative theoretical relations have been derived between the height of the orig-

inal morphology and the formation of stratigraphic channel-bounding surfaces (e.g.,

Allen, 1984; Paola and Borgman, 1991; Bridge and Best, 1997). These show that the

formation of these surfaces is a function of 1) the succession and magnitude of ex-

treme scours related to migrating channels, and 2) the rate of aggradation. The chan-

nel dimensions at the time of sedimentation have already quantitatively been linked

to the resultant stratigraphic architecture for zero net-aggradation conditions (Chapter

3). Zero-net aggradation is an important limit because it provides a lower bound on the

fraction of the channel deposits that are preserved.

Aggradation rates are extremely variable. They vary with the environment of depo-

sition and have proven unsteady in ancient times (Sadler, 1981). The aggradation rate of

fossil sediments is thus usually not known. Therefore, fundamental to our interpreta-

tions of the sedimentary record are observations that quantify the e�ect of aggradation

on channel deposit preservation. This is particularly true for extremely high aggrada-

tion rates, which set an upper bound on the fraction of the channel deposits that are

preserved. Identifying these upper and lower bounds thus constrains the fraction of

the channel deposits that are preserved for a range of sedimentary conditions, which

are important quantitative limits for the reconstruction of paleochannel dimensions.

Controlled physical (e.g., Paola et al., 2001) and numerical (e.g., Clevis et al., 2003)

models have successfully been applied to examine the e�ect of aggradation on the se-

quence stratigraphic architecture for braided rivers in fan and delta settings. In contrast

to braided rivers, reproduction of a dynamic meandering channel over larger time scales

has proven much more challenging (e.g., Paola et al., 2009; Kleinhans, 2010). Recently,

signi�cant progress in simulating meandering river patterns has been made both in the

laboratory (e.g., Braudrick et al., 2009; Van Dijk et al., 2012b) and in numerical models

(e.g., Asahi et al., 2011), which now enables us to examine process-product relations

for meandering rivers in much more detail. In this study, we use the process-based

numerical model NAYS2D to simulate the evolution of a meandering channel and to
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5.2. Data and methodology

quantify the e�ect of aggradation on preservation and stratigraphic architecture of a

meander belt.

5.2 Data and methodology

A highly-sinuous meandering river and resultant alluvial architecture is simulated by

the two-dimensional �uid dynamics and morphodynamics code NAYS (e.g., Asahi et al.,

2011), which is the �rst to produce river meandering without presuming a �xed rela-

tion between bank erosion and bank accretion (e.g., Willis and Tang, 2010). A moving-

boundary �tted coordinate system was used to describe river planform and migration

in the model runs. This dynamic coordinate system enabled channel migration and

neck-cuto� formation but introduced some instability over the course of the run, which

limited planform development to a maximum of 668 modeled time steps. The dynamic

coordinates were resampled to �xed cartesian ones to generate the DEM surfaces, an-

imations and synthetic stratigraphy. For a more detailed description of the model, see

Jang and Shimizu (2005), Dulal et al. (2010) and Asahi et al. (2011).

NAYS2D model parameters were chosen such that a dynamic and sustained free

meandering river was simulated. The full model domain was 3 km wide and 10 km

long. Runs started from a straight 200 m wide and 8 m deep channel set at a gradient

of 2 · 10−4
m/m (Figure 5.1). These channel dimensions resulted in a channel aspect-

ratio of 25, which is representative for mixed-load single-thread sinuous channels, for

example in commonly applied classi�cation schemes (Schumm, 1985; Kleinhans and

Van den Berg, 2011) and in real-world alluvial river settings such as the Mississippi

(Hudson and Kesel, 2000) and Rhine (Erkens et al., 2009). Sediment-transport rate was

computed by the Engelund and Hansen (1967) formulation. Although bed roughness in

natural rivers varies spatially due to the presence of bed forms, a constant uniform bed

roughness (Nikuradse ks = 0.15 m) was used here. The upstream water and sediment

in�ow point moved transversely with a constant rate of 0.65 m/yr and had a maximum

amplitude of 300 m. This dynamic upstream supply point was needed to maintain a

dynamic meandering planform, similar to observations of an experimental meandering

river (Van Dijk et al., 2012b). The migration rate of this supply point was much smaller

than the observed lateral channel migration rates, which indicates that it merely acts

as a perturbation. Discharge was maintained constant at 2500 m
3
/s.

In our main run, the NAYS2D model was used to simulate the alluvial channel belt

architecture formed by meandering river processes without aggradation. From this

three-dimensional model output, virtual cores and transects were visualized and an-

alyzed (Figure 5.2). The virtual cores correspond to grid points within our synthetic

stratigraphy and consisted of about 3 · 104 individual corings at the end of the run.

The analysis of these virtual cores included extraction of descriptive statistics on typi-

cal thicknesses between channel and scour bounding surfaces. We de�ne stratigraphic

sets as depositional bodies enclosed by two successive bounding surfaces. Bounding

surfaces formed by smaller-scale features such as dunes and ripples were not explic-
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5. E�ect of aggradation on meander-belt architecture

itly modeled but their height was estimated from the prescribed bed roughness as

hdune = 2 · ks (Van Rijn, 1984a). This resulted in a typical hdune of 0.3 m. In this

study, we focus on bounding surfaces formed by bars and channels and therefore sur-

faces with a magnitude of 0.3 m or less were removed. To further quantify the synthetic

stratigraphic architecture, a vertical set-thickness preservation ratio (V SPR) was cal-

culated. The V SPR quanti�ed the average fraction of the channel that was preserved.

The in�uence of aggradation on the meander-belt stratigraphic architecture was

quanti�ed by comparing the statistics extracted from the main model run (simulating

zero-aggradation), to such results from the data with post-added excess sedimenta-

tion (simulating aggradation). Simple, linear aggradation rates were applied. A time

scale of our numerical simulation was based on a comparison with the morphologic

development of natural meandering rivers with cohesive �oodplains. Based on this

comparison, we assume that a single model time step simulated two years of natural

meander migration, which resulted in a total simulated time (668 time steps) of about

1340 years. Consequently, between 1.3 m for the lowest simulated aggradation rate of 1

mm/yr and 26.8 m for the highest simulated aggradation rate of 20 mm/yr of �oodplain

elevation was added. The simulated extreme aggradation rates of 10 mm/yr and higher

were based on reported �oodplain accretion rates of modern natural �uvial systems

(e.g., Terry et al., 2002). These extreme rates were not meant to simulate ’geologic av-

erage’ aggradation rates. The extreme rates were intended to identify an upper bound

on the fraction of the channel that is preserved for very speci�c settings (e.g., con�ned

and vegetated meandering rivers or proximity of an active upstream feeder system)

during short periods of time (∼1000 years). We assumed that the meandering channel

morphology was not a�ected by aggradation because the simulated aggradation rates

(∼mm-cm of vertical thickness) were much smaller than the thickness reworked by a

typical meandering channel (∼meters).

5.3 Modeled meander morphodynamics

Figure 5.1 shows the modeled meander-belt evolution. The initial straight channel de-

veloped into a highly sinuous (S ∼ 1.5 − 2) meandering river. Note that merely the

active meandering channel was modeled and that the �oodplain topography was not

explicitly included. The sinuous single-thread channel was on average 8 m deep but lo-

cally reached depths up to about 20 m. The deepest parts corresponded to outer bends

whereas inner bends were notably shallower. Channel width also varied greatly with

an average of 250 m but locally it was only 180 m wide. The maximum observed chan-

nel width was 280 m. Individual meanders had a typical length of 1000-1200 m with a

maximum meander length of about 1500 m.

Dominant morphological processes were lateral channel migration and neck cut-

o� (Figure 5.1). The average lateral channel migration rate was 2.5-5 m/yr. However,

di�erences in channel curvature resulted in highly variable migration rates with max-

imum rates up to 20 m/yr. These rates are consistent with observed migration rates of
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Figure 5.1: Meander-belt evolution in the main model run. Simulation for this main run starts
from an initial straight channel and resulted in a highly sinuous (S∼1.5-2) meandering channel
after 668 time steps (A, B and C). In an auxiliary run (D), we mirrored the channel time series
of this main model run with respect to the meander-belt axis, indicated in (C). This resulted
in addition of meander-belt area and in replacement of synthetic stratigraphy mainly in the
meander-belt axis zone. Total meander-belt set statistics calculated for this run thus weigh the
marginal set distributions heavier than in the main run.

natural meandering channels with cohesive �oodplains (e.g., Hudson and Kesel, 2000).

Point bars formed in the inner meander bends and consisted of undulating surfaces,

also known as ridge and scroll topography. The channel was locally straightened due
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5. E�ect of aggradation on meander-belt architecture

to neck cuto� from about 350 time steps (∼700 years) onwards. In total, we observed

four neck cuto�s.

A key result is that most of the morphological activity for the simulated meandering

river took place in the center of the meander belt. In this zone, point-bar deposits that

developed earlier in the run were reworked multiple times by cuto�s that occurred later

in the run. Closer to the meander-belt margins, reworking occurred less frequently.

This di�erence between center and margin is believed to stay present also if the model

would be ran much longer to a large number of reworking cycles.

5.4 Meander-belt stratigraphic architecture

The magnitude as well as the succession of the migrating channels determined the

formation of bounding surfaces and stratigraphic architecture within the resultant me-

ander belt (Figure 5.2). The deepest channels resulted in the thickest sets, which were

reworked and therefore decreased in thickness by shallower channels again. The suc-

cession of the migrating channels determined which part of the channel history was

recorded. For example, the base of a bar in a large channel had a higher chance of

preservation than the base of such a bar in a smaller, shallower, channel because of vari-

able scour depth of the migrating main channel and the limited scour depth of minor

channels (e.g., cuto� channels). Where we added aggradation in the post-processing

of the model output (Figure 5.2), this not only resulted in the obvious stratigraphic set

thickness increase, but also in more internal bounding surfaces. This shows that the

balance between lateral channel migration and aggradation rate determined both the

meander belt external geometry and the internal stratigraphic architecture.

5.4.1 E�ect of aggradation on stratigraphic architecture and preserva-
tion

In the main run, most of the meander-belt stratigraphic architecture consisted of rela-

tively thin sets with 50% of the sets being smaller than 2.02 m (Figure 5.3A): equal to

only 25% of the mean channel depth (hmean) of 8.45 m. The maximum set thickness

for this run was 18.5 m, which corresponded to about twice the mean channel depth.

The vertical set-thickness preservation ratio was 0.36 (Figure 5.3B).

The in�uence of aggradation on the stratigraphic architecture was limited for rates

smaller than 10 mm/yr (Figure 5.3). Despite a large increase in the number of sets from

about 9.5 · 104 (∼3.2 sets per core) without aggradation to about 11 · 104 (∼3.7 sets

per core) for an aggradation rate of 5 mm/yr, the median set thickness (Figure 5.3A)

and vertical set-thickness preservation ratio (Figure 5.3B) only slightly increased. The

variation in set thickness S, quanti�ed by the di�erence between S5 and S95, also only

slightly increased. This indicates that for aggradation rates smaller than 10 mm/yr

lateral channel migration was able to rework most of the added �oodplain elevation.

Importantly, the stratigraphic architecture that formed for these low aggradation rates
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Figure 5.2: Synthetic stratigraphy produced by the meander model with and without net-
aggradation. Slices through this synthetic stratigraphy are analogous to outcrops and can be
used to infer time of deposition, channel scour surfaces, set-thickness statistics and preservation.
The position of the slices is indicated in Figure 5.1 and Figure 5.4. Note that we exaggerated the
vertical scale 20 times.

did not signi�cantly di�er from the stratigraphic architecture formed by a meandering

river without net-aggradation. This implies that based on stratigraphic set-thickness

distributions logged in �eld situations, meander belts formed under conditions of mod-

erate net-aggradation cannot be di�erentiated from equilibrium situations with zero-

aggradation.

