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ABSTRACT

Fluvial meander belt sediments form some of the most architecturally complex

reservoirs in hydrocarbon fields due to multiple scales of heterogeneity inherent

in their deposition. Currently, characterization of meander belt bodies largely

relies on idealized vertical profiles and a limited number of analogue models

that naively infer architecture from active river dimensions. Three-dimensional

architectural data are needed to quantify scales of grain-size heterogeneity,

spatial patterns of sedimentation and bar preservation in a direct relationship

with the relevant length scales of active river channels. In this study, three large

flume experiments and a numerical model were used to characterize and

construct the architecture (referred to as ‘archimetrics’) and sedimentology of

meander belt deposits, while taking reworking and partial preservation into

account. Meander belt sandbody width-to-thickness ratios between 100 and 200

were observed, which are consistent with reported values of natural meander

belts. For the first time, the relief of the base of a meander belt is quantified,

enabling improved estimates of connectedness of amalgamated meander belts.

A key observation is that the slope and number of lateral-accretion packages

within natural point bar deposits can be well predicted from fairly basic observ-

ables, a finding subsequently tested on several natural systems. Probability

curves of preserved architectural characteristics for three dimensions were quan-

tified allowing estimates of bar dimensions, baffle and barrier spacing distribu-

tions and container dimensions. Based on this, a set of rules were identified for

combining reservoir parameters with the identified probability curves on sand-

body dimensions and character, to help create more realistic geomodels for esti-

mating exploration success on the basis of seismic and core data.

INTRODUCTION

Characterization and prediction of the three-dimensional

architecture and fluid-flow behaviour of fluvial hydrocar-

bon reservoirs and drinking water aquifers is challenging

because of the various scales of sediment heterogeneity

between and within fluvial deposits (Miall, 1988; Jordan

& Pryor, 1992; Pranter et al., 2007; Willis & Tang,

2010). In essence, fluvial deposits are composed of a

number of architectural elements (Miall, 1985; Holbrook,

2001) spanning a wide range of spatial and temporal

scales (Fig. 1). The heterogeneity of fluvial deposits at

the scale of a hydrocarbon field (i.e. heterogeneity levels

1 and 2 of Jordan & Pryor, 1992) primarily depends on

channel belt sandbody (i.e. Fig. 1, sixth-order contacts)

stacking patterns and the associated connectivity between

individual channel belt sand bodies (Allen, 1978; Leeder,

1978; Bridge & Leeder, 1979; Mackey & Bridge, 1995).

Heterogeneity within individual channel belt sand bodies

also impacts performance and efficiency of reservoirs

due to an internal architecture with a complex arrange-

ment of contact surfaces, where contrasting grain size,

sorting and other lithologic characteristics make for

baffles and barriers to flow (Tyler & Finley, 1991; Pran-

ter et al., 2007; Donselaar & Overeem, 2008; Willis &

Tang, 2010).
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Efforts to quantify fluvial meander belt architecture

until now focused on vertical core data (Paola & Borg-

man, 1991), ignoring the horizontal dimensions. In prac-

tice this has the consequence that three-dimensional

geomodels developed for flow calculations (i.e. hetero-

geneity levels 1 and 2 of Jordan & Pryor, 1992) have had

to assume either geostatistical or geometrical body dimen-

sions derived from natural rivers (Pranter et al., 2007).

However, this approach largely neglects internal hetero-

geneity and the highly fragmented nature of fluvial three-

dimensional bodies (Parker et al., 2013; Van de Lageweg

et al., 2013a,b). At the other end of the hierarchical

spectrum, quantitative descriptions of preserved laminae,

ripples and dunes (Bridge & Best, 1997; Storms et al.,

1999; Leclair, 2002) could be used to populate low-order

(i.e. Fig. 1, first-order to third-order) architectural bodies.

However, populating flow models based on individual

order statistics would largely ignore the inherent hierar-

chical relationships and connectivity between the different

architectural levels of fluvial deposits.

Reservoir geocellullar modelling requires quantitative

information on the geometries and material properties

of reservoir bodies at all hierarchical levels (Fig. 1) to

build realistic geological models with predictive flow

simulation. However, the large-scale sandbody architec-

ture and stratigraphic and sedimentary heterogeneity

within channel belt sand bodies is commonly difficult

to model from subsurface data with a typical well spac-

ing between 200 m and 400 m in developed fields

(Pranter et al., 2007). This generally results in a lack of

architecturally detailed deterministic information. As a

consequence, geomodellers often turn to modern

analogues (Yang & Sun, 1988; Bhattacharya & Tye,

2004) or outcrops (White & Barton, 1999; Willis &

White, 2000) in an effort to obtain quantitative strati-

graphic information required to accurately populate the

geological model.

The dimensions and distributions of sand bodies and

shales are critical parameters in designing a meaningful

reservoir model. Sand bodies are generally described by

width-to-thickness ratio, net-to-gross (sandstone to shale)

ratio, and connectedness ratio (Gibling, 2006; Gouw &

Autin, 2008). Point bar deposits are among the largest

and architecturally most complex reservoir bodies formed

by fluvial meandering systems. In particular, point bar

lateral-accretion elements and the associated shale that

drape them are potential baffles and barriers to fluid flow

and may therefore act to compartmentalize reservoirs

(Willis & White, 2000; Pranter et al., 2007; Donselaar &

Overeem, 2008; Willis & Tang, 2010). In addition, inter-

nal facies trends, for example, the commonly described

vertical change from cross-bedded coarse and medium-

grained sands to silt laminated ripples in point bar depos-

its (Nanson, 1980; Bridge et al., 1995), generate a fining-

upward succession that potentially can affect the porosity

and permeability of reservoirs and bodies.

To improve our ability to build geologically sound

models of reservoirs formed by fluvial meandering sys-

tems, we must improve our ability to predict the external

geometry of meander belt sand bodies, their internal

architecture, composed of channel fills and point bar

deposits, and the distribution, thickness and orientation

of muds. In addition, an explicit link between the causal

process of river meandering and the resultant architecture

will help elucidate the effect that changing discharge,

channel depth and sediment has on the formation and

preservation of meander belt deposits, allowing for a

better understanding and predictive ability of spatial pat-

terns in sedimentation and preservation. Here, the dimen-

sionless size ratios between the formative meandering

channel (i.e. depth, width and meander length of the

channel) and the resultant architectural elements (i.e.

thickness, width and length of point bar deposits) are

developed to make comparisons between systems of
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Fig. 1. The hierarchy of fluvial architectural elements. In this study, the focus is on third-order to sixth-order bounding contacts: bar boundaries,

nested channel cuts, channel fill and lateral-accretion element boundaries and the external geometry of meander belt sand bodies. Modified from

Miall (1985), Holbrook (2001) and Van de Lageweg et al. (2015).
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different size possible. These dimensionless size ratios

between morphological form and depositional product are

referred to as archimetrics, inspired by empirical morpho-

metric relationships derived from modern meandering

rivers (Leopold & Wolman, 1957; Zeller, 1967; Kleinhans

& Van den Berg, 2011). The idea behind the analysis is that

we use known morphodynamic relationships as the rele-

vant length scales for the resulting deposits, while incorpo-

rating reworking and partial preservation statistics.

The objective of this study is therefore to develop

quantitative three-dimensional relationships that describe

the stratigraphical and sedimentological architecture of

meandering rivers. This depositional model should aid

architectural characterization and geomodel building for

fluid-flow calculations in the hydrocarbon development

and production phases of reservoirs composed of mean-

der belt deposits. Deposits formed by meandering rivers

are emphasized because of their considerable lithological

variation and because their reservoir behaviour has pro-

ven challenging to predict to date (Willis & White, 2000;

Pranter et al., 2007; Donselaar & Overeem, 2008; Willis &

Tang, 2010). The depositional model is developed using

three flume experiments and one numerical model. The

specific objectives of this study are to:

1 Quantify the external geometry of meander belts:

width, thickness and the relief variation of 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 migration and

bend cut-off.

3 Quantify relationships between dimensions of non-

truncated morphological elements (e.g. channel depth

and meander length) and dimensions of truncated,

partially preserved architectural elements.

4 Evaluate the processes that control the distribution and

dimension of fines within point bar deposits, in partic-

ular lateral-accretion surfaces.

5 Compare observed lateral slopes of accretion surfaces

to predictions by a semi-empirical relationship that

predicts these surfaces as a function of observable

channel and sediment characteristics.

