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Abstract:
Sediment sorting in fluvial rivers produces great variation in the
grain-size of deposit over the length of a river. Knowledge of the pattern
of sediment deposition may help to shed light on the processes that sort by
grain size. A simple geometric model was developed to predict the
location of the transition between coarse and fine sediment in a bimodal
sediment distribution and tested against flume-created deposits with a
variety of flow and depositional conditions. The models agreed well with
the overall form of plane-bed clinoform deposits but not with rippled-bed
clinoform deposits, thus a new model for predicting transitions in rippledbed deposits is needed.

Introduction
A striking feature of fluvial systems is their ability to sort sediment. The results
of this can be observed in channels the world over: boulder and cobble-sized sediment in
small mountain streams gives way to pebbles, then sand and silt as a river continues
downstream. How and why this occurs is a key question in sedimentological research,
and a study of the shapes and occurrences of the transitions between coarser and finer
material may aid understanding of sorting processes.

Motivation:
In addition to the direct benefits to sedimentary geology, a greater understanding
of the controls on the size of deposited sediment will be helpful to construction
engineering, environmental science, and economic geology. If the history of a river basin
is known, then subsurface mapping of probable sediment deposits will be more accurate
given a better depositional model. Because certain properties of soil (of which the
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deposited sediments are a part), such as porosity, vary with sediment grain size,
knowledge of the underlying sediment will allow engineers to account for settling due to
the weight of a building more accurately. It may also help to predict soil behavior during
earthquake events. Also, because fertilizers and other chemicals responsible for
eutrophication are often associated with fine sediments, it may be possible to design
channels to extract the chemicals along with the fine sediments before they can cause
algal blooms and the associated dead zones (Tam and Wong, (2000)). Because grain size
is an easily measured property of sedimentary rock, it may be possible to use a sorting
model to reconstruct ancient flow characteristics.

Previous Work:
That most, if not all, systems sort the sediment they carry by size is well
established; the specific processes involved at any particular point are, however, a matter
of some debate. The two dominant mechanisms for the decrease in sediment grain size
with distance from the head of a river (referred to as "downstream fining") are abrasion
and breakage processes and selective deposition.
Grain abrasion is, fairly simply, the decrease in grain size caused by the transport
of the sediment. Sediment transport is a violent process, and the grains often strike one
another and the bed with some force. Repeated collisions remove material from the
grains, causing a decrease in average size with downstream distance due to the reduction
in size of the primary grains and the consequently increased number of secondary,
smaller particles that have been chipped off the larger ones. Although the mechanisms of
abrasion, such as those mentioned above, are not difficult to imagine, there is no clear
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picture of the dominance of any one of these processes over the others, or even conditions
where one might prevail. Kodama (1994b) and others have attempted to quantify the
average rate of grain size decrease by abrasion; they have built rock tumblers that
simulate high-discharge floods. Similarly, boulders and cobbles often break into two or
more pieces that are more or less similar in size. This hastens the abrasion process,
because sharp corners and edges are the first surfaces to lose mass. In general, it is
agreed that the lithology of the sediment load in question has a great effect on whether or
not abrasion or breakage processes will provide a significant decrease in grain size.
Selective deposition is the decrease in average grain size over an area of
deposition that is due to the disproportionate deposition of larger grains and/or reentrainment of smaller grains. Both processes are active in modem systems, although
depending on the characteristics of the sediment, such as composition and size, and the
flow of the water itself, one process may be dominant. Hoey and Bluck (1999) discuss
the factors and conditions which determine the relative importance of the two
mechanisms. In a high-energy flow, for example, one where there is more erosion than
deposition, or where the lithology of the sediment is such that it is easily broken, abrasion
is more effective at reducing particle size. In a low-energy flow where deposition is
occurring, like that at the mouth of a river or on a delta, selective deposition is dominant:
as the river velocity wanes, there is less energy available -in