The in�uence of aggradation on the stratigraphic architecture was more obvious for

aggradation rates equal to or higher than 10 mm/yr (Figure 5.3). Reworking of older

deposits decreased and more internal bounding surfaces formed (Figure 5.2). This was

also illustrated by the number of observed stratigraphic sets, which increased 27% for

an aggradation rate of 10 mm/yr and 47% for an aggradation rate of 20 mm/yr.
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Figure 5.3: The e�ect of aggradation on meander-belt stratigraphic architecture. For every
virtual core in the model domain we calculated stratigraphic set thicknesses (S) from which a
vertical set-thickness preservation ratio (V SPR) was derived for every run. (A) Stratigraphic
set-thickness distributions and (B) V SPR for di�erent aggradation rates.

The above shows that the meander-belt stratigraphic architecture re�ected the rel-

ative importance of lateral channel migration and aggradation. Conceptually, deposits

are intensely reworked for low aggradation rates and high lateral channel migration

rates while reworking is less intense for higher aggradation rates and lower lateral

channel migration rates. This conceptual mechanism was observed in the synthetic

stratigraphy. We observed about 9.5 · 104 (∼3.2 sets per core) stratigraphic sets for

the run without aggradation. For this zero net-aggradation run, the number of strati-

graphic sets was merely the result of lateral channel migration and cutting. For an

aggradation rate of 10 mm/yr, we found about 12 · 104 sets (∼4 sets per core). In this

run, the stratigraphic architecture was the result of a combination of channel cutting

and aggradation. For an even higher aggradation rate of 20 mm/yr, the number of strati-

graphic sets increased to 14 · 104 (∼4.7 sets per core). Yet, this increase was smaller

than the increase in the number of stratigraphic sets from an aggradation rate of 0

to 10 mm/yr. This illustrates that the e�ect of aggradation started overruling channel

migration and cutting for this high aggradation rate of 20 mm/yr. Consequently, the

smallest number of bounding surfaces will be found for a river without aggradation.

More bounding surfaces are expected for increasing aggradation rates, up to the point

that aggradation overrules channel migration and cutting.

The high aggradation rates also raised the V SPR (Figure 5.3B): 44% and 53% of the

channel was preserved for aggradation rates of 10 and 20 mm/yr, respectively. These

high aggradation rates thus notably increased the fraction of the channel that was pre-

served, in contrast to aggradation rates lower than 10 mm/yr. This demonstrates that

reconstructions of the original channel dimensions can more readily be made from

stratigraphy for these high aggradation cases. It could be argued that the initial time

steps corresponded to model spin-up, which would exaggerate the di�erence between

low and high aggradation rates. Therefore, we also determined the in�uence of aggra-

dation on the stratigraphic architecture from the occurrence of the �rst cuto� (350 time
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Figure 5.4: Map view of the stratigraphic architecture of the simulated meander belt. Set-
thickness statistics (number of stacked sets, S50 and Smax) were used to characterize the strati-
graphic architecture. Note that deposits were more frequently reworked in the center of the
meander belt than at the margins, which resulted in irregular thin stacked sets in the center
and undisturbed thick sets at the margins.

steps) onwards. This showed that the trends in V SPR from the entire run and from

the �rst cuto� onwards were similar but that the V SPR was slightly higher for the

latter (56% instead of 53% for an aggradation rate of 20 mm/yr).

It is worth noting that ’on average’ the di�erences between the main run with zero-

aggradation and the runs with net-aggradation were not that large. Yet, the overall

variability in stratigraphic architecture increased for higher aggradation rates (Figure

5.3). For example, the median set thickness only increased from 2.02 m for the run

without aggradation to 2.72 m for the run with a high aggradation rate of 20 mm/yr.

This indicates that also for high aggradation rates most of the stratigraphic architecture

consisted of relatively thin sets. For the same aggradation rate, however, the maximum

set thickness was 38.1 m, which is equal to more than twice the maximum set thickness

of the run without aggradation.
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5. E�ect of aggradation on meander-belt architecture

5.4.2 Lateral di�erences in stratigraphic architecture

We observed large spatial di�erences in meander-belt stratigraphic architecture, even

without aggradation (Figure 5.4). The systematic behavior of the meandering chan-

nel, i.e., point bar growth followed by neck cuto�, created lateral stratigraphic trends

within the meander belt. We observed relatively undisturbed stratigraphic sets close to

meander-belt margins and more irregular stratigraphy with multiple stacked sets in the

meander-belt center (Figure 5.4A). Consequently, sets were thicker for the meander-

belt margins than for the center (Figure 5.4B). These stratigraphic trends are consis-

tent with those distilled from natural (e.g., Lewin and Macklin, 2003) and experimen-

tal (Chapter 3) meandering rivers. Yet, large local variations in stratigraphic architec-

ture existed within the meander belt. For example, sets with a thickness up to 17 m

(∼ 2hmean) were found in the meander-belt center close to much thinner sets (Figure

5.4C). These thick sets corresponded to an abandoned deep meander bend that had not

been reworked. The �ndings indicate that fully preserved channel �lls have the highest

chance to be encountered along the margins of a meander belt.

Aggradation had a large impact on these lateral stratigraphic trends within the me-

ander belt. Lateral di�erences in the onset of aggradation, however, obscured these lat-

eral stratigraphic trends resulting from the systematic channel migration and cutting.

To overcome this, we mirrored the channel time series of the existing main run with

respect to the meander-belt axis (Figure 5.1D). This resulted in addition of meander-belt

area and in replacement of synthetic stratigraphy mainly in the meander-belt axis zone.

Total meander-belt set statistics calculated for this run thus weighed the marginal set

distributions heavier than in the original run. When we added aggradation in the post-

processing of this model output, we found a small increase in stratigraphic set thickness

in the meander-belt center. Closer to the margins, a larger increase in stratigraphic set

thickness was observed. The high frequency of channel cutting in the meander-belt

center thus blurred the aggradation signal in the stratigraphic architecture in this cen-

tral zone. In contrast, deposits were less frequently reworked at the margins thus leav-

ing a clear stratigraphic imprint: thicker stratigraphic sets. This indicates that the lat-

eral di�erences in stratigraphic architecture within meander belts for zero-aggradation

were ampli�ed for aggradational conditions.

5.5 Discussion

Modeling �uvial architecture for scienti�c or reservoir-engineering purposes requires

quantitative information for the input parameters and geometry. Full preservation of

ancient morphology is uncommon: most preserved architectural elements are frag-

mented and therefore challenging to relate to the original dimensions at the time of

sedimentation. Therefore, a key question in dealing with preserved sediments is: which

height of the original morphology do these fragmented architectural elements repre-

sent?
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Figure 5.5: Insensitivity of Vertical Set-thickness Preservation Ratio (V SPR) to the time res-
olution. Envelope of V SPR as a function of the number of DEMs included in the analysis. The
lower bound is valid for zero-aggradation and the upper bound corresponds to extremely high
(20 mm/yr) aggradation rates.

The presented stratigraphic set-thickness statistics provide quantitative error

bounds to reconstruct paleochannel dimensions from stratigraphy. Zero aggradation

de�nes an important lower bound on the fraction of the channel deposit that is pre-

served. For this condition, we observed that 36% of the original channel deposit was

preserved. This fraction is consistent with the reported 30% for non-aggradational ex-

perimental meandering rivers (Chapter 3) and corresponds to low-end predicted frac-

tions of 40% for natural braided rivers (Paola and Borgman, 1991). These �eld obser-

vations, �ume experiments and numerical model simulations show that a preserved

fraction of about 30% is a robust lower-bound estimate to reconstruct paleochannel

dimensions from stratigraphy.

Sedimentation rates are usually not known for preserved sediments and an upper-

bound estimate of channel deposit preservation is therefore also highly relevant. The

numerical simulations highlight two important e�ects of aggradation on the strati-

graphic architecture of meander belts. First, for most aggradation rates is the strati-

graphic architecture similar to the architecture that forms under zero-aggradation. This

indicates that �uvial reservoir-modeling frameworks do not need to modify the strati-

graphic architecture within individual meander belts for most cases. Second, strati-

graphic set thickness and channel deposit preservation increase notably for highly
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5. E�ect of aggradation on meander-belt architecture

(≥10 mm/yr) aggradational conditions. For most natural meandering rivers, lower (<10

mm/yr) aggradation rates are expected but these extreme aggradation rates may tem-

porarily be maintained in speci�c settings. For example, meandering rivers in a con-

�ned and densely vegetated setting may sustain extreme aggradation rates for a short

period of time. For these extreme aggradation rates, we observed that about 50% of the

original channel deposit was preserved, which de�nes an important upper bound on

the fraction of the channel deposit that is preserved.

The synthetic stratigraphic architecture is the result of the survey frequency rel-

ative to the rate of process change. The number of included DEMs and the rate of

channel migration thus de�ne the resultant stratigraphy. Figure 5.5 demonstrates that

the presented lower and upper bounds on the fraction of the channel deposit that is

preserved remains similar for a wide range of the number of included DEMs. If only

33% of the original 668 DEMs are included, the lower and upper bounds start to deviate.

For this low number of DEMs, the channel migrates on average about 0.1 channel width

between consecutive DEMs. This indicates that neglecting about 10% of the channel

migration and cutting behavior is insu�cient to characterize the synthetic stratigraphic

architecture. It also demonstrates that the presented upper and lower V SPR bounds

are independent of the number of DEMs as long as the channel migration and cutting

behavior is captured.

5.6 Conclusions

Numerical simulations of a meandering river, that incorporates point-bar formation

and neck-cuto�, demonstrate that the stratigraphic architecture formed under moder-

ate aggradation rates is similar to the architecture formed under non-aggrading condi-

tions. This indicates that �uvial reservoir-modeling frameworks do not need to modify

the stratigraphic architecture within individual meander belts for most aggradation

conditions. Quantitative analysis of the synthetic stratigraphic architecture shows that

for these zero to moderate aggradation rates about 30% of the original channel deposits

are preserved. For extreme aggradation rates, about half of the original channel de-

posits are preserved, which de�nes an important upper bound on the fraction of the

channel deposits that are preserved for natural meandering rivers. Furthermore, the

systematic behavior of the meandering channel, i.e., point-bar growth followed by neck

cut-o�, creates lateral di�erences in stratigraphic architecture, which are ampli�ed by

aggradation. This typical channel migration and cutting behavior of meandering sys-

tems favors preservation of more complete channel deposits closer to the margins of

meander belts.

110



CHAPTER 6

Archimetrics of meander belts

Present three-dimensional characterization of meander-belt deposits largely relies on idealized

vertical pro�les and a limited number of analogue models, despite their relevance for exploration

and production of natural resources. Major architectural elements include the external geome-

try of meander belts, internal channel �lls and lateral-accretion deposits, but their preservation

is not well understood. In this study, we use two �ume experiments and a numerical model

to characterize and construct architecture (referred to as ’archimetrics’) and sedimentology of

meander-belt deposits. We �nd meander belt width-to-thickness ratios between 100 and 200,

which are consistent with reported values of natural meander belts. Also, the variation in height

of a meander-belt base is quanti�ed thus enabling improved estimates of sand quantities and con-

nectedness of amalgamated meander belts. Furthermore, the average dimensions of individual

preserved channel deposits correspond to about a third of the dimensions of the original mean-

dering channel. A key observation is that most channel cutting occurs in the center of meander

belts. Most of the variation within meander belts thus occurs laterally and not vertically, even

for aggrading conditions. Last, we show that the slope and number of stacked lateral-accretion

packages within natural point-bar deposits are well predicted from fairly basic morphological

and sedimentological variables.