6 Identify a set of rules for building realistic three-dimen-

sional reservoir models of deposits formed by meander-

ing rivers.

DATA AND METHODOLOGY

Three flume experiments and one numerical model simu-

lation were used in this study. The complementary nature

of models and experiments and the benefits of using both

have been discussed elsewhere (Kleinhans et al., 2014).

Experiment A and the numerical model focused on the

formation of channel bounding surfaces. The dimension-

less archimetric size ratios from experiment A were quan-

titatively compared to the numerical model to evaluate

possible scale dependence and effects of different styles of

bend cut-off. By including flume experiments as well as a

numerical model it is intended to move beyond effects of

initial setups and specific boundary conditions. When

commonalities in, for example, the meander belt width-

to-thickness ratios arise for two completely different

approaches and scales, it is likely that they are not related

to initial and boundary conditions and therefore have a

wider validity. Experiments B and C focused on the depo-

sition of fine sediment in point bar deposits, which

cannot presently be modelled yet with the detail that

experiments deliver.

First, the setups and procedures of experiments A, B

and C are described. Second, the numerical model

settings are given. Third, the data processing work flow

for the flume experiments and the numerical model are

explained.

Experimental setups

Experiments A and B have been published elsewhere

(Van Dijk et al., 2012, 2013b; Van de Lageweg et al.,

2013a,b, 2014) while the present analyses and Experi-

ment C are novel. All experiments were conducted in a

flume 6 m wide and 10 m long. The design conditions

were not derived from direct scaling of a specific river

but are based on a minimization of scaling issues, that

is, low sediment mobility, scour hole formation and sed-

iment cohesion (see full review in Kleinhans et al., 2010,

2014). Key dimensionless variables were therefore kept

within a range of values to ensure process similarity with

natural meandering coarse-grained rivers. For flow simi-

larity, Froude numbers (Fr) must be subcritical (Fr <1)
and flow must be turbulent (Re >2000). Rough flow

conditions were ascertained by the use of a poorly sorted

sand (D10, D50 and D90 are 0�25, 0�51 and 1�35 mm,

respectively). Furthermore, the upstream water and sedi-

ment supply point was dynamic and moved transversally

in both directions. Pilot experiments (not reported here)

showed that meander dynamics were not sustained in

the absence of this upstream perturbation. In agreement

with (Lanzoni & Seminara, 2006), Van Dijk et al. (2012)

showed that the direct effect of the transversal perturba-

tion on downstream bend development was limited to

the development of the first bend; yet the presence of

the perturbation ensured dynamic meandering with

repeated chute cut-offs. Based on observed bend migra-

tion rates during the pilot experiments, a constant rate

of movement of 1 cm/hour was applied for all flume

experiments.
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The general settings of experiments A, B and C were

similar but a number of specific conditions differed

(Table 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 sed-

iment feed consisted of a mixture of poorly sorted sand

and 20 volume per cent of silt-sized silica flour (D10, D50

and D90 are 3�7 lm, 32 lm and 97 lm, respectively). The

silt-sized silica flour formed weakly cohesive deposits and

limited channel widening, which would otherwise ulti-

mately have resulted in a braided channel pattern (Peakall

et al., 2007; Van Dijk et al., 2012). The duration of exper-

iment A was 260 hours.

Experiment B (Van Dijk et al., 2013b; Van de Lageweg

et al., 2014) 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 1). A simple stepped shape hydrograph

was used with a long (2�5 hours) duration low discharge

of 0�25 l/s and a short (0�5 hours) duration high dis-

charge of 0�5 l/s. The stepped shape hydrograph was not

intended to represent the flood hydrograph of a specific

river but was introduced to stimulate overbank flow and

overbank deposition of fines. To this end, an additional

0�5 l of silt-sized silica flour was added during the high

discharge stages of the hydrograph. The low discharge

sediment feed rate was 0�2 l/hr. This sediment feed had

an identical composition for flume experiments A and B.

The duration of experiment B was 120 hours.

The design conditions of experiment C were identical

to those of experiment B (Table 1). The only difference

was that experiment C used walnut shell fragments

instead of silt to simulate fines. The walnut shell frag-

ments were well-sorted (between 1�3 mm and 1�7 mm)

and behaved as suspended load. It is hypothesized that

the silt and walnut shells may capture different deposi-

tional behaviour in natural systems. Specifically, the

applied walnut shells may represent very fine, highly

mobile and mostly suspended materials such as clay and

fine silts, whereas the applied silts may be a proxy for

coarser, less mobile and bedload to suspended load

materials such as coarse silt and fine sand. During high

discharge 1 l of walnut fragments was added. The long

duration (multiple weeks) of these large-scale experi-

ments limited the applicability of walnut fragments

because they started to decompose after a few weeks. A

minor amount of an oily substance was released during

this walnut decomposition, which caused cohesive beha-

viour such that the river planform ossified. We used the

initial point bar deposits that were formed prior to ossi-

fication to compare the spatial distribution of walnut

shells in experiment C to that of the silt in experiment

B, because the two different experimental methods to

simulate fine-sediment deposits gave complementary

results.

Surface elevation data were collected every 8 hours for

experiment A and every 3 hours for experiments B and

C. A line-laser with a vertical resolution of 0�2 mm

recorded the elevation of the fluvial morphology at longi-

tudinal increments of 2 mm. The point cloud from the

line-laser was median filtered on to a 10-mm grid for

experiment A and on to a 4-mm grid for experiments B

and C to produce Digital Elevation Models (DEMs). See

Van Dijk et al. (2012) and Van de Lageweg et al. (2013a)

for a more detailed description of data reduction from

the line laser.

In addition, a high-resolution (0�25 mm ground reso-

lution) camera photographed the fluvial surface in

experiments B and C. In experiment B, these high-reso-

lution images were used to derive silt surface concentra-

tions (see also Van Dijk et al., 2013b). The high-

resolution camera with RGB-band gives values for

green, red and blue, which were transformed to a LAB

colour space. In this colour space, L corresponds to

luminosity (low = black and high = white), A reflects

the position between red/magenta (high values) and

green (low values), and B is the position between yel-

low (high values) and blue (low values). The luminosity

was used here to make distribution maps of the highly

reflective silt-sized silica flour (Fig. 2). For every survey,

36 individual images (Fig. 2A) were collected and tied

to the DEM by the mutual robot coordinate system.

Table 1. Design conditions of flume experiments and numerical model run

Parameter Flume experiment A Flume experiments B and C Numerical model

Used for Bounding contacts Fines Bounding contacts

Length 10 m 10 m 10 000 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 9 10�3 m3/s 0�25 and 0�5 9 10�3 m3/s 2500 m3/s

Basin slope 5�5 9 10�3 1 9 10�2 2 9 10�4
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Post-experiment, 18 silt samples were collected that

were related to the luminosity difference between each

survey image and the initial image of the bed for that

location (Fig. 2B). Similar relationships were found in

other tests and experiments supporting the validity of

this relationship. This relationship was then used to

convert the luminosity maps to silt surface distribution

maps (Fig. 2C). In experiment C, the high-resolution

images were used to examine the sedimentation pattern

of walnut shell fragments. Experiment C served to com-

pare the spatial distribution of walnut shells to that of

silt and therefore only the last time step prior to ossifi-

cation is presented.

Numerical model setup

A highly sinuous meandering river and resultant sand-

body architecture was simulated by the two-dimensional

fluid dynamics and morphodynamics code NAYS2D

(Asahi et al., 2013; Schuurman et al., 2015; Van de Lage-

weg et al., 2015). This process-based model is the first to

produce river meandering without presuming a fixed rela-

tionship between bank erosion and bank accretion, con-

trary to one-dimensional meander simulation models

(Willis & Tang, 2010). This key feature of NAYS2D to

simulate inner bend bar accretion and outer bend bank

erosion independently allows for channel width variations,

which are known to affect hydrodynamics (Zolezzi et al.,

2012; Frascati & Lanzoni, 2013) and sediment deposition

along meander bends (Eke et al., 2014; Van de Lageweg

et al., 2014).