the form of turbulent

eddies-to keep particles suspended, as well as less energy to move grains along the bed.
Given constant composition, larger grain sizes, in general, require more energy to be
moved; they are less mobile than their smaller counterparts, and therefore, the fraction of
the deposited sediment composed of larger grains is greater than the coarse fraction of the
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total load. Sediment deposits created by such a process have a progression of grain sizes
from coarser to finer as one advances downstream. (See Rice, (1999), Gasparini et al.,
(1999), Kodama (1994a) and Seal et al., (1997) for a good distribution of the leading
theories on the relative effects of abrasion and selective deposition.)
As with grain abrasion, there have been numerous studies on selective deposition.
Some, such as Gasparini, et al. (1999), have focused on the fluid dynamics of the bed and
the sediment load at the grain scale. Such studies can involve complex computational
modeling of the microphysics of the system, and are often hampered by the chaotic
behavior of turbulent eddies which play a major role in the movement (and nonmovement) of sediment particles. These investigations seek to explain the details of the
mechanisms that make up selective deposition, the "what" of the process, but do not
explore the results. This project is an attempt to describe the "how"-how complete is
the sorting? How much distance is required to transition from coarse to fine sediment?
How do the bed conditions affect the sorting process?
In the flume experiments designed for this project, a clinoform deposit was
created. Near the head of the flume, where water and sediment were added, the flow was
brisk and shallow, simulating the upstream portions of a delta. Farther downstream, the
flow entered a standing body of water, which caused the foreset beds to develop.
Because the depth of this standing water is controllable, the rate of base-level rise could
be adjusted to cause the delta to remain a constant length and grow upward at a set rate.
(For a more detailed description of deltas and delta formation processes, see Appendix 1.)
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In order to study the effects of bed roughness on sorting characteristics, a set of
flume experiments was developed. By varying the sediment composition and deposition
rates for different bed roughness conditions, the effect of the bed characteristics on the
efficiency and precision of the sorting can be observed.

Experimental Design
Natural systems are complex and continually changing. Their velocity, depth, and
channel shape vary on a wide range of timescales-from minutes and hours to decades.
Because of the (spatial) scale of the system, the difficulty of simultaneously monitoring
flow parameters along the reach of interest, and the impracticality of artificially varying
one or two parameters for study, a physical model of fluvial transport is more easily
developed in a regulated channel. A flume is such a channel; it is a rectangular trench of
some width and height (but not, generally, less than a tenth of a meter wide, nor less than
a few tenths of a meter deep.) Because the flume is artificial, all flow parameters are
either known or can be calculated; water depth and sediment and water input are all
controlled.

6

Flume Details:
Water

Sediment
Flow

Partition
Figure 1: A diagram of the

Flume Head

flume setup used in this
project. Water and sediment
mix in the funnel before
entering the head of the

flume.
Shelf.

The flume used for the experiments detailed in this paper is 6" (15 cm) wide, 18"
(45 cm) deep and 40' (12 m) long. It is equipped with a constant-head tank, which
smoothes the variation in mechanical energy of the incoming water, and a siphon system,
which allows the user to set the water depth. The water depth is itself used to control the
sedimentation rate. It also has a sediment feeder, which delivers sediment at a constant
(but customizable) rate. The water and sediment input were arranged such that the water
mixed with the sediment before it entered the channel. In order to control the bed
roughness, the flow width was varied: for a non-channelized, planar bed, the flume was
narrowed to around 4 cm; later, in order to allow the development of bedforms, the flume
was widened to about 8 cm.
Because a flume is an artificial channel, it is possible to create flows that are
unrealistic or even impossible to achieve in natural systems. Therefore, the results
generated by a flume experiment are not necessarily generalizable to natural systems.
Although flumes are an established tool in experimental hydrology and sedimentology,
and have been used to develop and confirm models of flow and sediment transport, it
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should be confirmed that the flows created in an experiment, as measured by various nondimensional numbers, are reasonable analogues of those found in natural systems.
In order for a particular flow to be relevant to a natural system, its characteristics,
as represented by the dimensionless Reynolds number, ought to fall within the range of
those generated by natural systems, preferably natural examples of the simulated system.
The Reynolds number is a measure of the turbulence of a system, calculated by the
following equation:
Re = 4*RH

*

(1.