This chapter is based on: Archimetrics: a quantitative tool to predict meander-belt architecture,

by W.I. van de Lageweg, D. Box, W.M. van Dijk and M.G. Kleinhans, In preparation.
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6. Archimetrics of meander belts

6.1 Introduction

Fluvial deposits are ubiquitous in the geological record and detailed information on

their architecture is essential to characterize reservoirs and aquifers. In essence, these

deposits are composed of a number of basic building blocks (Miall, 1985; Holbrook,

2001) spanning a wide range of spatial and temporal scales (Figure 1.4 of this thesis).

Valley �lls correspond to large-scale seventh-order bounding surfaces while small-scale

�rst and second-order bounding surfaces re�ect lamina and bar surfaces. In this study,

the focus is on third to sixth-order bounding surfaces: bar boundaries, nested chan-

nel cuts, boundaries of channel-�lls and lateral-accretion elements, and the external

geometry of channel belts. Quantitative observations at these scales are sparse and

thus subsurface investigations currently depend on a limited number of detailed �eld

studies (e.g., Fisk, 1944; Gibling, 2006; Gouw, 2008) and analogue models (e.g., Paola,

2000) to characterize the external geometry (sixth order) and the internal organization

of channel belts (third to �fth order).

The external geometry of channel belts has been studied extensively over the last

decades and a compilation and classi�cation is presented in Gibling (2006). Following

Pettijohn et al. (1972), we use the term belt to describe coalesced smaller architectural

components, typically formed by scouring and lateral migration of the main channel.

Gibling (2006) presents a large variety of ancient examples and focuses his analysis on

the average channel belt width and thickness to characterize the external geometry.

Yet, Gouw and Erkens (2007) showed that large variations in width and thickness oc-

cur along an individual channel belt. This indicates that we have a fair impression of

the average dimensions of channel belts but that the variations of these average dimen-

sions are not well known. Information on these variations will make the geometry and

stratigraphic architecture of channel belts truly three-dimensional, which is needed for

reservoir characterization.

The stratigraphical and sedimentological architecture of channel belts is complex.

A wide range of �uvial deposits with three-dimensional variations in composition

and geometry have been identi�ed in ancient and modern �uvial systems (e.g., Miall,

1985). This three-dimensional variation is a product of channel scouring and deposi-

tion. Sharp lithologic di�erences often mark bounding surfaces. These bounding sur-

faces and the associated lithologic heterogeneities determine the hydraulic properties

and therefore the �ow behavior within channel belts. For example, the �nest-grained

sediment layers are potential �ow barriers, which can compartmentalize reservoirs.

The dimension and distribution of these layers, however, determines whether they act

as �ow barriers or �ow ba�es. This shows that a detailed understanding of the range

of processes leading to the three-dimensional variation in composition and geometry

of �uvial deposits is required to predict the stratigraphic and sedimentological archi-

tecture of channel belts.

The three-dimensional building blocks are thus qualitatively well-known. Yet, de-

tailed reservoir modeling requires quantitative information on the dimensions of these
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building blocks. For example, to adequately estimate sand quantities and connected-

ness of amalgamated channel-belt sandstone bodies, observations on the width, thick-

ness and their variations are needed. Seismic surveys are often used to constrain

the average dimensions at the spatial scale of channel-belt sandstone bodies but the

variation around these average dimensions is hard to capture. In particular, quan-

ti�cation of the thickness and variations in the height of the channel-belt base are

needed. Three-dimensional variations in composition and geometry of the internal

stratigraphic building blocks of these channel-belt sandstone bodies can, however, not

be resolved from seismic surveys. At this scale, well information is therefore often used

to obtain data on lithology and the number of stacked internal channel bodies. Since

the width, length and thickness of these channel bodies is unknown, geostatistical in-

terpolation techniques such as kriging are applied to �ll the reservoir space between

these wells. Currently, these interpolation techniques are highly empirical because the

three-dimensional geometry of internal channel bodies is simply unknown.

The objective of this study is to develop a quantitative three-dimensional deposi-

tional model for meandering rivers that includes a spatial characterization of the strati-

graphical and sedimentological architecture. This depositional model aims to improve

the architectural characterization in development and production phases of meander

belts serving as reservoirs. Often, only a number of reservoir parameters (e.g., width

and thickness of channel-belt sandstone body, number of stacked internal channel bod-

ies) is known in these development and production phases of reservoirs. We focus on

deposits formed by meandering rivers because these show a great variety in lithology

and their reservoir behavior has proven challenging to predict (e.g., Willis and Tang,

2010). Our three-dimensional depositional model quanti�es the dimensions of the basic

building blocks within a meander belt with non-dimensional size ratios. We developed

the depositional model using two �ume experiments and one numerical model. Flume

experiments and numerical models have a fast evolution so that, in contrast to natural

rivers, the process of river meandering and resultant external geometry and internal

stratigraphical and sedimentological architecture of meander belts can be witnessed

and recorded in the absence of changes in forcing. The speci�c objectives of this study

are to:

1. Quantify the width, thickness and the base of meander belts.

2. Quantify the three-dimensional internal stratigraphic architecture of meander

belts using internal bounding surfaces that are formed by channel cutting and

migration.

3. Quantify the relation between dimensions of non-truncated morphological ele-

ments (e.g., channel depth and meander wave length) and dimensions of trun-

cated architectural elements.

4. Evaluate the processes that control the distribution and dimension of �nes (e.g.,

in lateral-accretion surfaces) within point-bar deposits.
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5. Compare the observed lateral-accretion surfaces to existing theory that predicts

these surfaces as a function of channel and sediment characteristics.

6. Identify a set of rules for building realistic three-dimensional reservoir models of

deposits formed by meandering rivers.

6.2 Data and methodology

Three �ume experiments and one numerical model simulation were used in this study.

Experiment A and the numerical model focused on the formation of channel-bounding

surfaces. We quantitatively compared the non-dimensional size ratios from experiment

A and the numerical model to evaluate the e�ect of scale dependence. Experiments B

and C focused on the deposition of �ne sediment in point-bar deposits.

First, the setups and procedures of experiments A, B and C are described. Second,

the numerical model settings are given. Third, our data processing work �ow for the

�ume experiments and the numerical model are explained.

6.2.1 Experimental setups

The �ume experiments were conducted in a �ume 6 m wide and 10 m long. The design

conditions were not derived from direct scaling of a speci�c river but are based on

a minimization of scaling issues, i.e., low sediment mobility, scour-hole formation and

sediment cohesion (Kleinhans et al., 2010b). Key dimensionless variables were therefore

kept within a range of values to ensure process similarity with natural meandering

coarse-grained rivers. For �ow similarity, Froude numbers (Fr) must be subcritical

(Fr < 1) and �ow must be fully turbulent (Re > 2000). Rough �ow conditions were

ascertained by the use of a poorly-sorted sand (D10,D50 andD90 are 0.25, 0.51 and 1.35

mm respectively). Furthermore, the upstream water and sediment supply point was

dynamic and moved transversally in both directions. Pilot experiments (not reported

here) showed that no sustained dynamic meandering river pattern formed without this

upstream perturbation. In agreement with theory (Lanzoni and Seminara, 2006), Van

Dijk et al. (2012b) showed that the e�ect of the transversal perturbation on downstream

bend development was limited to the development of the �rst bend. Based on observed

bend migration rates during the pilot experiments, a constant rate of movement of 1

cm/hr was applied for all �ume experiments.

The general settings of experiment A, B and C were thus similar but a number of

speci�c conditions di�ered (Table 6.1). Experiment A had an initial straight channel

that was 0.3 m wide, 0.015 m deep and set at a gradient of 0.0055 m/m. Sediment and

water were supplied at constant rates of 0.75 l/hr and 1 l/s, respectively. The sediment

feed consisted of a mixture of the poorly-sorted bed sediment and 20 volume percent

of silt-sized silica �our (D10, D50 and D90 are 3.7 µm, 32 µm and 97 µm, respectively).

The silt-sized silica �our forms weakly cohesive deposits and limits channel widening,
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Table 6.1: Design conditions of �ume experiments and numerical model run.

Parameter Experiment A Experiments B and C Numerical model

used for bounding surfaces �nes bounding surfaces

Length 10 m 10 m 10000 m

Width 6 m 3 m 3000 m

Initial channel width 0.3 m 0.15 m 200 m

Initial channel depth 0.015 m 0.01 m 8 m

Width-to-depth ratio 20 15 25

Discharge 1·10−3
m

3
/s 0.25 & 0.5·10−3

m
3
/s 2500 m

3
/s

Basin slope 5.5·10−3
1.0·10−2

2·10−4

which would otherwise ultimately result in braiding. The duration of experiment A

was 260 hours.

Experiment B had an initial straight channel that was 0.15 m wide, 0.01 m deep and

set at a gradient of 0.01 m/m (Table 6.1). We used a simple stepped shape hydrograph

with a long-duration (2.5 hours) low discharge of 0.25 l/s and a short-duration (0.5

hours) high discharge of 0.5 l/s. During high discharge an additional 0.5 liter of silt-

sized silica �our was added. The low discharge sediment-feed rate was 0.2 l/hr. This

sediment feed had an identical composition for both �ume experiments. The duration

of experiment B was 120 hours.

The design conditions of experiment C were identical to those of experiment B

(Table 6.1). The only di�erence was that experiment C used walnut-shell fragments

instead of silt to simulate �nes. The walnut-shell fragments were well-sorted (between

1.3 mm and 1.7 mm) and behaved as suspended load. During high discharge 1 liter

of walnut fragments was added. The long duration (multiple weeks) of these large-

scale experiments limited the applicability of walnut fragments because they started to

decompose after a few weeks. An oily substance was released during this walnut de-

composition, which ossi�ed the river planform. We used the initial point-bar deposits

that were formed prior to ossi�cation to compare the spatial distribution of walnut

shells in experiment C to that of the silt in experiment B.

Surface elevation data were collected every eight hours for experiment A and ev-

ery three hours for experiments B and C. A line-laser with a vertical resolution of 0.2

mm was used to record the elevation of the �uvial surface. The point cloud from the

line-laser was gridded on a 10 mm grid for experiment A and on a 4-mm grid for the ex-

periments B and C by median �ltering to produce Digital Elevation Models (DEMs). See

Van Dijk et al. (2012b) and Chapter 3 for a more detailed description on data reduction

from the laser line.

A high-resolution (0.25 mm ground resolution) camera photographed the �uvial
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Figure 6.1: Illustration of the method used to convert image whiteness to silt concentration.
(A) Recti�ed image of experiment B with silt deposition (white) on top of point bar. (B) Least-
squares linear relation between di�erential luminosity (quanti�ed by the image digital number
dn) and measured silt-surface concentrations (Ss). (C) Silt-surface concentrations of image
shown in (A). Note that the whiter areas in (A) have a higher silt-surface concentration.

surface in experiments B and C. In experiment B, these high-resolution images were

used to derive silt surface concentrations. The high-resolution camera with RGB-band

gives values for green, red and blue, which were transformed to a LAB color space. In

this color space, L corresponds to luminosity (low = black and high = white),A re�ects

the position between red/magenta (high values) and green (low values), and B is the

position between yellow (high values) and blue (low values). The luminosity was used

here to make distribution maps of the highly re�ective silt-sized silica �our (Figure

6.1). For every survey, 36 individual images (Figure 6.1A) were collected and tied to the

DEM by the robot coordinate system. We collected 18 silt samples that were related to

the luminosity di�erence between the current image and the initial image of the bed

(Figure 6.1B). This relation was used used to convert the luminosity maps to silt surface-

distribution maps (Figure 6.1C). In experiment C, the high-resolution images were used

to examine the sedimentation pattern of walnut-shell fragments. Experiment C merely

served to compare the spatial distribution of walnut shells to that of silt and therefore

only the last time step prior to ossi�cation is presented.