The NAYS2D model parameters were chosen such that

a dynamic and sustained freely meandering river was sim-

ulated. 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 9 10�4 m/m

(Table 1). To maintain model stability, channels were not

allowed to erode beyond 8 m below the initial floodplain

level although bars could freely aggrade. Sediment trans-

port rate was computed by the Engelund & Hansen

(1967) formulation. A uniform grain size of 2 mm was

applied and discharge was maintained constant at

2500 m3/s following similar simplified approaches in

Schuurman et al. (2013, 2015). In this approach, constant

discharge is assumed to be the dominant or effective dis-

charge integrating all the morphodynamic work done

over a yearly hydrograph. A constant uniform bed rough-

ness (Nikuradse ks = 0�15 m) was used to parameterize

bed form roughness. Similar to the experimental setups,

the upstream water and sediment inflow point moved

transversely. The rate of movement was maintained con-

stant at 0�65 m/yr and had a maximum amplitude of

300 m. A detailed analysis of the effect of upstream per-

turbations on the evolution and morphological character-

istics of the meandering channel in NAYS2D and other

numerical models is provided in and Schuurman et al.

(2015).

The NAYS2D computational grid was initially straight

and consisted of grid cells with a width and length of

20 m. During the run, bank erosion and bank accretion

adjusted the bank lines. Curvilinear re-gridding was

performed to keep the grid boundary fitted and to main-

tain the transverse grid lines perpendicular to the channel

centre line. The dynamic coordinate system enabled chan-

nel migration and neck cut-offs but introduced some

instability over the course of the run, which limited plan-

form development to a maximum of 668 modelled time

steps. Channel neck cut-offs were modelled as an instan-

taneous change in planform, which could occur at any

time step when two migrating banks met. At the end of

the model run, the dynamic coordinates of all recorded

time steps were re-sampled to fixed Cartesian ones to

generate DEM surfaces and three-dimensional virtual

meander belt architectures.
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Quantifying three-dimensional meander
belt sandbody architecture

Sequential highly detailed DEMs of the meander mor-

phology in the flume experiments and numerical model

were used to generate three-dimensional synthetic sand-

body architectures that record channel history and the

formation of bounding contact surfaces (Fig. 3). The abil-

ity to track the morphological channel history while

building three-dimensional synthetic meander belt archi-

tectures allowed the preserved sandbody architecture to

be explicitly related to original meander morphology at

the time of sedimentation. From this three-dimensional

architectural output, virtual cores, transects and maps

were constructed and analysed.

Meander belt sandbody architecture from the flume

experiments and numerical model was analysed in three

dimensions. To this end, we extracted virtual cores in all

three directions through the depositional block to calcu-

late statistics of thicknesses, widths and lengths between

bounding surfaces (Fig. 4). Set thickness is defined as a

depositional body enclosed by two successive bounding

surfaces in a vertical direction (z), set length as a deposi-

tional body enclosed by two successive bounding surfaces

in a longitudinal direction (x), and set width as a deposi-

tional body enclosed by two successive bounding surfaces

in a lateral direction (y) (Fig. 4C, see also Van de Lage-

weg et al., 2013a). The number of grid points and there-

fore the number of virtual cores was large with, for

example, 2 9 3�105 vertical cores for experiment A,

1 9 2�106 vertical cores for experiment B and 3 9 8�104
vertical cores for the numerical model run. It is impor-

tant to note that the identified surfaces and units merely

served as a quantitative framework for the meander belt

architecture and do not necessarily relate to lithostrati-

graphic sand bodies that would define reservoir hetero-

geneities or to specific scales of depositional bed or

bedform. Although heterogeneity patterns can follow

depositional bed surface geometry, this is not always the

case and has also not been assessed in this study.

In order to generalize results, the extracted set thick-

nesses, set widths and set lengths were compared with

morphometric parameters that are commonly used to

describe meander morphology (Fig. 4). For this purpose,

the mean channel depth (hmean), mean meander bend

length (Lbend), mean channel width (wmean) and mean

meander bend amplitude (Abend) were used to summarize

the meander morphology in the flume experiments as

well as the numerical model. For simplicity and easier

field application, the Abend was approximated by 0�59
meander belt width. Archimetrics were then calculated as

the dimensionless size ratios between the set statistics

characterizing meander belt sandbody architecture and

the morphological statistics characterizing the original

meander form: set thickness was related to hmean, set

length to Lbend and set width to Abend and wmean.

The detection of bounding surfaces and contacts in

flume experiment A was defined by the vertical resolution
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of the line laser. All features smaller than 0�2 mm could

not be detected and elevation differences between sequen-

tial DEMs smaller than or equal to 0�2 mm were there-

fore removed. In the numerical model, bounding surfaces

formed by smaller scale features such as dunes and ripples

were not explicitly modelled. Their height was estimated

from the prescribed bed roughness as hdune = 2�ks (Van

Rijn, 1984). 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, implicitly

ensuring that the channel and bar scouring and channel

cut-offs were the only formative processes feeding into

the synthetic stratigraphy.

Lateral-accretion surface slopes in point bar deposits

correspond to the transverse bed slopes of meander inner

bends. The transverse bed slope of the meander inner

bend in flume experiment B was measured and compared

the slope to a transverse bed slope predictor derived from

physics. The analytical prediction for the transverse bed

slope (tan dz
dn) was solved at the meander bend apex (Stru-

iksma, 1985; Talmon et al., 1995):

tan
dz
dn

¼ 9 � D50

h

� �0�3
�

ffiffiffi
h

p
� 2
j2

� 1�
ffiffiffi
g

p
j � C

� �
� h
R

(1)

where h is water depth (m), g is gravitational accelera-

tion (m2/s), h is Shields sediment mobility number, C is

the Ch�ezy number (here calculated as 18 � log 12h
D90

� �
), j is

the Von K�arm�an’s constant (0�4) and R is the radius of

curvature of the streamlines. This relationship has been

tested successfully in experiments (Van Dijk et al., 2012,

2013a) and in the field (Kleinhans et al., 2012) and in

many engineering applications). Following Struiksma

(1985), the transverse bed slope was determined by select-

ing the observations at 0�1w (here 2 cm) from the deepest

measurement on the profile and at 0�1w from the water

line. The transverse bed slope, h was assumed constant at

0�011 m, while R changed.

RESULTS

The meander morphodynamics are initially described

here and typical morphometrics for flume experiment

A, flume experiment B and the numerical model are

identified. Then, the dimensions of architectural

elements of meander belt deposits formed in the flume

experiments and the numerical model are quantified.

Following earlier work on fluvial architectural elements

and contact surfaces (Miall, 1985; Holbrook, 2001), a

hierarchical approach is adopted to describe and quan-

tify the architectural elements: starting with the largest

element corresponding to the external geometry of

meander belt sand bodies (Fig. 1, sixth-order contacts),

then focusing on the internal sandbody architecture of

a meander belt (Fig. 1, fifth- to third-order contacts)

and finally zooming in to the point bar lateral-accretion

elements (Fig. 1, third order) and associated shale

drapes.
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Meander morphodynamics

In flume experiment A (Fig. 5A), the initial straight chan-

nel developed into a low-sinuous meandering river. The

meandering channel was on average about 0�25 m wide

and 0�015 m deep, resulting in a width-to-depth ratio of

17. Typically, Lbend was about 3�5 m. Point bars were the

dominant morphology throughout the experiment

although the initial point bar bodies became increasingly

dissected as the experiment progressed.

Initially, a series of point bars raised channel sinuosity,

calculated as the ratio between the length along the chan-

nel and the straight-line distance between the ends of the

channel, to a maximum of about 1�3 in flume experiment

A. With this higher sinuosity, water started to flow across

the point bar surface and eventually a chute cut-off took

place. Former active channels transformed into floodplain

lakes, which remained as topographic lows in this experi-

ment because of the limited amount of fine-grained silica

flour available as fill. The floodplain depressions were

thus easily re-occupied and re-activated by the channel

through chute cut-offs. In total, four chute cut-offs were

observed during experiment A. The morphology at the

end of the experiment consisted of a large number of

point bars that were mostly cross-cut by chute cut-offs. A

qualitative comparison shows that this morphological

configuration has similarities with the ‘coarse-grained

meandering stream’: model 5 of Miall (1985), which

agrees with the analysis presented here that the experi-

mental meandering rivers represent gravel-bed rivers best

(Kleinhans et al., 2014).

In flume experiment B (Fig. 5B), the meandering river

was characterized by sustained lateral migration of the

channel and the absence of cut-offs in the middle section

of the flume. Channel sinuosity increased to 1�4 at the

end of this experiment. Due to the lower discharge in

experiment B compared to experiment A (Table 1), the

channel had smaller dimensions: the channel was on aver-

age 0�2 m wide, 0�011 m deep, with a resultant width-to-

depth ratio of 17, and had a typical Lbend of about 2�2 m.