where v is the fluid velocity, v is the (kinematic) fluid viscosity and RH is the hydraulic
radius of the system (the ratio of the cross sectional area of the flow and its wetted
perimeter). The wetted perimeter is the total length of the flow cross section where the
fluid is in contact with the bed. Although there is some controversy over the exact value,
a Reynolds number of 1000 in an open channel is generally interpreted to mean that the
flow is fully turbulent. Flows that generate values above this are also fully turbulent;
thus, once this threshold value has been exceeded, the exact value of the Reynolds
number of a flow is immaterial. Because it is highly dependent on fluid viscosity, it
would be impractical to build a flume that would match the exact Reynolds number of a
natural flow-either the dimensions and water velocity in the flume would both have to
match the natural system, or the water velocity would have to be increased proportionally
to match the decrease in channel size. Using the principle mentioned above, however, it
is possible to fairly accurately model real-world systems by ensuring that the Reynolds
number remains above the critical value when scaling down the size of the flow.
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The Reynolds number, as calculated for the experiments run in the flume
described above is then:
m3

v

RH =

where

=

A=f
A

1.2*10-4 m 2
4.6 *10-2m

Q

=2*10-'

A =1.2*10-4 m
Re =

~

S

v = 1.66 *10-'
.61

s
-

1315
(1.3-1.5)

2

1.66*10-1 *2.608 *10-3 * 4
=-1552
1.12 *10-6

Q is the water discharge (calculated from the curve in figure

(1.6-1.7)

5b) and A the cross-

sectional area of the flow, calculated from the depth of flow and the width of the flume.
This value, while less than those generated by natural systems, is still high enough to
ensure that the flow is fully turbulent and that conditions are similar to those one might
find in a natural system.

Model Development:
There is little debate that rivers can and do sort the sediment they carry. Little is
known, however, about how quickly-e.g., over how small a distance-and how
completely they accomplish this. To this end, several experiments were designed to
measure these parameters. In order to provide a background against which to compare
the experimental results, simple geometric models of the two end-member sorting
behaviors were developed. In these models, the deposited sediment was set to closely
resemble that which would be used in the physical experiments; therefore, the coarse
material was represented by white pixels and the fine material by black pixels. In both
cases, the deposit was modeled as an area of incremental deposition on top of an existing
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clinoform. The deposits used in the models and diagrams are undergoing pure
aggradation, which can be forced by setting the rate of water-depth rise equal to the
maximum possible bed-level rise rate for a given sediment load. (This is, in fact, the
technique employed for the flume experiments presented below.) In the first model, the
deposited sediment remained completely mixed, and in the other, the river perfectly
sorted the input sediment by size.

No-Sorting Model:
Figure 2: Schematic diagram of a
longitudinal slice of a delta, with the
area of incremental deposition shown
in gray.

dB ]

d0
In the first model, it was assumed that no sorting occurred. The coarse and fine
material remained perfectly mixed over the entire length of the deposit, and thus there
was no gradation in either grain size or color. Figure 2 shows the diagram used for this
model. Because of this, there was no transition, and therefore, there could be no
measurable distance from the head of the clinoform to the point of transition between the
deposits of coarse and fine sediments. This "distance," then, was independent of the size
distribution or composition of the sediment and all the geometrical properties of the
deposit.
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Complete Sorting Model:

Figure 3: A diagram of an
section of
deposition for the complete
sorting model

Li

dBI

-incremental

B

di

In this model, pictured above in Figure 3, sorting processes completely separated
the deposit into sections completely composed of coarse and fine sediment, respectively.
The model assumes that the transition from coarse to fme sediment occurs on top of the
clinoforms, rather than on the foreset beds. (This assumption is made in order to simplify
the later calculations. In a real system, transitions from the deposition of one grain size to
another occur along the entire length of a clinoform. In this system, however, the focus is
on a single transition. Because such transitions are common on a delta top, this is not an
unreasonable constraint.) Since the system is assumed to be uniform across the channel,
the longitudinal cross-sectional area can be used as a proxy for the total sediment
discharge of the system. Because the composition of the total sediment load is known,
and all sediment is assumed to be deposited either on the clinoform top or the foreset
beds (i.e., no sediment transport occurs off the clinoform) the composition of the crosssectional area is known. If sorting is perfect, the proportion of area that is composed of
coarse-grained sediments must be equal to the coarse fraction of the total sediment input.
Figure 3b, below, is a larger view of the incremental deposition, with the rest of the
clinoform removed.
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d
SI

\ dB
slope of the foreset beds
B base level
I delta length
is length of deposit composed of sand
dC incremental change in length
dB incremental change in base level

B

0

Figure 3b: A larger,
labeled view of an area
of incremental deposition
on an aggrading
clinoform.