6.2.2 Numerical model setup

To simulate a meandering river and resultant meander-belt architecture we used the

two-dimensional �uid dynamics and morphodynamics code NAYS (Jang and Shimizu,

2005). This process-based model is the �rst to produce meandering without presuming

a �xed relation between bank erosion and bank accretion, contrary to one-dimensional

meander simulation models (e.g., Willis and Tang, 2010). NAYS2D uses a moving-

boundary �tted coordinate system to describe river planform and migration. This

dynamic coordinate system enabled channel migration and neck-cuto� formation but

introduced some instability over the course of the run, which limited planform de-

velopment to a maximum of 668 modeled time steps. The dynamic coordinates were

resampled to �xed cartesian coordinates to generate the DEM surfaces. For a more

detailed description of the model, see Jang and Shimizu (2005), Dulal et al. (2010) and
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Asahi et al. (2011).

The NAYS2D model parameters were chosen such that a dynamic and sustained

freely meandering river was simulated. The full model domain was 3 km wide and

10 km long, and runs started from a straight 200 m wide and 8 m deep channel with

a gradient of 2 · 10−4
m/m (Table 6.1). This choice of channel dimensions results in

a channel width-to-depth ratio of 25, which is representative for mixed-load single-

thread sinuous channels, for example in commonly applied classi�cation schemes (e.g.,

Schumm (1985); Kleinhans and Van den Berg (2011)) and in real-world alluvial river set-

tings such as the Mississippi (Hudson and Kesel, 2000) and Rhine (Erkens et al., 2009).

Sediment-transport rate was computed by the Engelund and Hansen (1967) formula-

tion. Although bed roughness in natural rivers varies spatially due to the presence of

bed forms, a constant uniform bed roughness (Nikuradse ks = 0.15 m) was used. Sim-

ilar to the experimental setups, the upstream water and sediment in�ow point moved

transversely. The rate of movement was maintained constant at 0.65 m/yr and had a

maximum amplitude of 300 m. Since the migration rate of this supply point was much

smaller than the observed lateral channel migration rates, it merely served as a pertur-

bation. Discharge was maintained constant at 2500 m
3
/s.

6.2.3 �antifying 3D meander-belt architecture

Sequential highly-detailed DEMs of the meander morphology were used to generate a

synthetic architecture that records channel history and formation of bounding surfaces

(Figure 6.2). This allows us to relate the preserved stratigraphic architecture explicitly

to the original meander morphology at the time of sedimentation. From this output,

virtual cores, transects and maps were constructed and analyzed.

We analyzed the stratigraphic architecture in three dimensions and extracted vir-

tual cores with descriptive statistics on typical thicknesses, widths and lengths between

bounding surfaces (Figure 6.3). These virtual cores corresponded to grid points within

our synthetic stratigraphy. We de�ne set thickness as a depositional body enclosed by

two successive bounding surfaces in vertical direction (z), set length as a depositional

body enclosed by two successive bounding surfaces in longitudinal direction (x), and

set width as a depositional body enclosed by two successive bounding surfaces in lat-

eral direction (y) (Figure 6.3C). The number of grid points and therefore the number of

virtual cores was large: 2.3 ·105 for experiment A, 1.2 ·106 for experiment B and about

3.8 · 104 for the numerical model run.

To generalize our results, we compared the set dimensions to morphometric param-

eters, which are generally used to describe meander morphology (Figure 6.3). The mean

channel width (wmean), mean channel depth (hmean), mean meander-bend length

(Lbend) and mean meander-bend amplitude (Abend) were used to summarize the mean-

der morphology. For simplicity and easier �eld application, we approximated theAbend
by 0.5·meander-belt width. The archimetrics were calculated as the non-dimensional

ratios between set dimensions and meander morphological parameters: set thickness

was related to hmean, set length to Lbend and set width to Abend and wmean.

117



6. Archimetrics of meander belts

−10

0

10

−1000−50005001000
Lateral position (m)

El
ev

at
io

n
 (

m
)

84
71

substrate

B

A*A

A

paleosol: clay and silt

meander belt sand

internal bounding surfaces

meander belt boundary

Time of deposition

old young
bounding surface

~
5 

m

Figure 6.2: Meander-belt architecture formed by (A) nature and (B) the numerical model
NAYS2D. The meander-belt architecture resulting from the numerical model and �ume experi-
ments is referred to as ’synthetic stratigraphy’ and is used to infer time of deposition, channel-
scour surfaces, and typical thicknesses, widths and lengths between bounding surfaces. The
position of the synthetic slice A-A* is indicated in Figure 6.4C.

The detection of bounding surfaces in experiment A was de�ned by the vertical

scan resolution. All features smaller than 0.2 mm could not be detected and elevation

di�erences between sequential DEMs smaller than or equal to 0.2 mm were thus re-

moved. In the numerical model, bounding surfaces formed by smaller-scale features

such as dunes and ripples were not explicitly modeled. Their height was estimated

from the prescribed bed roughness as hdune = 2 · ks (Van Rijn, 1984a). This resulted

in a typical hdune of 0.3 m. Bounding surfaces resulting from an erosion event with a

magnitude of 0.3 m or less were removed.

We measured the transverse-bed slope in experiment B for comparison to a

transverse-bed slope predictor derived from physics. This transverse bed slope cor-

responds to the lateral-accretion surface slope in point-bar deposits. An analytical pre-

diction for the transverse-bed slope (tan
(
δz
δn

)
) can be made at the meander-bend apex

(Struiksma, 1985; Talmon et al., 1995; Van Dijk et al., 2012b):

tan

(
δz

δn

)
= 9

(
D50

h

)0.3√
θ

2

κ2

(
1−
√
g

κC

)
h

R
(6.1)

where n is local �ow-normal direction, h is water depth (m), g is gravitational accel-
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Figure 6.3: Schematic drawing of morphometric and archimetric parameters used to quantify
meander morphology and architecture. (A) Map view of meander belt with de�nition of key
morphometric parameters. (B) Cross-section of meander belt with de�nition of key morphome-
tric and archimetric parameters. (C) Set de�nition within virtual cores. Cores were made in
vertical (z), longitudinal (x) and lateral (y) direction. We de�ne set thickness as a depositional
body enclosed by two successive bounding surfaces in vertical direction, set length as a depo-
sitional body enclosed by two successive bounding surfaces in longitudinal direction, and set
width as a depositional body enclosed by two successive bounding surfaces in lateral direction.

eration (m
2
/s), θ is Shields sediment mobility number, C is the Chézy number (here

calculated as 18 log 12h
D90

), κ = 0.4 is Von Kármán’s constant and R is the radius of

curvature of the streamlines. We measured the transverse-bed slope on the DEMs of

experiment B in a pro�le at the meander-bend apex. Following Struiksma (1985), we

determined the transverse-bed slope by selecting the observations at 2 cm from the

deepest measurement on the pro�le and at 2 cm from the water line. In our prediction

of the transverse-bed slope, h was assumed constant at 0.011 m, while R changed.

6.3 Results

Here we describe the meander morphodynamics for experiment A, experiment B and

the numerical model. Then, we quantify the dimensions of architectural elements of

a meander belt. A hierarchial approach is adopted to describe and quantify the ar-

chitectural elements: we start with the largest element corresponding to the external

geometry of meander belts (sixth order), then focus on the internal stratigraphic ar-

chitecture (�fth to third order) and last zoom in to the lateral-accretion surfaces (third

order) within point-bar deposits.
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Figure 6.4: Digital elevation models (DEMs) of meander belts that formed in the �ume ex-
periments and numerical model. (A) DEM of experiment A in which a meander belt formed
during constant bankfull discharge. For a comprehensive description of the morphodynamics,
see Chapter 3. (B) DEM of experiment B in which a meander belt formed as the result of a
variable discharge (Table 6.1) and addition of �ne cohesive silt during the high-�ow stages.
(C) DEM of meander belt simulated in the numerical model NAYS2D. Detailed morphological
development is described in Chapter 5.

6.3.1 Meander morphodynamics

In experiment A (Figure 6.4A), the initial straight channel developed into a low-

sinuosity meandering river. The meandering channel was on average about 0.25 m

wide and 0.015 m deep. Typically, Lbend was about 3.5 m. Point bars formed the dom-

inant morphology. Initially, a series of point bars raised sinuosity to a maximum of

about 1.3. For these higher sinuosities, water started to �ow across the point-bar sur-

face and eventually a chute cuto� formed. The former active channels transformed into

�oodplain lakes that only received a limited amount of the �ne silica �our. These �ood-

plain depressions were thus easily re-activated by chute cuto�s. In total, we observed

four chute cuto�s during experiment A. The morphology at the end of the experiment

consisted of a large number of point bars of which most were cross-cut by chute cuto�s.

A qualitative comparison shows that this morphological con�guration has similarities

with the ’coarse-grained meandering stream’: model 5 of Miall (1985).

In experiment B (Figure 6.4B), the meandering river was characterized by sustained

lateral migration of the channel and the absence of cuto�s in the middle section of the

�ume. Sinuosity increased to 1.4 at the end of this experiment. Due to the lower dis-

charge in this experiment (Table 6.1), the channel had smaller dimensions compared

to experiment A: the channel was about 0.2 m wide, 0.011 m deep and had a typical

Lbend of about 2.2 m. The absence of chute cuto�s was caused by the addition of more

cohesive �ne material to the sediment feed than in experiment A. These cohesive �nes

have been deposited on the �oodplain when the water level exceeded bankfull level.

Initially, this mainly occurred during the short-duration high-�ow stages. As the exper-
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Figure 6.5: Quanti�cation of the external geometry of a meander belt. Probability density
distributions of the width of the meander-belt deposit in (A) the numerical model and (B) ex-
periment A. Probability density distributions of the surface and base elevation of the meander
belt in (C) the numerical model and (D) experiment A. Percentiles of the elevation of the base
as a function of the lateral position within the meander belt in (E) the numerical model and (F)
experiment A.

iment progressed and the meander bend sharpened, water levels generally increased

and overbank �ow also occurred during low-�ow stages. Although overbank deposi-

tion of the �ne silt only resulted in thin sheet splays and levees, depressions on the

point-bar surface could not be re-activated and thus chute cuto�s did not form.

In the numerical model (Figure 6.4C), the initial straight channel developed into a

highly-sinuous (S ∼ 1.5− 2) meandering channel. The sinuous single-thread channel

was on average 8 m deep but locally reached depths up to about 20 m. The deepest

parts corresponded to outer bends while inner bends were notably shallower. Chan-
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nel width also varied greatly with an average of 250 m but locally it was only 180

m wide. The maximum observed channel width was 280 m. Meanders had a typical

Lbend of 1000 m. The channel was locally straightened by neck cuto�s from about 350

time steps onwards. In total, we observed four neck cuto�s. Qualitatively, the channel

width-to-depth ratio and channel planform have similarities with the ’classic meander-

ing stream’: model 6 of Miall (1985).