The absence of chute cut-offs in flume experiment B

was caused by the addition of more cohesive fine material

to the sediment feed compared to experiment A. These

cohesive fines were deposited on the floodplain when the

water level exceeded bankfull conditions. Initially, this

mainly occurred during the brief high-flow stages. As the

experiment progressed and the meander bend sharpened,

channel gradient reduced so that water levels generally

increased and overbank flow also occurred during low-

flow stages. Although overbank deposition of the fine silt

only resulted in thin sheet splays and levees, depressions

on the point bar surface could not be re-activated and

chute cut-offs did not occur.

In the numerical model (Fig. 5C), 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 of

up to about 20 m, measured from the top of aggraded

bars to the channel bottom. The deepest parts corre-

sponded to outer bends while inner bends were notably

shallower. Channel width also varied greatly with an aver-

age of 250 m, resulting in a typical width-to-depth ratio

of 31, but locally it was only 180 m wide while the maxi-

mum observed channel width was 280 m. Meanders had

a typical Lbend of 1000 m. The channel was locally

straightened by neck cut-offs from about 350 time steps

onwards. In total, we observed four neck cut-offs. Quali-

tatively, the channel width-to-depth ratio and channel
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Numerical model

A B
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Fig. 5. Digital Elevation Models (DEMs) of meander belts that were formed in the flume experiments and numerical model. (A) DEM of flume

experiment A in which a meander belt formed during constant bankfull discharge (Van de Lageweg et al., 2013b; Van Dijk et al., 2012). (B) DEM

of flume experiment B in which a meander belt formed as the result of a variable discharge (Table 1) and addition of fine cohesive silt during the

high-flow stages (Van Dijk et al., 2013a; Van de Lageweg et al., 2014). (C) DEM of meander belt simulated with the numerical model NAYS2D

(Van de Lageweg et al., 2015). Slice A-A* is presented in Fig. 3.
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planform generated with the numerical model have simi-

larities with the ‘classic meandering stream’: model 6 of

Miall (1985).

Meander belt architecture

Meander belt external sandbody geometry

In the numerical model, the meander belt sandbody had

an average width of 1230 m at the end of the simulation

(Fig. 6A). This is equal to about 5 wmean. The meander

belt sandbody had an average thickness of 8�4 m, which

is in close agreement with the hmean of 8 m (Fig. 6C).

The relief at the base of the meander belt sandbody gen-

erally fell within hmean (Fig. 6E). The base of the sand-

body was deepest in the axial zone of the meander belt

and persistently shallowed towards the margins of the

sandbody, as evidenced by the Z10 distribution.

Longitudinal variations in elevation relief of the sandbody

base were laterally homogeneous, as seen from the differ-

ence between the bed level Z10 and Z90 percentile profiles

(Fig. 6E).

In experiment A, the meander belt sandbody had an

average width of 2�1 m at the end of the experiment

(Fig. 6B). This is equal to about 8 wmean. The thickness of

the meander belt was on average 1�2 cm, which is close

to the hmean of 1�5 cm (Fig. 6D). The relief at the base of

the meander belt sandbody was generally captured within

hmean (Fig. 6F). Re-occupation of older unfilled channels

and resultant repetitive scouring and deepening of these

channels led to two substantial dips in base elevation at

the margins of the sandbody, most clearly seen in the Z10
percentile profile (Fig. 6F). Longitudinal variations in ele-

vation relief of the sandbody base were laterally homoge-

neous, except for the margins of the sandbody base where

a general deepening was seen on both sides of the
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sandbody, most evident from the Z50 percentile profile

(Fig. 6F). Nevertheless, the downstream half of the left-

hand margin of the sandbody base was much shallower,

as indicated by the Z90 percentile profile. The relief in ele-

vation of the base of the sandbody was generally captured

by hmean for the numerical model as well as flume experi-

ment A (Fig. 6E and F). Base relief was primarily caused

by in-channel depth variations. Persistence of the mean-

dering channel to remain in the same location, deep outer

bends, cut-off channels and confluence scours all resulted

in a deepening of the base of the sandbody. In the

numerical model, the relief was homogeneous and the

base shallowed towards the margins while in flume exper-

iment A the relief of the base was more irregular and a

deepening of the base towards the margins of the sand-

body was present. These different base expressions may

either be the result of the different styles of meandering

in flume experiment A and the numerical model, or an

artefact of the numerical model’s limitations in represent-

ing the deepest channel scours.

In flume experiment A, the base relief of the sandbody

was similar to the topographical relief at the surface of

the sandbody (Fig. 6D). In the numerical model, the

deepest channel scours were not well reproduced

(Fig. 6C). Consequently, the relief in elevation at the base

of the sandbody was smaller than the topographical relief.

Combining the width and thickness statistics into

dimensionless sandbody geometrical ratios resulted in

similar outcomes for flume experiment A and the numer-

ical model (Fig. 7A). Flume experiment A had a sand-

body width-to-thickness ratio of 175 and the numerical

model had a ratio of 150 at the end of the simulation. In

flume experiment A, however, the spread in thickness

around the average sandbody thickness of the belt was

larger than in the numerical model (Fig. 7A). In flume

experiment A, sandbody thicknesses of up to 4�5 cm (ca

3 hmean) were observed while the maximum sandbody

thickness in the numerical model was 20 m (ca

2�5 hmean). In contrast, the spread in sandbody width was

larger in the numerical model than in experiment A

(Fig. 7A). In the numerical model, the width of the

sandbody varied between 500 m (ca 2 wmean) and 2000 m

(ca 8 wmean) while in flume experiment A the sandbody

width was more uniform and ranged between 2 m (ca

8 wmean) and 2�5 m (ca 10 wmean).

Internal sandbody architecture

The dimensions of the meandering channel (depth, mean-

der length, meander amplitude) as well as the succession

of migrating and scouring channels determined the for-

mation and preservation of bounding surfaces and con-

tacts within the sandbody. Vertically, the deepest channels

left behind the thickest channel and bar deposits. These

were then reworked and dissected and decreased in thick-

ness by shallower channels as the flume experiment and

numerical simulation progressed (Fig. 3). Horizontally,

the meander bends with the largest length and amplitude

formed the longest and widest deposits, which were even-

tually cross-cut and reworked by cut-offs at a later stage.

This conceptual framework highlights that the succession

of the meandering channels migrating across the fluvial

landscape ultimately determined where the internal sand-

body architecture consisted of thick, long and wide

deposits and also where these deposits were reworked and

therefore thinned, shortened and narrowed again.

Deposits were generally more fragmented in flume

experiment A than in the numerical model (Fig. 8B).

Experiment A produced a more mature channel belt in

the sense that more cut-offs were recorded that reworked

previously deposited bar deposits. In the numerical

model, the deposits were on average 77% shorter, 67%

narrower and 61% thinner than the original (Lbend, Abend

and hmean) morphological form. In flume experiment A,

the deposits were on average 87% shorter, 88% narrower

and 71% thinner than the original morphological form.

Reworking cross-cuts older deposits and thus thins,
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shortens and narrows them. The number of stacked sets

in a vertical virtual core was used as a measure to quan-

tify and compare the degree of reworking in flume experi-

ment A and in the numerical model. In flume 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 overall lower degree of fragmentation of the

internal sandbody architecture in all three dimensions.

The higher degree of fragmentation in flume experi-

ment A was also seen in the dimensionless 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 flume 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

relative to their thickness in flume experiment A com-

pared to the numerical model, which can have been due

to the larger number of bend cut-offs recorded in flume

experiment A.

Systematic lateral differences in scouring of the mean-

dering channel and resultant reworking of older point bar

deposits were observed in flume experiment A as well as

the numerical model. In flume experiment A and in the

numerical model, most of the morphological activity (i.e.
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point bar formation and cut-offs) took place in a narrow

zone surrounding the meander belt axis (Fig. 9). For

example, four major cut-offs were observed in flume

experiment A and the numerical model which took place

within a corridor corresponding to 50% and 20% of the

meander belt width, respectively. In this axial zone of the

meander belt, point bar deposits that were formed early

in the experiment and numerical simulation were likely

reworked and cross-cut later. Closer to the margins of the

meander belt, point bar deposits were less frequently and

less substantially reworked.