From this diagram, we see that the length of the delta top is 1, the base level, or
depth of the water into which the clinoform extends, is B, and the amount rise in the
surface of the delta is dB. The delta can be divided into three parts: the foreset bed (the
steeper section), the topset beds (the shallowly sloping section), and the small triangular
section between them. Both of these are shown as parallelograms, although in reality
they would be slightly concave. The total cross sectional area of the incremental
deposition A is thus:

Ap + Af,,+ A

(2.1)

t,,agl,

Atop =1dB
(2.2-2.4)

Afor,et= Bdl

where

1
A,,gie = -dIdB
2

From Figure 3c, we see that dl and db are related by the angle

#.

Figure 3c: A closeup of the triangular section
mentioned above. Because this is a right triangle, the
side lengths are trigonometrically related.

dB
dl

0
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dB= tan#; dl= dB
dl
tan#0

(2.5, 2.6)

Thus, the total area can be rewritten as

dB2

dB
+

A = ldB+ B

tan#0

tan#0

(2.7)

As noted above, for perfect sorting, the fraction of the area of the incremental deposition
that is purely coarse must be equal to the portion of the sediment load that is coarse.
Therefore, we can write thatfs, the fraction of the sediment load that is coarse, is equal to
the ratio of the area composed only of coarse material to the total area:

A
A

(2.8)

As can be calculated as 1, (the distance along the delta top to the coarse/fine transition,
which is assumed to be instantaneous and complete) multiplied by dB. Therefore:

=

l~dB
isd
d +BdB
dB2
tdB+
tan#~ 2tan#

(2.9)

+

fS
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Canceling the factors of dB from the top and the bottom, we see that

.

f =

dB (2.10)

+

1+

tan#

2tan#

If the incremental deposition is then allowed to be infinitesimally small, dB goes to 0,
thus:
f,

(2.11)

's

S+

tan#

The distance to the transition zone,

, =

,

+

is, is

then

)

tan#~

(2.12)

in a system that sorts completely and efficiently.
Note that the distance to the transition depends on both the length and the height
of the delta. While the length remains constant over the formation of a clinoform if pure
aggradation is taking place, the base level does not. Because of this, the distance to the
transition zone must change over thickness of a deposit. As the clinoform aggrades, B
increases, and therefore l must decrease.
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Model Comparison:
The first model, as designed, showed no transition between the coarse and fine
sediment sizes. The second model, however, showed that the location of the transition
zone depends on the size distribution of the sediment, the length of the deposit, the slope
of the foreset beds of the deposit, and the water depth. Because the slope of the foreset
beds are often at the angle of repose, and only weakly dependent on the incoming flow
speed, (per McKee, (1957)) water depth, and sediment properties, the value of tan# can
be considered to be constant.

Experimental Details:
Because the object of this project is to investigate sediment sorting in a variety of
flow and bed conditions, a set of conditions was designed to measure sorting on a smooth
bed. In order to establish sorting patterns, a set of experiments was designed that varied
the sedimentation rate and the sediment composition. The sedimentation rate was
controlled through the siphon system at the tail of the flume. Table 1 shows the various
combinations of experimental parameters for which deposits were created.
The sediment used was a mixture of Asbury F-5 coal (maximum grain size 1-3
Table 1: Experimental Parameters for the Clinoform Deposits