6.3.2 Meander-belt architecture

Meander-belt geometry

In the numerical model, the meander-belt deposit had an average width of 1230 m at the

end of the simulation (Figure 6.5A). This is equal to about 5wmean. The meander-belt

deposit had an average thickness of 8.4 m, which is in close agreement with the hmean
of 8 m (Figure 6.5C). The elevation variation at the base of the meander-belt deposit

was mostly smaller than hmean (Figure 6.5E).

In experiment A, the meander-belt deposit reached an average width of 2.1 m at

the end of the experiment (Figure 6.5B). This is equal to about 8wmean. The thickness

of the meander-belt deposit was on average 1.2 cm, which is close to the hmean of 1.5

cm (Figure 6.5D). Most of the variation in height of the meander-belt base was smaller

than hmean (Figure 6.5F).

Meander belt width-to-thickness ratios were similar for the numerical model and

experiment A. The numerical model reached a width-to-thickness ratio of 150 while

experiment A had a ratio of 175. In experiment A, the variation around the average

thickness was however larger than in the numerical model (Figure 6.7A). In experiment

A thicknesses of 4.5 cm (∼ 3hmean) were observed while the maximum thickness in

the numerical model was 20 m (∼ 2.5hmean). In contrast, the variation in meander-

belt deposit width was larger in the numerical model than in experiment A (Figure

6.7A). In the numerical model, the width of the meander-belt deposit varied between

500 m (∼ 2wmean) and 2000 m (∼ 8wmean) while in experiment A the width was more

uniform and varied between 2 m (∼ 8wmean) and 2.5 m (∼ 10wmean).

The variation in height of the meander-belt base was smaller than hmean for the

numerical model and experiment A (Figure 6.5E and F). The variation in height at the

base was caused by in-channel depth variations. The lowest base heights corresponded

to deep outer bends and con�uence scours. However, shallower channels that cut less

deep had a larger impact on the height of the base. In experiment A, the variation in

height of the meander-belt surface and base had a similar distribution. In the numer-

ical model, the deepest channel scours were not well reproduced. Consequently, the

variation in height of the base was smaller than the variation of the surface.

Internal stratigraphic architecture

The channel dimensions (depth, meander length and amplitude) as well as the suc-

cession of migrating and cutting channels determined the formation of internal strati-
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Figure 6.6: Descriptive statistics of the internal stratigraphic architecture of meander belts.
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iment A. Probability density distributions of set thickness for (E) the numerical model and
(F) experiment A. Note that most of the stratigraphic architecture is fragmented and notably
shorter, narrower and thinner than the original (Lbend, Abend and hmean) channel form.

graphic bounding surfaces. Vertically, the deepest channels formed the thickest sets,

which were reworked and therefore decreased in thickness by shallower channels again

(Figure 6.2). Horizontally, the meander bends with the largest length and amplitude

formed the longest and widest sets, which were eventually cross-cut by cuto�s. The

succession of the migrating meandering channels determined where the internal strati-
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graphic architecture consisted of thick, long and wide sets and also where these sets

were eroded and thus thinned, shortened and narrowed again.

Deposits were generally more fragmented in experiment A than in the numerical

model (Figure 6.6 and Figure 6.7B). In the numerical model, the deposits were on av-

erage 77% shorter, 67% narrower and 61% thinner than the original (Lbend, Abend and

hmean) channel form. In experiment A, the deposits were on average 87% shorter, 88%

narrower and 71% thinner than the original channel form. The higher degree of frag-

mentation was caused by the higher number of reworking cycles in experiment A.
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Table 6.2: Lateral di�erences in internal stratigraphic architecture of meander belts. We arbi-
trarily divided the meander belt into three equally wide zones and de�ned the the middle zone
as the center of the meander belt. The set statistics of the two outer zones were averaged and
here de�ned as the margin of the meander belt. Set thickness was normalized by hmean, set
length by Lbend and set width by Abend.

Num. model Experiment A

margin center margin center

Set thickness 0.44 0.31 0.30 0.25

Set length 0.21 0.20 0.09 0.08

Set width 0.23 0.26 0.11 0.13
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Figure 6.8: Lateral position of channel-cuto� initiation in the meander belts of experiment A
and the numerical model.

Reworking cross-cuts older deposits and thus thins, shortens and narrows them. The

number of stacked sets in a vertical virtual core can be used as a measure to quantify the

degree of reworking. In experiment A we observed an average of 2.61 stacked sets per

core and in the numerical model an average of 1.86 stacked sets per core. This indicates

that the deposits in the numerical model were less frequently reworked, which explains

the lower degree of fragmentation.

The higher degree of fragmentation in experiment A was also seen in the ratios

between set length, set width and set thickness. In the numerical model, the set length-

to-width ratio was 1.2, the set width-to-thickness ratio was 64 and the set length-to-

thickness ratio was 74. In experiment A, the set length-to-width ratio was 1.1, the

set width-to-thickness ratio was 30 and the set length-to-thickness ratio was 33. This

shows that sets were notably narrower and shorter in experiment A compared to the

numerical model.
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In experiment A and in the numerical model most of the morphological activity

(point-bar formation and cuto�s) occurred in a narrow zone close to the meander-belt

axis (Figure 6.8). In this zone, point-bar deposits that developed earlier were reworked

multiple times by cuto�s that occurred later. Closer to the meander-belt margins, point-

bar deposits were less frequently reworked. This systematic migration and cutting be-

havior of the meandering channel resulted in large lateral di�erences in the set thick-

ness while set width and length were less a�ected (Figure 6.9). For an arbitrary division

into meander-belt center and margin (Table 6.2), we observed for the numerical model

that sets were about 30% thinner in the center than at the margins. In experiment A

this di�erence was smaller, but sets were still nearly 20% thinner in the meander-belt

center.
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Figure 6.10: Deposition of silt and walnut fragments. (A) Silt deposition in experiment B. Most
of the silt is deposited in the upstream half of the experimental reach. Silt is predominantly
deposited overbank forming splays, small levees and thin silt drapes on the point-bar surface.
(B) Deposition of walnut-shell fragments in experiment C. Walnut-shell fragments are mainly
deposited in the downstream half of the point bar.

The style of cuto�s had a large impact on set width. Sets were 88% narrower in

the chute-cuto�-dominated experiment A but only 67% narrower in the neck-cuto�-

dominated numerical model. The neck cuto�s occurred in a narrow zone (<20% of

the meander-belt width) close to the meander-belt axis (Figure 6.8). The chute cuto�s

took place in a much wider zone and were thus less restricted to the meander-belt axis.

Consequently, point-bar deposits in the experiment A were subdivided into narrower

components resulting in a larger reduction in set width than in numerical model.

Lateral-accretion surfaces

In experiment B, the �ne silt-sized silica �our was dominantly deposited in the up-

stream half of the experimental reach (Figure 6.10). This indicates that most of the

silt behaved as bedload and that only the �nest fraction was able to spill overbank.

In these overbank areas, �ow velocities rapidly decreased. The �ne silt which spilled

overbank was therefore deposited close to the main channel forming small levees and

splays. Silt was also deposited at the point-bar surface. Two deposition mechanisms

were observed. The �rst one proceeded from water spilling on the point-bar surface
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Figure 6.11: Trends in silt intensity at the point-bar surface that formed in experiment B. (A)
Map view of silt concentration at point-bar surface with de�nitions of origin, angle and distance.
(B) Silt intensity as a function of the angle to the origin. (C) Silt intensity as a function of the
distance to the origin. Silt concentrations are integrated for all analyzed angles and distances
to the origin and divided by the total silt concentration for all these points to calculate a silt
intensity. Note that the silt intensity is high at the upstream side of the point bar and also
increases with distance to the origin.

thus depositing a silt drape on the point-bar surface. The second mechanism was re-

lated to the variable discharge. We observed that during the high-�ow stages sediment

was often eroded upstream and was deposited again along the point bar forming a new

scroll bar. During the low-�ow stages, �ow velocities generally decreased but the �ne

silt was still mobile and could settle on this newly formed scroll bar.

A more detailed analysis of �ne silt deposition at the point bar (Figure 6.11A) shows

that the �nes were mainly deposited on the point-bar head (Figure 6.11B) and in to-

pographically lower point-bar swales (Figure 6.11C). During the initial bar formation,

�ow velocities were high and the �ne silt did not settle on the bar. Lateral accretion in-

creased the bar amplitude, which raised water levels above bankfull level and resulted

in overbank �ow onto the point-bar head. Since �ow velocities on this point-bar sur-

face were low, �nes were predominantly deposited in this head area forming a thin silt
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Figure 6.12: Synthetic and real sediment peel of the point-bar deposit in experiment B. The
position of the slice is indicated in Figure 6.10. (A) Synthetic slice of point-bar deposit showing
time of deposition and the amount of silt. Point-bar deposits have lateral-accretion surfaces
corresponding to the migrating transverse-bed slope of the river channel. The measured time
surfaces correspond to this transverse-bed slope. (B) Sediment peel showing a detail of the point-
bar deposit in (A). This peel provides information on sedimentary structures and particle-size
trends. The silt-sized silica �our is white, the colored green sediment indicates the top of the
deposit and the pink color is caused by the dye that was used to color the water.

sheet (Figure 6.11B). Interestingly, the silt did not spread uniformly across the point-bar

surface (Figure 6.11C). Five individual silt deposition peaks were identi�ed, of which

those at about 25 cm and 40 cm from the origin were related to increased silt depo-

sition at the point-bar head. The other three peaks were part of gradual rise in silt

deposition from 60 cm onwards due to point-bar growth and meander-bend sharpen-

ing. These three peaks corresponded to topographically lower swales in which the silt

was predominantly deposited. The result was an alternating topographical and associ-

ated grain-size pattern: high ridges that consisted of coarse sediment and low swales

that were partly �lled with �ne silt.

This alternating surface grain-size pattern was also present in the subsurface point-

bar deposits (Figure 6.12). In the synthetic (Figure 6.12A) and real (Figure 6.12B) sed-

iment peels of the point-bar deposit in experiment B, laterally inclined surfaces were

recognized. Some of these surfaces had �ne silt draped on them. We identi�ed a num-

ber of trends in silt deposition within the point-bar deposit. First, the thickest silt de-

posits were found at the point-bar surface in the low-lying swales and then gradually

thinned down the point-bar deposit along the lateral-accretion surfaces. These inclined

silt drapes were mostly restricted to the upper 75% of the point-bar deposit. Second,

the outer point-bar deposits, corresponding to later times of deposition (Figure 6.12A),
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received more silt than the inner point bar. Third, silt was nearly absent in the down-

stream half of the point bar.

The slope of the lateral-accretion surfaces in experiment B corresponded well to

the predicted transverse-bed slope from Eq. 6.1 (Figure 6.13). The slope of the lateral-

accretion surfaces was typically about 5
◦
. However, the variation between individual

DEMs was considerable and the slopes varied between about 2
◦

and 10
◦
. Both the

measured and predicted transverse-bed slopes increased for a decreasing bend radius.

6.4 Discussion

6.4.1 Geometry of meander belts

The observed meander belt width-to-thickness ratio of experiment A and the numerical

model are consistent with those reported in Gibling (2006). The ratios also compare well

with those reported from a variety of Holocene meander belts within the Rhine-Meuse

delta (Gouw and Erkens, 2007). This indicates that a lower bound width-to-thickness

ratio of 100 and an upper bound width-to-thickness ratio of 200 captures most of the

natural geometric variability of meander belts. This also shows that most meander

belts really have a ’pancake shape’ in which most of the variation is found laterally and

not vertically. Although sedimentation conditions are unknown for the meander belts

reported in Gibling (2006), it is likely that some of them were formed under aggrada-

tional conditions. The reported width-to-thickness ratios, however, indicate that also
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for aggradational conditions the lateral extent is much larger than the vertical one.