Logically, the lateral differences in scouring and

reworking frequency of the meandering channel resulted

in lateral differences within the sandbody architecture

(Fig. 10). For an arbitrary division into a central (i.e.

middle third of total width) and marginal zone (i.e. sum-

mation of outer thirds of total width) of the meander belt

width (Table 2), the sets were about 20% and 30% thin-

ner in the central zone compared to the marginal zone in

experiment A and the numerical model, respectively. In

contrast to set thickness, no clear lateral trends in width

and length of the sets were observed for flume experiment

A and the numerical model (Table 2). The set distribu-

tions showed a tendency towards longer sets for the

marginal zones in the numerical model (Fig. 10A) while

instead shorter sets were more likely to be present in the

marginal zones in flume experiment A (Fig. 10B). For

both the numerical model and flume experiment A, the

set distributions showed a tendency towards wider sets in

the central zone of the meander belt although the differ-

ences between axial and marginal zones were small

(Fig. 10C and D).

The style of channel cut-offs had a large impact on set

width. In the chute-cut-off-dominated flume experiment

A, sets were on average 88% narrower than the original

meander bend amplitude. In the neck-cut-off-dominated

numerical model, sets were on average 67% narrower

than the original meander bend amplitude. The reason

for this difference in sandbody architecture was that the

neck cut-offs in the numerical model occurred in a nar-

row zone (<20% of the meander belt width) close to the

meander belt axis (Fig. 9). In contrast, the chute cut-offs

in flume experiment A took place in a much wider zone,

much farther from the meander belt axis. Consequently,

reworking in the numerical model took place in a narrow

axial zone over and over again, leaving marginal deposits

relatively undisturbed while in flume experiment A even

the margins of the sandbody were reworked, resulting in

more, but on average narrower, sets across the sandbody

in the lateral direction.

Lateral-accretion elements

Flume experiment B showed a variety of processes that

controlled the distribution and dimension of fines within

point bar deposits. In experiment B, the fine silt-sized sil-

ica flour was dominantly deposited in the upstream half

of the experimental reach (Fig. 11). This indicates that

most of the silt behaved as bedload and that only the fin-

est fraction was able to spill overbank. In these overbank

areas, flow velocities rapidly decreased. The fine silt that

spilled overbank was therefore generally deposited close

to the main channel forming small levees and splays.

Silt was also deposited at the point bar surface for

which two depositional mechanisms were observed

(Figs 11 and 12A). The first mechanism proceeded from

water spilling onto the point bar surface thus depositing a

silt drape on the point bar surface. This occurred

throughout the experiment but intensified as the meander

bend sharpened during the later phases of the experiment.

The second mechanism was related to the variable dis-

charge used in this experiment. During the high-flow

stages, sediment was often eroded upstream of the point

bar and was deposited again along the point bar forming

a new scroll bar. During the low-flow stages, flow veloci-

ties generally decreased but the fine silt was still mobile

and could settle on this newly formed scroll bar.

A more detailed analysis of fine silt deposition at the

point bar surface (Fig. 12A) shows that the fines were

mainly deposited at the point bar head (Fig. 12B) and in

topographically lower point bar swales (Fig. 12C). During

initial bar formation, high-flow velocities limited the set-

tling of the fine-grained silt on the bar. Lateral accretion

increased the bar amplitude, which raised water levels

above bankfull level and resulted in overbank flow onto

the point bar head, which explains the increase in silt in

these regions. Since flow velocities were low on the point
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bar surface, fines were predominantly deposited forming

a thin silt sheet at this head area (Fig. 12B). Interestingly,

the silt did not spread uniformly across the point bar sur-

face (Fig. 12C). Five individual silt deposition peaks were

identified, of which those at around 25 cm and 40 cm

from the origin were related to increased silt deposition

at the point bar head. The other three peaks were part of

a gradual rise in silt deposition from 60 cm onwards due

to point bar lateral extension and meander bend sharpen-

ing. The three peaks in silt intensity as shown in Fig. 12C

corresponded to topographically lower swales in which

the silt was predominantly deposited. The result of this

silt intensity pattern was an alternating topographical and

associated grain-size pattern: high ridges that consisted of

coarse sediment and low swales that were partly filled

with fine silt.

Notably, the alternating surface grain-size pattern with

concentrated peaks of silt was also present in the subsur-

face point bar deposits (Fig. 13). In the synthetic

(Fig. 13A) and real (Fig. 13B) sediment peels of the point

bar deposit in flume experiment B, laterally inclined sur-

faces were recognized, parts of which had fine silt draped

on them.

A number of trends in silt deposition within the point

bar deposit were identified. First, the thickest silt deposits

were found at the point bar surface in the low-lying

swales. Tracking these silt deposits from top to bottom

revealed that they gradually thinned down the point bar
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Table 2. Lateral differences in internal sandbody architecture of

meander belts. The meander belt was arbitrarily divided into three

equally wide zones with the middle zone defined as the centre of the

meander belt. The set statistics of the two outer zones were averaged

and here defined as the margin of the meander belt. Set thickness

was normalized by hmean, set length by Lbend and set width by Abend

Numerical model Flume experiment A

Margin Centre Margin Centre

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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deposit along the lateral-accretion surfaces. The 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 (Fig. 13A),

received more silt than the inner point bar. Third, silt

was nearly absent in the downstream half of the point

bar.

The slopes of the silt-draped lateral-accretion surfaces

in flume experiment B corresponded well to the predicted

transverse bed slope from Eq. 1 (Fig. 14). The slope of

the lateral-accretion elements was typically about 5°.
However, the variation between individual DEMs was

considerable and the transverse bed slopes ranged from

about 2° to 10° during the course of the experiment.

Both the measured and predicted transverse bed slopes

increased for a decreasing bend radius.

DISCUSSION

External geometry of meander belt sand
bodies

The observed meander belt width-to-thickness ratios of

experiment A and the numerical model are consistent

with those reported for a range of ancient natural systems

in Gibling (2006). The width-to-thickness ratios also

compare well with those reported for a variety of Holo-

cene meander belts within the Rhine-Meuse delta and

Lower Mississippi Valley (Gouw & Berendsen, 2007;

Gouw & Autin, 2008). This indicates that a lower bound

width-to-thickness ratio of 100 and an upper bound

width-to-thickness ratio of 200 provide a robust estimate

of the range of natural geometric variability of meander

belt sand bodies.

Meander belt width-to-thickness ratios of 100 to 200

indicate wide and thin sand bodies. Importantly, this thin

shape of meander belts suggests that most of the variation

in sandbody geometry, facies and lithology is likely to be

found laterally and not vertically. It is important to note

that this is true for meander belt sand bodies formed in

aggrading settings too. Although precise sedimentation

conditions are unknown for the meander belts reported

in Gibling (2006), it is likely that some of them were

formed in aggrading settings. The much larger lateral than

vertical extent of the meander belt sandbody, even for

highly aggrading meander belts, was confirmed in a mor-

phodynamic modelling study (Van de Lageweg et al.,

2015), which also related the volume of the sandbody to

that of the floodplain in an effort to predict net-to-gross

(i.e. the sand percentage) ratio.

A key result of this study is the quantification of the

base relief of the meander belt sandbody. Similar to Best

Experiment BA

B Experiment C

T = 120 hrs

T = 68 hrs

Flow

Flow

B

B*

% silt at surface

0 50 100

1 m

1 m

Walnut fragments

Fig. 11. Deposition of silt and walnut fragments. (A) Silt deposition in flume 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. Slice

B-B* is presented in Fig. 13. (B) Deposition of walnut shell fragments in flume experiment C. Walnut shell fragments are mainly deposited in the

downstream half of the point bar.
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& Ashworth (1997) who reported on some channel junc-

tion scours in modern systems with 4–5 times greater inci-

sion than mean channel depth, a mean channel depth to

deepest scour ratio of 3�5 was observed in this study. In

turn, these topographical variations were reflected in the

basal relief of the belts. Comprehensive characterization of

the belt basal relief allows for better estimates of sand

quantities, stacking patterns and connectedness of amalga-

mated meander belt sandstone bodies (Allen, 1978; Leeder,

1978; Bridge & Leeder, 1979; Bridge & Mackey, 1993; Bry-

ant et al., 1995; Heller & Paola, 1996; Ashworth et al.,

1999; Sheets et al., 2002; Straub et al., 2009; Hajek et al.,

2010). Well-exposed outcrops could theoretically be used

to partially observe and quantify the relief at the base of

natural ancient meandering systems (Holbrook, 2001) but

this renders a far from complete three-dimensional image.