Sediment Composition
Plane-Bed Cases
40% Sand
70% Sand

Low Sediment Discharge*
Low Sediment Discharge

High Sediment Discharge**
High Sediment Discharge

Rippled-Bed Cases
40% Sand
70% Sand

Not Completed
Not Completed

High Sediment Discharge
High Sediment Discharge

Table 1: The characteristics of the deposits created in this study. Note that the set of rippled-bed deposits is incomplete.
* Low sediment discharge was 0.7068 ml/s
**High sediment discharge was 1.4136, or twice the low discharge rate.
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mm, but there was a significant fraction of much finer material) and F- 110 silica sand
(mean grain size 110 pm). Sand and coal were chosen for their high color contrast (the
silica was very light, almost white in color, and the coal nearly black) and for their high
density difference. Although the coal is the larger grain size, its lower density increases
its mobility, and because of this, it represented the "fine" portion of the model sediment.
The silica, due to its high density and smaller cross-sectional area, took the part of the
coarse portion. The mixtures used to create the deposits contained only these two
materials so that any transition between the two could be more easily identified. Because
the coal often stuck to the sidewalls of the flume, it was treated with a surfactant in an
effort to reduce this tendency.
The sediment compositions of 60% coal and 40% silica sand and 30% coal and
70% silica sand were chosen in order to provide examples of widely differing sediment
compositions that still contained significant portions of each sediment type. More than
60% coal in a mixture may have so confined the sand portion to the upstream reaches of
the deposit that the distance to the transition would have been difficult to extract, and
30% seemed a minimum for ensuring that the transition remained on the delta top
throughout the deposition of the clinoform.
Before a run, the flume was cleaned of the sediment from the previous run.
Although the flume is not a recirculating flume, a buildup of sediment, even at the tail
end, might have changed the flow. Next, a "base clinoform" of pure sand was built up so
that the sorting in the experimental deposit would not be confused by the mechanics of
the initial formation of the delta. Once the base clinoform reached the top of the shelf
shown in Figure 1-the slope caused a hydraulic jump to form, which would have
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created an irregularity in the depositional processes at that point-the water and sediment
feed were shut off, and the sediment feeder was emptied, and refilled with the correct
sand/coal mixture. Pictures were taken with a digital camera mounted on a tripod at a
fixed location every minute during the run. The rate of base level rise (which was also
the sedimentation rate of the bed) was controlled by adjusting the height of the siphon.
These adjustments occurred at regular intervals throughout the run so that the water level
would rise as smoothly as possible.

The water discharge into the flume was controlled by means of a constant-head
tank equipped with a valve. The sediment was added to the flow using a volumetric

Water Discharge

Sediment Discharge
y = 0.5886x - 0.4894

R

6

2

=

0.9992

y= 16.451 x - 11.886
2
R = 0.9849

70

060

5
4
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3
2
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'u 20-
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010
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0
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Sediment Feeder Setting

3

4

15
60 Degree Rotations

Figures 5a and 5b. Graphs of the discharge data for the sediment and water discharge systems plotted against a
linear best-fit regression.

feeder. The discharges of both the water valve and the sediment feeder as a function of
setting were measured, and the results are displayed in Figures 5a and 5b.
Note that the measured discharges are well represented by a linear curve;
therefore, it was possible to calculate the necessary settings for the current experimental
flow parameters. Every effort was made to adjust the discharge to be as close as possible
to that desired, but the sediment feeder and water supply did not have fine control;
17

therefore, some variation from the calculated discharge may have occurred. The
sediment and water mixed in a funnel before falling through a diffuser (in this project,
this was a column of pea gravel, which dispersed some of the energy gained by the fluid
over the drop from the funnel to the bed) and joining the flow. There were occasional
buildups of sediment in the funnel which caused the total sediment discharge in the
stream to vary, but because these were infrequent and did not affect the ratio of coal to
sand in the instantaneous discharge, they have been assumed to have little, if any, effect
on the sorting observed in the deposit.
Once the mixed-sediment section of the clinoform had reached a thickness of
about 10 cm, the water and sediment feeds were stopped. The water was then drained
from the flume over a few hours with a small-diameter siphon located at the tail of the
flume. The water was drained slowly to prevent slumping of the foreset beds, which
were loosely consolidated and not particularly cohesive. The clinoform was allowed to
dry, and photographs were taken of the face exposed on the sidewall of the flume.
Although these photographs were not used in the analysis of the sorting in the deposit,
due to possible edge effects and the persistent preferential adhesion of coal to the flume
walls, they showed fine detail in possible sorting structures and, in the case of the
rippled-bed deposits, detail in the sorting of sediments within the ripple.
To create a cut face, a thin piece of metal was used to scrape away a longitudinal
slice of sediment 1 to 2 cm wide. While this process may have blurred or obscured some
of the fine details of the bedding (this was especially apparent in the rippled-bed cases) it
did not significantly change the composition of the visible face of the deposit at any

18

given distance from the head of the flume. Digital photographs were taken of the entire
cut face, and the flume was emptied of sediment in preparation for the next clinoform.