We also quanti�ed the variation in height of the meander-belt base, allowing for

better estimates of sand quantities and connectedness of amalgamated meander-belt

sandstone bodies. Two statistics were distilled that characterize the variation in height

of the meander-belt base. First, most of the variation in height of a meander-belt base

is smaller than hmean. An estimate of hmean is thus required to characterize the base

of modern and ancient meander belts. Second, probability density distributions of the

meander-belt surface and base have a similar shape. This indicates that for modern

meander belts an estimate of the base can be made based on the probability density of

the meander-belt surface elevation. This also implies that modern analogues of ancient

meander belts may provide some indication of the variation in height of the base of

ancient systems.

6.4.2 Internal stratigraphic architecture

The internal stratigraphic architecture of meander belts largely consists of fragmented

deposits. This indicates that most meander belts are built up from truncated deposits,

which are di�cult to relate to the original non-truncated meandering channel. Nev-

ertheless, the probability distributions (Figure 6.6) also show that a small proportion

of non-fragmented deposits are present within meander belts. These deposits were

formed by the active meandering river just before the end of the experiment or numer-

ical simulation and have not been truncated. For natural meander belts, this translates

to the con�guration of a meander belt just before abandonment. A similar distribution

with a high proportion of fragmented deposits and a low proportion of non-fragmented

deposits is often seen in map-view images of modern meander belts.

The stratigraphic architectures of the numerical model and experiment A were sim-

ilar. Although the numerical model reproduced a highly sinuous meandering river and

the experiment a moderately sinuous meandering river, preservation ratios and strati-

graphic trends are similar. For example, on average 40% of the original hmean is pre-

served for the numerical model and 30% for experiment A. Similar small di�erences are

observed for the preservation of Lbend and Abend. Also, for the numerical model and

experiment A sets are thinner in the center than at the margins of meander belts. This

shows that the mechanism to form sets is similar for a highly and a moderately sinuous

meandering rivers. Consequently, similar stratigraphic trends are expected: multiple

thin stacked stratigraphic sets in center of a meander belt due to frequent cutting of

the meandering channel. Fewer but thicker stratigraphic sets at the margins of mean-

der belts due to infrequent reworking. Fully preserved channel deposits are thus most

likely to be recovered close to the meander-belt margins.

6.4.3 Lateral-accretion deposits

The point-bar deposit in experiment B had the thickest silt deposits at the point-bar

surface. Most of the silt was deposited in low-lying swales and then gradually thinned
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Figure 6.14: Prediction of transverse-bed slope for a number of modern and ancient �uvial
meandering systems. (A) Transverse-bed slope as a function of bend radius. (B) Section of a
point-bar deposit of the river Rhine in a quarry in Rheinberg, Germany (courtesy G. Erkens).
The observed dip of the lateral-accretion surfaces varies between 4◦ and 7◦, and is slightly
higher than predicted from Eq. 6.1. The parameters used for the prediction of the transverse-
bed slopes are given in Table 6.3.

down the point bar along the lateral-accretion surface. Sediment peels showed that

grains were coarser in the lower half of the point bar and that grain sizes generally �ned

upward. These observations are consistent with grain-size trends of natural coarse-

grained point-bar deposits (e.g., McGowen and Garner, 1970; Jackson, 1976; Bridge et al.,

1995).

A characterization of the spatial distribution of �nes within point-bar deposits is

needed to predict �ow through these systems. Currently, a depositional model that

predicts this distribution is not available. In experiment B we observed a number of

spatial trends in silt deposition: silt was mainly deposited in the upstream half of the

point bar (Figure 6.10A) and formed well-de�ned inclined silt drapes, which were best-

developed in the outer upper point bar (Figure 6.12). Experiment C used more mobile

walnut shells instead of silt, which resulted in a completely di�erent sedimentation

pattern (Figure 6.10B). In this experiment the walnut-shell fragments simulated �nes.

The walnut fragments were predominantly deposited in the downstream half of the

point bar. The walnuts were thus deposited on the lee side of the point-bar body where

the �ow velocities were su�ciently decreased and the walnuts settled. This shows that

the di�erence in mobility between the walnut fragments and the silt has a large impact

on the sedimentation pattern of �nes. An important question is which of these two

experiments is the best analogue to characterize the spatial distribution of �nes within

natural point-bar deposits? Clearly, detailed sedimentological studies across a range of

natural point bars that incorporate more �ne- and coarse-grained systems are required

to satisfactorily characterize this spatial distribution.

The transverse-bed slopes in experiment B agree well with theory (Eq. 6.1). The

transverse-bed slope is a function of channel geometry and sediment composition,

which explains the large variation in reported dips of measured lateral-accretion sur-
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Table 6.3: Application of transverse-bed slope predictor (Eq. 6.1) to a number of modern and
ancient �uvial meandering systems. We assumed for all systems a valley slope of 10−5 m/m,
a Chézy number of 25 m0.5/s, a κ of 0.4 and a g of 9.81 m/s2. The �rst component of Eq.
6.1 (9

(
D
h

)0.3) is often calibrated and generally between 0.5 and 1.5 (Talmon et al., 1995). We
assumed a value of 1.0 for this component for all �uvial systems. Data for the river Rhine, Upper
Rhine Graben (Germany) were derived from Erkens et al. (2009); for the Daule river (Ecuador)
from Smith (1987); for the Eocene Castisent Fm (Spain) fromNijman and Puigdefabregas (1978);
and for the Cretaceous McMurray Fm (Canada) from Mossop and Flach (1983) and Crerar and
Arnott (2007).

Parameter Rhine Daule Castisent McMurray

hmean 8 m 12 m 8 m 25 m

Sediment gravel to sand sand-silt-mud gravel to sand sand-silt-mud

Typical grain size 0.5 mm 0.125 mm 0.25 mm 0.125 mm

tan δz
δn 0.37

R
h 0.15

R
h 0.26

R
h 0.11

R
h

Typical
R
h 125 40 100 40

Predicted dip 1-2
◦

8-9
◦

2
◦

13
◦

Observed dip 4-7
◦

12
◦

5
◦

8-12
◦

faces in natural point bars. Generally, sandy and sand-silt-mud rivers have a low width-

to-depth ratio and reach dips up to 15
◦

(e.g., Puigdefabregas and Van Vliet, 1978; Nan-

son, 1980; Smith, 1987; Mossop and Flach, 1983; Crerar and Arnott, 2007). Gravelly and

gravel-sand rivers typically have higher width-to-depth ratios resulting in lower (∼ 5◦)

dip slopes (e.g., McGowen and Garner, 1970; Jackson, 1976; Bridge et al., 1995).

The dip of the lateral-accretion surface of natural point bar systems can be pre-

dicted from a few fairly basic morphological and sedimentological parameters (Table

6.3 and Figure 6.14). For two modern and two ancient, and for two coarse-grained

and two �ner-grained meandering systems a comparison of the reported and predicted

is made: the modern coarse-grained river Rhine, Germany (Erkens et al., 2009), the

modern �ner-grained Daule river, Ecuador (Smith, 1987), the ancient coarse-grained

Castisent Formation, Spain (Nijman and Puigdefabregas, 1978) and the ancient �ner-

grained McMurray Formation, Canada (Mossop and Flach, 1983; Crerar and Arnott,

2007). Although a number of assumptions are made regarding hmean for the ancient

systems, the predicted dip generally agrees well with the reported dip (Table 6.3) or ob-

served dip (Figure 6.14B). This demonstrates that the dip of lateral-accretion surfaces

of natural point bars is predicted very well.

6.4.4 Application of archimetrics

The identi�ed archimetrics provide quantitative information on the geometry and

stratigraphic architecture of meander belts. These archimetrics integrate the small-
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scale architecture that is formed by bars (third-order bounding surface) up to the larger-

scale external geometry of meander belts (sixth-order bounding surface) (Figure 1.4

of this thesis). This is a �rst step towards a better stratigraphic understanding and

characterization of meander-belt deposits. The archimetrics are most e�ective in the

development and production phases of meander belts serving as reservoirs. In these

development and production phases, a number of reservoir parameters (e.g., width and

thickness of channel-belt sandstone body, number of stacked internal channel bodies)

are typically known from seismic surveys and wells. Combining these initial reservoir

parameters with the identi�ed archimetrics provides a set of rules to characterize the

external geometry and internal stratigraphic architecture of a meander belt. We pro-

pose the following scheme to maximize the applicability of the identi�ed archimetrics:

1. De�ne the meander-belt geometry. Three components are important: width,

thickness and variation at the base. Typically, width and the variation therein

is known from seismic surveys in the development and production phases. If

not, the width should be estimated based on the thickness from well data and

reported width-to-thickness ratios ranging from 100 to 200. Well data is useful

to quantify the meander-belt thickness. However, most of the sedimentary and

stratigraphic variation of meander belts is found laterally. Therefore, an e�ective

strategy to quantify thickness variations and other important stratigraphic and

sedimentary parameters is to drill wells along lateral transects. The variation in

height at the base is smaller than hmean. This parameter can be estimated in two

ways: from a fully preserved channel �ll, which is most likely recovered close to

the meander-belt margins, or by estimating hmean from the thickness of a mean-

der belt. We observed that hmean is equal to about one third of the thickness of

a meander belt. This ratio was however obtained for a zero-net depositional sys-

tem and will be lower for net-depositional systems. Because the sedimentation

conditions for most natural systems are unknown, the �rst approach to estimate

hmean is preferred.

2. De�ne the dimensions of the original meandering river. This is a crucial step be-

cause it connects the external geometry of a meander belt to the internal strati-

graphic architecture. Key morphometric parameters are hmean, wmean, Lbend
and Abend (Figure 6.3). As stated in the previous step, hmean is best estimated

from a fully preserved channel �ll. If such a channel �ll is recovered, also an

estimate of wmean can be made. Lbend can be approximated in two ways. First,

derive a typical Lbend from the undulating margins of meander belts for reser-

voirs with high-quality seismic data. Second, analytic theory (e.g., Ikeda et al.,

1981; Blondeaux and Seminara, 1985) and empirical relations (e.g., Leopold and

Wolman, 1957; Zeller, 1967) betweenLbend andwmean may be used for reservoirs

with lower-quality or no seismic data. These analytic theories and empirical rela-

tions from modern rivers indicate that Lbend is often equal to about 2.5-5wmean.

For easier �eld application, we approximated Abend by 0.5·meander-belt width.
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Non-dimensional ratios between these key morphometric parameters and the

identi�ed archimetrics can now be used to further populate the reservoir.

3. Use the archimetrics to build the internal stratigraphic architecture of meander

belts. As a �rst-order approximation of the dimensions of individual channel and

bar architectural elements, a third of the original channel dimensions is reason-

able. This indicates that a depositional body on average has a length of 0.3Lbend,

a width of 0.3Abend and a thickness of 0.3hmean. In general, deposits are thinner

in the meander-belt center than along the margins. The number of wells is crucial

to further re�ne this internal architecture. If su�cient wells are available, it may

be possible to estimate the degree of fragmentation from the number of stacked

stratigraphic sets. A higher number of stacked sets indicates a higher degree of

fragmentation and thus shorter, narrower and thinner deposits. Meander-belt

maturity is another parameter to estimate the degree of fragmentation. Young

meander belts typically have a low degree of fragmentation while mature me-

ander belts are more fragmented. Meander-belt maturity can be estimated from

the meander-belt width saturation: a highly variable width of the meander belt

is indicative of a young meander belt while a more uniform width is indicative

of a mature meander belt. This study provides good examples of a more mature

(Figure 6.4A, experiment A) and a younger meander belt (Figure 6.4C, numerical

model).