Flume experiments and numerical models can help to

reveal and map this hidden component of meander belt

sand bodies and to that end, this study provides the first

statistical distributions of the sandbody base relief.

In this study, two statistics were distilled that will be of

use to characterize the base relief for natural meander belt

systems. First, most of the base relief falls is captured

within hmean since the majority of the topography is

formed by features within and smaller than the main

channel and deep scours are a relatively rare feature

within the riverscape An estimate of hmean is therefore

required to characterize the base relief of modern and

ancient meander belts, which can perhaps be obtained

from preserved channel fills at the margins of the mean-

der belt. Second, flume experiment A showed that the

probability density distributions of the meander belt

topographical surface and sandbody base have a similar

shape. This indicates that for modern meander belts an

estimate of the base relief can be made based on the

probability density of the meander belt topographical sur-

face elevation. In turn, this also implies that modern ana-

logues of ancient meander belts may provide some

indication of the base relief of ancient systems.

Internal architecture of meander belt sand
bodies

The internal architectures of the meander belt sand bodies

generated in the numerical model and flume experiment

A were quantitatively similar. Despite the differences in
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scale between the experimental and numerical rivers and

resultant sand bodies, preservation ratios were consistent.

For example, the ratio between the average preserved bar

deposit thickness and average depth of the meandering

channel was 40% in the numerical model and 30% in

flume experiment A. Such vertical (i.e. thickness) preser-

vation ratios are consistent with those predicted for natu-

ral braided river systems (Paola & Borgman, 1991) but

lower than those observed in the sandy braided South

Saskatchewan River, Canada, pre-flood and post-flood

(Parker et al., 2013). Interestingly, similar vertical preser-

vation ratios between the preserved deposit and original

morphological form have been observed for a range of

depositional environments. The ratio of mean cross-set

thickness to mean dune height is 30% (Leclair, 2002;

Jerolmack & Mohrig, 2005) and a similar preservation

ratio exists for ripples (Storms et al., 1999). This quanti-

tative evidence highlights that in addition to meander belt

sand bodies many other preserved architectures are also

built up from truncated deposits, which are challenging

to relate to the original non-truncated morphological

form.

The ability to observe the formative processes is piv-

otal to understanding and explaining spatial differences

in internal sandbody architectures between flume experi-

ment A and the numerical model. The moderately sinu-

ous chute-cut-off-dominated meandering river in flume

experiment A and the highly sinuous neck-cut-off domi-

nated meandering river in the numerical model both

resulted in multiple, thin, stacked deposits in the axial

zone of the sandbody with a gradual thickening of the

deposits towards the margins of the sand bodies. Similar
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lateral architectural trends have been reported for Qua-

ternary meandering river systems (Lewin & Macklin,

2003), highlighting that fully preserved channel fills are

most likely recovered close to the margins of a meander

belt.

The difference in meandering style of chute cut-offs in

flume experiment A and neck cut-offs in the numerical

model affected the internal sandbody architectures. In this

specific case of cut-off styles, the difference in architecture

was most clearly seen in the width of the resultant depos-

its, with on average wider deposits produced by the neck-

cut-off meandering system in which the cut-offs took

place in a narrow zone. It is, however, likely that this

specific case of chute-cut-off meandering style versus

neck-cut-off meandering style can be extended to the

majority of meandering processes leaving a specific

imprint on the internal architecture of meander belt sand

bodies, because the style of cut-off is a function of the

degree of floodplain formation in freely meandering rivers

(Kleinhans & Van den Berg, 2011).

In addition to internal meandering dynamics, external

conditions are also likely to impact the internal sandbody

architecture of meander belts. For example, the degree of

valley confinement is known to affect the style of mean-

dering and thus the formation of the sandbody architec-

ture. Ielpi & Ghinassi (2014) provide an example of how

meandering style may affect sandbody architectures in

their study on expansional and downstream-migrating

point bar deposits in an exhumed Jurassic meander plain.

They relate expansional point bars to meander belts in

unconfined settings and find largely undisturbed deposits

due to the limited reworking for this meandering style. In

contrast, downstream-migrating point bars are often asso-

ciated with a high degree of spatial confinement resulting

in a high degree of reworking, low preservation of bar

deposits, and a complex internal sandbody architecture

(Alexander et al., 1994; Ielpi & Ghinassi, 2014).

Lateral-accretion elements within point bar
deposits

General grain-size trends derived from real and virtual

sediment peels in flume experiment B are consistent with

grain-size trends observed in natural coarse-grained point

bar deposits (McGowen & Garner, 1970; Jackson, 1976;

Bridge et al., 1995). More important in the design of

reservoir models, however, is a characterization of the

dimensions and distributions of shales within point bar

deposits. Primarily because the shales cause pronounced

anisotropy in permeability (Novakovic et al., 2002; Pran-

ter et al., 2007; Donselaar & Overeem, 2008; Willis &

Tang, 2010), sometimes up to the point of unconnected

chambers separated by barriers where disregarding the

shales would have led to the suggestion that the entire

point bar is the container.

Flume experiments B and C showed a number of

trends in the spatial distribution of fines that may help to

refine depositional models of point bars (Figs 11 and 12).

In flume experiment C, walnut shells were used instead of

silt to simulate flow-limiting fines, while all other param-

eters were identical to those in experiment B. In both

experiments, the fine-simulating sediments were predomi-

nantly deposited in the upper outer point bar deposits

(Fig. 13). Inclined well-defined silt and walnut drapes

were observed in the upper outer point bar bodies, which

were interpreted to translate to inclined shales in natural

point bars. The silt and walnut drapes were continuous in

the upper half of the point bar, then became thinner and

discontinuous when tracking them downward, with gen-

erally no fines present in the lower 25% of the point bar

deposit. Importantly, these results from two different

experiments independently indicate that shale drapes are

most likely encountered in the upper outer point bar

deposits, suggesting that in those areas anisotropy in per-

meability and compartmentalization may be largest.

Flume experiments B and C also differed in fine-sedi-

ment deposition in a number of ways (Fig. 11), highlight-

ing our incomplete understanding of and limited ability

to replicate these complex point bar deposits. First, the

walnut fragments were predominantly deposited in the

downstream half of the point bar, rather than the

upstream half when using silt. The walnuts were depos-

ited on the lee side of the point bar body where flow

velocities were sufficiently decreased and the walnut frag-

ments could settle. This shows that the difference in

mobility between the walnut fragments and the silt had a

large impact on the spatial distribution of fines within the

point bar deposits. Second, walnut drapes were generally

thicker and therefore laterally more continuous than the

silt drapes. This may be a result of the specific material

properties but the different behaviour hints at a potential

relationship between fine-sediment properties and conti-

nuity of flow-limiting layers.

Dedicated flume experiments and numerical simula-

tions are needed to further investigate relationship

between fine-sediment properties and continuity of flow-

limiting layers and to better characterize the spatial distri-

bution and continuity of fines in point bar deposits. Wal-

nut fragments and silt are only two means to represent

fines in flume experiments and already show different

depositional behaviour, potentially capturing different

depositional behaviour in natural systems. The complexity

of natural point bar deposits suggests that a combination

of silt and walnuts and perhaps other materials is needed

to comprehensively represent natural depositional beha-

viour and the spatial distribution and continuity of fines
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in experimental point bar deposits. Combined with

numerical simulations and detailed sedimentological stud-

ies across a range of natural point bars (McGowen &

Garner, 1970; Jackson, 1976; Bridge et al., 1995; Pranter

et al., 2007; Donselaar & Overeem, 2008), incorporating

fine-grained and coarse-grained systems, this provides a

powerful strategy to further improve our depositional

models of these complex systems.

The dip of point bar lateral-accretion elements and the

associated shale drapes is the second key parameter in the

design of a reservoir model, in addition to the afore-dis-

cussed spatial distribution of shales. Flume experiment B

provides quantification for this key parameter too. First,

the dip of the point bar lateral-accretion elements in flume

experiment B agrees well with theory (Eq. 1). Second, the

dip of the silt drapes in flume experiment B is consistent

with reported values for natural coarse-grained meander-

ing systems (McGowen & Garner, 1970; Jackson, 1976;

Bridge et al., 1995). The dip of point bar lateral-accretion

elements, that is the transverse bed slope, is a function of

channel geometry and sediment composition. The large

natural variation in these two parameters explains the large

range of reported lateral-accretion dip slopes in natural

point bars. Generally, sandy and sand-silt-mud rivers have

a low width-to-depth ratio and can reach dip slopes up to

15° (Puigdefabregas & Van Vliet, 1978; Nanson, 1980;

Mossop & Flach, 1983; Smith, 1987; Crerar & Arnott,

2007; Musial et al., 2012). Gravelly and gravel-sand rivers

typically have higher width-to-depth ratios resulting in

lower (ca 5°) lateral-accretion dip slopes (McGowen &

Garner, 1970; Jackson, 1976; Bridge et al., 1995).

It is important to realize that the dip slope of poten-

tially flow-limiting lateral-accretion elements of natural

point bar deposits can be predicted from a few fairly basic

morphological and sedimentological parameters (Table 3

and Fig. 15). This is illustrated for two modern and two

ancient, and for two coarse-grained and two finer-grained

meandering systems by making a comparison between the

reported and predicted dip slopes. For this comparison,

we selected the modern coarse-grained river Rhine,

Germany (Erkens et al., 2009), the modern finer-grained

Daule river, Ecuador (Smith, 1987), the ancient coarse-

grained Castisent Formation, Spain (Nijman & Puigdefab-

regas, 1978) and the ancient finer-grained McMurray For-

mation, Canada (Mossop & Flach, 1983; Crerar & Arnott,

2007; Musial et al., 2012). Although a number of assump-

tions were made regarding hmean for the ancient systems,

the predicted dip slopes generally agreed well with the

reported dip (Table 3) or observed dip by the authors

(Fig. 15B). This demonstrates that robust predictions of

the dip slopes of point bar lateral-accretion elements and

the associated shale drapes can be made from readily

available parameters.

Application of archimetrics for reservoir
characterization

The identified probability distributions on key archimetric

parameters provide powerful new tools for geomodellers

in characterizing reservoirs. Probability distributions allow

geomodellers to obtain probabilities that reservoirs of cer-

tain dimensions or character may exist (Capen, 1992;

Wood, 2004). This enables geomodellers to make quanti-

tative judgements on the likelihood that their expert

choices of sandbody dimensions and connectivity actually

occur in the field – allowing for objective, probability-

based, estimates of exploration success.

To assist geomodellers with making quantitative judge-

ments on sandbody channel belt dimensions, probability

density curves of the external geometry (Fig. 6) and inter-

nal architecture (Fig. 7) of meander belt sand bodies were

constructed in this manuscript. Transforming these prob-

ability density curves into cumulative probability density

curves allows for a probability-based assessment of the

occurrence of sandbody dimensions. For example, the

width of the meander belt sandbody generated with the

numerical model has a P50 of 1320 m, with 80% of the

sandbody width observations ranging between a P10 of

660 m and a P90 of 1820 m. Similarly, the thickness

of the meander belt sandbody generated with the numeri-

cal model has a P50 of 6�4 m, with a less than 10% proba-

bility of finding a thickness greater than 9�7 m

(P90 = 9�7 m) or less than 1�9 m (P10 = 1�9 m). Such

simulated width and thickness dimensions are consistent

Table 3. Application of transverse bed slope predictor (Eq. 1) to a

number of modern and ancient fluvial meandering systems. Assumed

for all systems was a valley slope of 10�5 m/m, a Ch�ezy number of

25 m0�5/s, a j of 0�4 and a g of 9�81 m/s2. The first component of

Eq. 1 (9 � D
h

� �0�3
) is often calibrated and generally between 0�5 and 1�5

(Talmon et al., 1995). A value of 1�0 was assumed for this component

for all fluvial 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 Formation

(Spain) from Nijman & Puigdefabregas (1978); and for the Cretaceous

McMurray Fm (Canada) from Mossop & Flach (1983), Crerar & Arnott

(2007) and Musial et al. (2012)

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 dz
dn

� �
0�37Rh 0�15Rh 0�26Rh 0�11Rh

Typical Rh 125 40 100 40

Predicted dip 1–2° 8–9° 2° 13°

Observed dip 4–7° 12° 5° 8–12°
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with the common ranges observed for natural preserved

channel belt bodies of meandering rivers in the Holocene

Rhine-Meuse delta (Gouw, 2008), the Holocene Lower

Mississippi Valley (Aslan & Autin, 1999; Gouw & Berend-

sen, 2007; Gouw & Autin, 2008), and many other ancient

fluvial meandering systems (Gibling, 2006; Rygel & Gib-

ling, 2006). Notably, the width as well as the thickness of

meander belt sand bodies are relatively easy to measure in

outcrops and from three-dimensional seismic allowing

knowledge of sandbody channel belt dimensions to be

extrapolated from natural meandering systems to better

inform geomodelling applications.

To generalize the findings of this study, normalized

dimensionless sandbody dimensions and probability

curves were derived for the flume experiment as well as

the numerical model (Fig. 7). Dimensionless body dimen-

sions and probability curves enable the results of this

study to be used by geomodellers in characterizing reser-

voirs, if a number of key morphometrics such as typical

channel depth and typical meander length of the target

system are known. For example, the dimensionless ratio

between the thickness of bar deposits and the depth of

the meandering channel (i.e. the ratio between the pre-

served and original form) in the flume experiment has a

P50 of 0�14, with 80% of the ratio observations ranging

between a P10 of 0�003 and a P90 of 0�72. This means that

for a natural target system with a typical channel depth of

10 m, 50% of the bar deposits would have a thickness of

less than 1�4 m and 10% would have a thickness of more

than 7�2 m, based on the probability curve derived from

the flume experiment. Such a highly fragmented internal

organization of meander belts is qualitatively substanti-

ated by the identification of many architectural elements

and hierarchy of bounding surfaces (Miall, 1985, 1988;

Jordan & Pryor, 1992; Holbrook, 2001), emphasizing the

heterogeneous nature of these deposits. Quantitative

support from natural systems for the highly fragmented

internal organization of meander belts observed in this

study arises from a study by Parker et al. (2013) in which

repeated surface and subsurface surveys were used to

establish how much of the barforms became truncated in

response to a large flood. They found that unit bar depos-

its were truncated primarily in width (60%), in height

(20%), and in length (32%) as compared with the forma-

tive bedform. With such a high degree of fragmentation

of bar deposits in three dimensions following a single

flood, the internal organization of a meander belt, which

integrates the scouring and reworking effects of many

floods, is likely to be composed of highly truncated

deposits with fully preserved bar deposits and channel fills

recorded although representing rare cases, as also quanti-

fied by the identified probability curves in this study

(Fig. 7).

Archimetrics allow subsurface information to be com-

bined with probability and statistics on reservoir dimen-

sions and character, while taking reworking and partial

preservation into account. Typically, a number of reser-

voir parameters (e.g. width and thickness of a sandstone

body) are known in the development and production

phases of meander belts serving as reservoirs. For the sake

of simplicity and lacking information, geomodellers gen-

erally assume full preservation of geometrical body

dimensions (e.g. point bar) derived from natural rivers to

populate their geological models (Pranter et al., 2007).

Combining the reservoir parameters with the identified

probability curves and statistics on reworked and partially

preserved sandbody dimensions and character in this

study provides a set of rules to refine the geological mod-

els. In particular, the probability curves provide geomod-

ellers with a powerful quantitative tool to characterize a

range of geometrical bodies and spatial trends in preser-

vation of these bodies, in addition to the identified
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information on the spatial distribution, dip angle, and

continuity of flow-limiting shale drapes within point bar

deposits. As a result, such refined geological models are

anticipated to lead to more sophisticated lithology and

porosity models, which ultimately cascades into better

and more realistic flow simulations. The following scheme

is proposed to maximize the applicability of the identified

probability-based archimetrics:

1 Define the meander belt sandbody geometry (Fig. 1,

sixth-order contacts). Two observables need to be esti-

mated: average width and thickness of the sandbody.

Typically, the width of the sandbody and its variation

can be determined from seismic surveys. If not, the

width should be estimated based on the thickness from

well data and reported width-to-thickness ratios rang-

ing from 100 to 200.

Well data are useful to quantify the meander belt thick-

ness. This study indicates that most of the thickness varia-

tion is found laterally. Therefore, an effective strategy to

quantify thickness variations, among other important

stratigraphic and sedimentary parameters, is to drill wells

along lateral transects.