4. Insert lateral-accretion surfaces within the individual channel and bar architec-

tural elements. This implies that for every depositional body that is identi�ed

in the previous step an estimate of the presence, spatial distribution and dip of

these surfaces needs to be made. Again, the number of wells de�nes to which

level of detail this is possible. Currently, a good depositional model which pre-

dicts the spatial distribution of �nes that form these lateral-accretion surfaces

is lacking. The dip of these surfaces can, however, be predicted. A description

of the required parameters is given in Table 6.3. With this dip, the number of

stacked lateral-accretion packages can be determined. For example for the Mc-

Murray Fm with a hmean of 25 m, an average dip of about 10
◦

and a typical R

of 1000 m (Table 6.3), on average about seven stacked lateral-accretion packages

are expected.

6.5 Conclusions

We used two �ume experiments and a numerical model to identify and quantify the

basic architectural elements of a meander belt. The direct linkage between meander

morphology and stratigraphic architecture allows to relate the preserved truncated de-

posits to the original non-truncated channel form in three dimensions. Our results

are general and applicable in reservoir studies. We adopted a hierarchial approach to
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analyze and characterize (archimetrics) the external geometry and stratigraphic archi-

tecture of meander belts. Results demonstrate that:

1. Meander belt width-to-thickness ratios vary between 150 and 175, which is con-

sistent with reported ratios of natural meander belts. The variation in height of

the meander-belt base is smaller than hmean. These ratios facilitate improved

estimates of sand quantities of meander-belt deposits.

2. On average, depositional bodies with a size of about 30% of hmean, 30% of Lbend
and 30% ofAbend are preserved. Although fully preserved channel �lls and mean-

der bends are recovered, most of the stratigraphic architecture of meander belts

consists of fragmented deposits.

3. Most of the variation within meander belts is found laterally and not vertically.

A key observation is that most channel cutting occurs in the center of a mean-

der belt. Therefore, multiple thin stacked sets are preserved in the center of a

meander belt and fewer but thicker sets are preserved closer to the margins of a

meander belt. Fully preserved channel deposits are most likely recovered close

to the margins of a meander belt.

4. The transverse-bed slope of the experimental lateral-accretion surfaces agrees

well with theory. The application of this theory to a number of natural modern

and ancient meandering systems shows that the theory is applicable to predict

the slope and number of stacked lateral-accretion packages within natural point-

bar deposits.
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CHAPTER 7

General discussion and conclusions

The focus of this thesis is on the stratigraphical and sedimentological architecture of

meander-belt deposits. These deposits are a record of river history and often an impor-

tant reservoir of hydrocarbons and groundwater. Meander-belt deposits are heteroge-

neous in nature and it is therefore challenging to predict and model them. Preserved

architectural elements and sedimentary structures are usually truncated, which makes

it di�cult to reconstruct the original channel dimensions at the time of sedimenta-

tion. The main objective of this thesis was to quantify for meandering rivers the rela-

tion between the dimensions and dynamics of the original channel and the resultant

stratigraphical architecture. This greatly improves our ability to characterize the three-

dimensional variations in composition and geometry of architectural elements within

hydrocarbon and groundwater reservoirs, and to reconstruct the original dimensions

from stratigraphy.

Multiple �ume experiments and a numerical model were used to quantify the

process-product relations for meandering rivers. First, preservation of meander mor-

phology was compared to the Paola and Borgman (1991) theory under the most sim-

ple conditions of constant discharge and a zero-aggradation rate (Chapter 3). Second,

the morphological and stratigraphical impacts of �oods (Chapter 4) and aggradation

(Chapter 5) were isolated and quanti�ed. In Chapter 6, archimetrics were derived that

quantify the three-dimensional variations in the external geometry and internal strati-

graphic architecture of meander belts. Here, a general discussion on the application

and perspectives of these results is provided.
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7.1 E�ectiveness of controlled experiments

Flume experiments reproduce natural �uvial morphology and stratigraphy in many

quanti�able ways. Experimental �uvial and deltaic patterns show similar morphol-

ogy and dynamics as their natural counterparts because these patterns are scale-

independent (Chapter 2 and Paola et al., 2009). Therefore, if a direct comparison to a

speci�c prototype is not the aim then the classic similarity scaling rules of engineering

scale models can, to some extent, be violated without leading to an unnatural mor-

phology. Indeed, the transverse-bed slope in bends was found to be well predictable,

independent of scale (Eq. 2.20). However, a fundamental requirement for experiments

is that the morphology is dynamic as in nature, because this allows us to assume that

stratigraphy comparable to natural examples is formed. Given these dynamics, the

stratigraphy was shown to be well-predictable (Eq. 3.1).

Channel dimensions need to be scaled correctly to produce a meaningful experi-

mental stratigraphy. In particular, any vertical distortion of the channels modi�es the

resultant stratigraphical and sedimentological architecture (Chapters 2 and 6), as ex-

empli�ed by the dependence of the transverse-bed slope (Eq. 2.20) and stratigraphical

architecture (Eq. 3.1) predictors on channel depth. The transverse-bed slope of the

experimental lateral-accretion surfaces has similar values as the targeted natural pro-

totype rivers (Chapter 6) and agrees well with theory (Eq. 2.20). Also, the formation

of experimental stratigraphy for meandering rivers depends on the deepest channel

cuts and the order of occurrence of these channel cuts, which is consistent with the

prediction from Eq. 3.1 (Paola and Borgman, 1991).

Chapter 6 presents a quantitative, partly stochastic model of preserved channel

elements for a meandering river. This model is an improvement over typical strati-

graphic models used in pore-�ow modeling in hydrocarbon-reservoir development and

production because the original non-truncated morphology is explicitly related to the

preserved stratigraphy. These experimental data provide quanti�cation of the three-

dimensional geometry and composition of preserved channel elements, which is com-

plementary to �eld and seismic observations. Seismic data have a typical resolution of

tens of meters and seismic interpretations therefore often focus on preserved elements

larger than individual channels deposits (e.g., Kolla et al., 2007; Wood, 2007). In con-

trast, �eld studies (e.g., Parker et al., 2012) are usually restricted to preserved elements

smaller than individual channels (e.g., bars) because the period to witness and record

is too limited to observe the development of a larger system (e.g., meander belt) from

the beginning to the end.

Several scaling thresholds exist beyond which the morphological and stratigraphi-

cal similarity with natural rivers breaks down. The theoretical analysis and the exper-

iments show that these thresholds include the transition from subcritical to supercriti-

cal �ow, the transition from hydraulic smooth to rough bed, the beginning of sediment

motion, and the threshold for erosion of cohesive or vegetated banks. If experimental

conditions are carefully designed and non-dimensional variables (e.g., Froude number,
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Reynolds number, Shields mobility number and the grain Reynolds number) are kept

within speci�c ranges (Chapter 2), morphology and stratigraphy of natural rivers is

reproduced in experiments in a quanti�able way.

7.2 Archimetrics

Present three-dimensional characterization of meander-belt deposits largely relies on

idealized vertical pro�les and a limited number of analogue models, despite their rele-

vance for exploration and production of natural resources. Meander-belt deposits are

composed of a number of three-dimensional basic building blocks spanning a wide

range of spatial and temporal scales (Figure 1.4). Detailed reservoir modeling requires

quantitative information on the dimensions of these building blocks. For example, to

adequately estimate sand quantities of meander-belt sandstone bodies, observations

on the width, thickness and their variations are needed. This quantitative information

is available for the morphology of meandering rivers. For example, channel width-

to-depth ratio is a powerful predictor of channel pattern (Kleinhans and Van den Berg,

2011), channel curvature is related to the channel migration rate (Hooke, 1984; Furbish,

1988) and channel width is connected to the meander wave length (e.g., Leopold and

Wolman, 1957; Zeller, 1967; Ikeda et al., 1981; Blondeaux and Seminara, 1985). These

morphometric parameters are generally scale-independent, as illustrated for river pat-

terns (Figure 2.11) in Chapter 2. The logical next step is to identify similar archimetric

parameters, which quantify the dimensions and spatial distribution of preserved chan-

nel deposits of meandering rivers.

Three key archimetric parameters are identi�ed in this thesis to enhance the three-

dimensional characterization of the external geometry and internal stratigraphy of me-

ander belts. First, the results of multiple �ume experiments and a numerical model in-

dicate that meander belt width-to-thickness ratios are generally between 100 and 200

(Chapter 6), which is consistent with reported values of natural meander belts (Gibling,

2006; Gouw and Erkens, 2007). Most of the variation in height of a meander-belt base

is smaller than the mean channel depth. A combination of this variation of the base

and variations in meander-belt width and thickness from seismics, or from this thesis

(Figure 6.7A, meander-belt width: ranging from �ve to ten channel widths; meander-

belt thickness: between one and three mean channel depths) facilitates improved esti-

mates of sand quantities and connectedness of amalgamated meander belts. Second, the

internal stratigraphical architecture of meander belts largely consists of fragmented de-

posits: 95% of the stratigraphic sets are thinner than the mean channel depth (Chapter

4). The average length, width and height of the preserved channel deposits corresponds

to about one third of the original meander-bend length, amplitude and channel depth.

Third, prediction of the slope of lateral-accretion deposits is possible based on the mean

channel depth, a typical grain size (i.e.,D50) and channel curvature. This indicates that

a few fairly basic morphological (i.e., channel) and sedimentary parameters provide in-

sightful quantitative predictors for the three-dimensional sedimentary architecture of
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meander belts, which is complementary to well and seismic observations.

Most of the variation within meander belts occurs laterally and not vertically. This

is demonstrated from the meander belt width-to-thickness ratios that range from 100

to 200 (Chapter 6). Also, most channel cutting occurs in the center of meander belts.

Repeatedly produced alternations of point bar growth followed by cut-o� result in a

vertical trend in channel and scour feature stacking, that di�ers laterally within the

meander belt. In the meander-belt center, the high reworking intensity results in many

stratigraphic sets and disturbed deposits while closer to the margins reworking is less

frequent and thick deposits with a limited number of stratigraphic sets are preserved.

Consequently, stratigraphic sets are about 25% thinner in the center than along the

margins of a meander belt (Chapter 6). In addition, lateral-accretion surfaces are best-

developed in the outer upper point bar (Chapter 6). This suggests that the lateral di�er-

ences in stratigraphic set thickness are accompanied by lateral di�erences in sedimen-

tary architecture: predominantly sandy in the center of a meander belt and more �nes

with better-developed lateral-accretion deposits towards the margins of a meander belt.

7.3 Preservation

The reconstruction of the original dimensions of morphological features such as river

channels from preserved sediments is a fundamental part of interpreting the sedimen-

tary record. Full preservation of ancient morphology is uncommon: most preserved

architectural elements are fragmented and it is therefore challenging to relate them to

their original dimensions at the time of sedimentation. This thesis demonstrates that

95% of the stratigraphic sets are thinner than the mean channel depth. This shows that

most meander belts, outcrops and cores are �lled with thin sets and that sets with a

thickness corresponding to the mean channel depth are the exception rather than the

rule. In addition, a key question in dealing with preserved sediment is: what was the

original height, length and width of the fragmented architectural elements? The results

of multiple �ume experiments (Chapters 3 and 4) indicate that on average about 30%

of the original channel depth is preserved for meandering river systems in the absence

of aggradation. This preservation ratio (i.e., the ratio of stratigraphic set thickness to

mean channel depth) is consistent with the prediction from Eq. 3.6 (Paola and Borgman,

1991) based on topographical height. The scale-independence of this preservation ratio

of 30% is highlighted in Chapter 5 in which the numerical model NAYS2D is used to

simulate a highly sinuous meandering river in full-scale conditions.