A third parameter needed to quantify the sandbody

geometry is the base relief. For the first time, this study

provides a quantification of the base relief and shows that

the relief is typically smaller than hmean. hmean can be esti-

mated in two ways: from a fully preserved channel fill,

which is most likely recovered close to the margins of a

meander belt, or by estimating hmean from the thickness

of the meander belt sandbody. Observations in this study

indicate that hmean is equal to about one-third of the

maximum sandbody thickness of the meander belt. This

ratio was, however, obtained for a zero-net-depositional

system and will be lower for net-depositional systems.

Because the sedimentation conditions for most natural

systems are unknown, the first approach to estimate hmean

is preferred.

2 Define the dimensions of the original meandering river.

This is a crucial step because it allows one to connect

the external geometry of the sandbody (Fig. 1, sixth-

order contacts) to its internal architecture (Fig. 1,

lower order contacts with a focus on third-order to

fifth-order). Key morphometric parameters are hmean,

wmean, Lbend and Abend (Fig. 4). As stated in the previ-

ous step, hmean is best estimated from a fully preserved

channel fill. If such a channel fill is recovered, an esti-

mate of wmean can also be made. Lbend can be approxi-

mated in two ways. First, derive a typical Lbend from

the undulating margins of meander belts for reservoirs

with high-quality seismic data. Second, empirical rela-

tionships between Lbend and wmean may be used for

reservoirs with lower quality or no seismic data. Empir-

ical relationships from modern rivers indicate that Lbend

is often equal to about 2�5–5 wmean (Leopold & Wol-

man, 1957; Zeller, 1967). For easier field application,

we approximated Abend by 0�5 meander belt width.

Dimensionless probability-based ratios between these

key morphometric parameters and the identified archi-

metrics can now be used to further populate the reser-

voir (Fig. 7).

3 Use the archimetrics to build the internal sandbody

architecture of meander belts (Fig. 1, third-order to

fifth-order). As a first-order approximation of the

dimensions of individual channel and bar architectural

elements, a third of the original dimensions is reason-

able. This indicates that a depositional body on average

has a length of 0�3 Lbend, a width of 0�3 Abend and a

thickness of 0�3 hmean.

Lateral architectural trends exist within the meander

belt sandbody, with a general thickening of the deposits

towards the margins of the meander belt. Therefore, fur-

ther refinement of the internal sandbody architecture may

be achieved by employing the entire dimensionless proba-

bility curves, although the number of available wells will

determine the feasibility and confidence one can have in

further refining the internal architecture. If a sufficient

number of wells are available, it may be possible to esti-

mate the degree of fragmentation from the number of

stacked bar deposits. A higher number of stacked deposits

is indicative of a higher degree of fragmentation, which

logically results in shorter, narrower and thinner deposits.

4 Insert lateral-accretion surfaces within the individual

channel and bar architectural elements. This implies

that for every depositional body that is identified in the

previous step an estimate of the presence, spatial distri-

bution and dip of these surfaces needs to be made.

Again, the number of wells defines to what level of

detail this is possible. Currently, a robust and accurate

depositional model predicting the spatial distribution

of shale drapes acting as baffles or barriers to flow is

lacking although our results suggest an increased likeli-

hood of anisotropy and compartmentalization in upper

outer point bar deposits, where shale drapes are best

developed.

The dip angle and number of potentially flow-limiting

lateral-accretion packages within point bar deposits can,

however, be predicted robustly. A description of the

parameters required to estimate the dip angle of the pack-

ages is given in Table 3. With this dip angle, the number

of lateral-accretion packages within a point bar body can

then be estimated from elementary geometrical considera-

tions (Fig. 16). For example, for the McMurray Forma-

tion with a hmean of 25 m, an average dip angle of about

10° and a typical R of 1000 m (Table 3), the average hor-

izontal length of a lateral-accretion package is expected to

be about 140 m. With a typical R of 1000 m, the point
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bar body is expected to host a minimum of seven lateral-

accretion packages and a maximum of about 15, depend-

ing on the degree of overlap applied between consecutive

lateral-accretion packages. As a result of this lateral

arrangement of the packages, two to four vertically

stacked lateral-accretion packages are expected within this

25 m thick point bar body, where the number of verti-

cally stacked packages depends on the position within the

body and the lateral arrangement of the packages. These

predictions are consistent with observations from pho-

tographs of point bar deposits of the McMurray Fm as

seen in Musial et al. (2012, figures 8, 9 and 10) and sup-

ported by field observations made by author DB. Such

straightforward geometrical considerations may therefore

provide a simple and first-order estimate of the number

of potentially flow-limiting lateral-accretion packages to

be expected for a typical point bar in the field of interest,

before gathering additional information to obtain a more

detailed picture of the dimensions and distribution of

these packages.

The presented archimetrics provide quantitative infor-

mation on the external geometry and internal architec-

ture of meander belt sand bodies. This is a first step

towards a more quantitative understanding and charac-

terization of meander belt sandbody architecture. A logi-

cal next step includes identification and characterization

of truly three-dimensional architectural elements rather

than providing probability curves for x, y and z indepen-

dently. The latter approach lumps the architectural infor-

mation on individual bodies such as channel fills and

point bars into a single probability curve, while the for-

mer provides three-dimensional statistics describing indi-

vidual architectural bodies. Also, Nicholas et al. (2016)

present a simplified rule-based case to identify different

populations associated with specific deposits such as

dunes and unit bars within braided river deposits,

though no attempt is made to quantify the different

populations and their three-dimensional expression.

Object-based analysis (Deutsch & Tran, 2002; Novakovic

et al., 2002; Blaschke, 2010) can perhaps be extended to

three dimensions to identify and discriminate between

characteristics of channel fills, point bar sands, and point

bar shales based on geometrical and sedimentary proper-

ties changing through time in experiments and models.

Although computationally more demanding, this would

provide for a more a sophisticated analysis and a further

refinement of the quantitative characterization of mean-

der belt sandbody architecture feeding into reservoir

models.

CONCLUSIONS

Three flume experiments and a numerical model were

used to quantitatively describe the three-dimensional

sandbody architecture of meander belts. The direct link-

age between causal meander morphodynamics and resul-

tant sandbody architecture allows the preserved and

truncated deposits to be related to the original non-trun-

cated meander form in three dimensions. The dimension-

less results are general and applicable in detailed reservoir

architecture studies. A hierarchical approach of bounding

contacts was adopted to analyse and characterize the

external geometry and internal sandbody architecture of

meander belts, referred to as archimetrics. Results demon-

strate that:

The external sandbody geometry of a meander belt is

typically described by width-to-thickness ratios between

100 and 200. The relief at the base of meander belt sand

bodies is smaller than hmean. These ratios facilitate

improved estimates of connectivity between amalgamated

meander belt deposits.

The internal sandbody architecture consists of deposi-

tional bodies with on average a thickness of about 30% of

the mean channel depth, 30% of the mean length of a

meander and 30% of the mean amplitude of a meander.

Although fully preserved channel fills and meander bends

25
 m

~140 m

10°

Outer bend 
cut bank

Coring of 3 
fining upward 
packages Lateral accretion 

package showing 
fining upward 
sedimentation

Ridge-and-swale 
point bar topography

Fig. 16. Geometrical calculation of the number of potentially flow-limiting lateral-accretion packages within a point bar body. This example is

based on the parameters derived for point bar deposits in the McMurray Formation with a typical channel depth of 25 m and a typical dip angle of

the lateral-accretion packages of 10° (see Fig. 15 and Table 3). Based on these two parameters, a geometrical upper and lower bound prediction

can be made on the number of flow-limiting packages a point bar body can host laterally and vertically. Note the vertical exaggeration of 29.
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are recovered, most of the internal architecture of mean-

der belts consists of fragmented deposits.

The structure of the internal sandbody architecture is

closely related to the meandering style. A general thicken-

ing of the deposits towards the margins of meander belts

is seen although this trend is affected by processes such

as, for example, neck-cut-off versus chute-cut-off and

expansional-migrating versus downstream-migrating point

bar style.

The transverse bed slope of the experimental lateral-

accretion surfaces agrees well with a semi-empirical rela-

tionship. The application of this relationship with a

number of natural modern and ancient meandering sys-

tems demonstrates that it predicts the slope and number

of lateral-accretion packages within natural point bar

deposits.

The identified probability distributions on key archi-

metric parameters provide powerful tools for geomod-

ellers in characterizing reservoirs. A set of rules is

outlined for building realistic three-dimensional reservoir

models enabling geomodellers to make quantitative, prob-

ability-driven, judgements on the likelihood that their

choices of sandbody dimensions occur in the field of

interest.
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