There is a striking similarity with reported preservation ratios from other exper-

iments. Across a range of sedimentary environments about 30% of the original mor-

phology is preserved. For example, the ratio of mean cross-set thickness to mean dune

height is 30% (Leclair, 2002) and Storms et al. (1999) report a similar preservation ratio

for ripples.

The distribution of the topographical height determines the preservation ratio and

explains the similarity in preservation of channel, dune and ripple deposits. Paola and
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Borgman (1991) already showed that preservation ratio is a function of the variation in

topographical height: the preservation ratio is high for an irregular topography while

it is zero for a regular (constant bedform height or channel depth) topography. If the

preservation ratio for channel deposits, dune sets and ripple sets is 30%, the variation

in the original topography must be similar for meandering channels, dunes and ripples.

Indeed, the distribution of the topographical height has a similar shape for meandering

channels (Figure 3.10A), dunes and ripples: many observations of shallow channels (or

shallow bedform troughs) and a thinning tail towards deeper channels (or deep bedform

troughs). The non-linearity of sediment transport may be an important mechanism to

explain this typical distribution of the topographical height: erosion is concentrated

in narrow zones whereas deposition is spread over a large area resulting in extensive

bars and sheets of uniform height (Figure 3.8). The non-linearity of sediment trans-

port is universal and scale-independent, and similar morphological distributions and

preservation ratios are therefore expected for natural systems.

Preservation is time and space dependent. Generally, the preservation potential (i.e.,

the probability that a certain deposit will remain preserved) and the actual preservation

are di�erentiated (e.g., Lewin and Macklin, 2003; Erkens et al., 2009). Point-bar deposits

are more frequently reworked and cross-cut in the center than at the margins of me-

ander belts (Chapter 3), which shows that the preservation potential of these deposits

is higher at the margins than in the center. Actual preservation of deposits formed by

meandering rivers depends on the preservation potential, time and space. Chapter 5

demonstrates that the actual preservation of the stratigraphic architecture of mean-

dering rivers is higher in subsiding than in non-subsiding basins. In subsiding basins,

the deposits of meander belts are buried making them di�cult to be eroded later on,

while the deposits in non-subsiding basins remain exposed, which makes them more

susceptible to later erosion.

7.4 Changes in forcing

Most �uvial systems are subject to variations in forcing factors. For example, sediment

supply and subsidence rates are dynamic, which results in a range of sedimentary con-

ditions (Sadler, 1981) during the formation of a meander-belt deposit. Discharge is also

highly variable (Baker, 1987) and a�ects the formation of individual bars and channels.

The discharge conditions at the time of sedimentation and the aggradation rate of fos-

sil sediments are thus usually not known. This stresses the need to asses how changes

in forcing a�ect the resulting stratigraphy, which was done for �oods (Chapter 4) and

aggradation (Chapter 5) in this thesis.

Floods have a limited stratigraphical impact (Chapter 4). The deposits of moderate

�oods (1 in 10 years event) can not be distinguished from those formed by smaller mag-

nitude events, which is consistent with observations of a natural braided river (Sam-

brook Smith et al., 2010; Parker et al., 2012). Although these moderate �oods trans-

port larger sediment volumes, channel depth and bar aggradation are similar to those
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formed under smaller magnitude �oods. Bar wave lengths notably increase with �ood

magnitude, which is consistent with natural rivers (e.g., Wolman and Miller, 1960) and

predictions from linear stability analysis (Struiksma, 1985; Crosato and Mosselman,

2009). Floods thus mainly stretch the morphology and resultant stratigraphy along the

river (longitudinally) while a vertical stretch or signature remains absent.

Stratigraphy and preservation of channel deposits is similar for zero up to mod-

erate (<10 mm/yr) aggradation rates (Chapter 5). The impact of low up to moderate

aggradation rates on the deposits of meandering rivers can thus be neglected, which is

consistent with observations on dunes (Bridge and Best, 1997; Leclair, 2002) and ripples

(Storms et al., 1999). Although aggradation is unable to a�ect the average stratigraphic

set thickness, it increases the overall stratigraphical variability and ampli�es the lat-

eral di�erences in stratigraphic architecture: the aggradation signal is predominantly

preserved close to the margins of a meander belt (Chapter 5).

The above shows that moderate �oods and aggradation rates are unable to alter

the stratigraphy and preservation of channel deposits. This may also apply to more

extreme �oods (500-1000 years recurrence time) because the lack of stratigraphic sig-

nature of �oods is explained from the hydraulic geometry of rivers. As a result of this

hydraulic geometry, bed shear stresses rapidly increase for a higher in-channel dis-

charge. However, as soon as the bankfull level is reached and the �oodplain inundates,

bed shear stresses increase at a lower rate (e.g., Sambrook Smith et al., 2010). A higher

discharge signal is thus often simply stored in the �oodplain. This indicates that the

erosive capacity for uncon�ned rivers does not linearly increase with discharge because

the �ow increases more in width than in depth from the moment of �oodplain inun-

dation onwards. Wide �oodplains thus greatly reduce the in-channel morphological

and stratigraphical e�ectiveness and impact of larger-than-bankfull �oods. This obser-

vation is likely applicable to most lowland alluvial rivers because these are practically

uncon�ned and exhibit extensive �oodplains. In contrast, a clear stratigraphic signa-

ture is observed for extreme aggradation rates (20 mm/yr) in this thesis (Chapter 5). The

results presented in Chapter 5 demonstrate that for an extreme aggradation rate about

50% of the original channel deposit is preserved, which is signi�cantly higher than the

30% for zero and moderate aggradation rates. This preservation ratio of 50% de�nes an

important upper bound on the fraction of the channel deposits that are preserved in

natural meandering river systems.

7.5 Main conclusions

Full preservation of ancient meandering channel deposits is uncommon: most pre-

served architectural elements are fragmented due to later erosion and cutting of chan-

nels and bars. This makes it challenging to relate preserved architectural elements to

the original dimensions at the time of deposition. Quantitative information on the 3D

geometry and composition of these basic building blocks of reservoirs and aquifers

formed by meandering systems is essential for exploration and production purposes
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and potentially an important source of information about ancient climate. In this the-

sis, the direct linkage between meander morphology and the resultant stratigraphic

architecture is used to relate the preserved truncated channel deposits to the original

non-truncated channel form in three dimensions. The results are scale-independent

and of considerable use in interpreting �uvial successions and in reservoir engineer-

ing. The key �ndings are:

1. The stratigraphic architecture formed under aggradation rates<10 mm/yr is sim-

ilar to the architecture formed under zero aggradation. For these zero to moder-

ate aggradation rates, about 30% of the original channel deposits are preserved.

For extreme aggradation rates (20 mm/yr), about 50% of the original channel de-

posits are preserved, which de�nes an important upper bound on the fraction of

the channel deposits that are preserved for natural meandering rivers.

2. 95% of the stratigraphic sets are thinner than the mean channel depth. This shows

that most meander belts, outcrops and cores are �lled with fragmented deposits

and that deposits with a thickness corresponding to the mean channel depth are

the exception rather than the rule. This is consistent with the prediction from

Eq. 3.1 (Paola and Borgman, 1991).

3. The transverse-bed slope of the experimental lateral-accretion surfaces has sim-

ilar values as the targeted natural prototype rivers and agrees well with theory

(Eq. 2.20). Application of this theory to a number of natural modern and ancient

meandering systems shows that it adequately predicts the slope and number of

stacked lateral-accretion packages within natural point-bar deposits.

4. Broad �oodplains greatly reduce the stratigraphical impact of larger-than-

bankfull �oods. The channel deposits formed by larger-than-bankfull �oods are

thus di�cult to distinguish from those formed by bankfull-and-less �oods for

laterally unconstrained meandering river systems.

5. Most of the variation within meander belts is found laterally and not vertically.

Reworking and fragmentation of deposits predominantly occurs in the center

of a meander belt by chute and neck cuto�s. This systematic channel cutting

behavior of meandering rivers favors the preservation of more complete channel

deposits closer to the margins of a meander belt.
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De geschiedenis van willekeurig welk deel van de aarde
bestaat net als het leven van een soldaat

uit lange perioden van verveling en korte perioden van doodsangst.

De Britse geoloog Derek V. Ager

Het fascinerende aan schaalexperimenten is dat complete rivierlandschappen zich in

enkele dagen voor je ogen ontwikkelen. Het is alsof de natuur op fast forward wordt

gezet omdat dezelfde ontwikkeling voor natuurlijke rivieren eeuwen tot millenia duurt.

Een simpele rekensom laat zien dat er voor ongeveer 2500 jaar aan rivier morfodyna-

miek en afzettingen beschreven staan in dit proefschrift. En dat in maar vier jaar! Velen

hebben een bijdrage geleverd, velen moeten bedankt worden.
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waren natuurlijk de kersen op de taart! Ik heb onze samenwerking als zeer plezierig,

uitdagend en stimulerend ervaren. Bedankt!

Ik heb de luxe genoten van een groot begeleidingsteam met verschillende achter-

gronden en expertises. Als eerste wil ik George Postma noemen die als geen ander
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waar je heel handig moderne en fossiele kustsystemen aan elkaar linkte vond ik zeer
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inzichtelijk en waardevol. Mijn promotor Poppe de Boer heeft mij ook meerdere malen

uit het stroomlab getrokken voor de begeleiding van het tweedejaars veldwerk in de
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scherpzinnige vragen en suggesties hielpen om ideeën en manuscripten helder te krij-

gen, waarvoor dank! Mijn andere promotor, Hans Middelkoop, overzag mijn project

als stille kracht op de achtergrond. Onze bijeenkomsten dwongen mij om regelmatig

de voortgang te checken, resultaten daadwerkelijk op te schrijven en prioriteiten aan

te brengen in alle wilde ideeën. Dit was soms confronterend maar werkte vaak zeer

verhelderend!

Een belangrijke rol bij het succesvol voltooien van dit project is weggelegd voor

mijn mede-experimentator Wout van Dijk. We hebben heel wat gezaagd, getimmerd
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kwantiteit en kwaliteit van ons werk. Bedankt voor de �jne samenwerking!

I want to thank Exxon Mobil Upstream Research Company gratefully for their sup-

port. Financially, but also with a multitude of useful meetings and events, which re-

ally stimulated our mutual understanding of �uvial deposits. A special thanks to Dave
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Bas, Thony en Henk onmisbaar. Bedankt voor jullie inzet en twee rechterhanden!

Vele studenten zijn betrokken geweest bij de experimenten. Jullie hebben allerlei
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gemaakt. Dimitri, Nate, Eveline, Jantien, Anne en Roy: heel erg bedankt voor jullie
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Een �jne werkomgeving is belangrijk om plezierig te kunnen werken. Ik wil alle

collega’s van het departement Fysische Geogra�e van harte bedanken voor de prettige

werkatmosfeer en de ’mijn-deur-is-altijd-open’ mentaliteit. Goede ideeën en voort-

schrijdend inzicht komen soms uit onverwachte hoek: tijdens de ko�epauze, gedu-

rende het scheppen van meerdere kuubs zand, tijdens een wandeling in de botanische
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Speci�ek wil ik hier Willem Toonen noemen voor de kans om nu eens een echte bo-

ring te zetten en voor de royale becijfering van mijn manuscripten. Kim Cohen voor
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uitstapjes naar Hull en de Rijn afzettingen bij onze oosterburen en zijn algehele inte-
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de vele culinaire hoogtepunten.
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