Data and Analysis
Raw Data:
The data recorded from these experiments were in the form of digital photographs
taken during and after the runs. The photographs used to infer the bed composition were
the photographs of the entire cut face of the deposits rather than the close-ups of smaller
sections, because of the difficulty of accurately stitching the latter together and the
possibility of lighting variability (and thus luminosity variability) over the length of the
deposit. These whole-face photographs were transferred from the camera to a computer,
and (if necessary) rotated such that horizontal reference surfaces were level using an
image manipulation program, such as Adobe Photoshop. Then, the image was converted
to grayscale.
The grayscale image was then cropped: everything but the clinoform was
removed from the picture. Because the topset beds sloped downwards in the downstream
direction, they create an irregularly shaped figure, which, if uncorrected, would cause
difficulties in later analysis. To correct this, the entire deposit was "skewed" such that
the topset beds were horizontal. This was accomplished by vertically moving columns of
pixels relative to one another; because there was no relative horizontal movement, there
could be no movement of pixels in the upstream or downstream direction, and therefore
no digital mixing of sand and coal. The topset beds were then digitally separated from
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the rest of the deposit, and the lengths of the images were normalized. Figure 6 shows
the progression from whole cut-face image to skewed, cropped, normalized topset image.

Raw grayscale image
~

-~

-.

~_-10

Skewed image

1

Topset beds (the portion of the skewed image outlined in red)

I
"Vertically Averaged" topset beds.
Figure 6. This is the progression of an image from its "raw" form (grayscale whole image of the cut face) to
the skewed, cropped averaged form. The last image was created by averaging the luminosities of all the pixels
in each column of the "topset bed" image and displaying these averaged values, by column as a new image.
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Data Analysis:
The cropped, normalized, grayscale images were read by MATLAB, and arrays were created in
which the entries took on the pixel value (or luminosity) at each point in the images. These matrices
were vertically averaged, that is, each column of pixel luminosities was collapsed into a single average
value, and the resulting values were plotted on a common set of axes. Figures 7 and 8 show the results
of all the deposits from the plane-bed case and rippled-bed case, respectively. Figure 9 shows the
results for the corresponding rippled and plane-bed cases plotted on the same figure. In all graphs, the
x-axis corresponds to distance in pixels from the head of the clinoform, and the y-axis represents the
average luminosity of a column of sediment at a given distance.

Discussion
Plane-Bed Cases:
From the graphs in figures 7 and 9, it is apparent that, for the plane-bed cases, there is a
significant and sharp decrease in the luminosity of the deposit, which corresponds to a transition from
light-colored coarse sediment to dark-colored fine sediment. These transitions vary in location, but in
general they occur between 800 and 1600 pixels from the clinoform head. This seems to be a fairly
large range, especially because the clinoforms have been normalized to have a uniform length of 2000
pixels. Table 2, below, shows the expected and actual locations of the transition for each of the
deposits created.
Note that no transitions are recorded for the two rippled-bed cases. This is because the
rippled-bed cases, as discussed below, did not show any sustained, sharp decrease in bed luminosity
with increasing distance from the clinoform head.
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Figure 7: The average luminosity of the topset beds of each of the plane-bed deposits.
Figure 8: The average luminosity of the topset beds of each of the rippled-bed deposits.
Figure 9: The average luminosity of the topset beds of the high-sedimentation rate plane-bed and rippled-bed
deposits.
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Table 2: Distance to the Coarse-fine Transition as predicted by the complete-sorting model and as found in
experimental deposits.

Height

Length

tan

1, (Normalized*
Model)

1, (Normalized
Real)

40% Sand, Slow Rise
40% Sand, Fast Rise
70% Sand, Slow Rise

483
456

2143
2146

28.94
28.06

1126.074
1118.921

1000
1200

447

1943

29.78

1962.95

1350

70% Sand Fast Rise

444

1970

29.30

1962.246

1350

40% Sand, Fast Rise

612

2184

31.37

1167.7

N/A

70% Sand, Fast Rise

573

2151

32.33

1989.142

N/A

Plane-Bed Cases:

Rippled-Bed Cases:

*Normalized by the length of the delta, and multiplied by 2000, the length in pixels

It also may be relevant to note that the location of the transition predicted by the
model uses the final topset bed length and base level, rather than the average value
represented by the graphs. This discrepancy ought to cause the expected transition
location to be downstream of the measured transition, because of the relationship found
in Equation 2.12. From the table, this appears to be true in general, but it may be useful
to consider the location of the transition as a function of vertical position within the
deposit.
Figure 10 shows the average luminosity of the 40%, high-sedimentation-rate
deposit. The colored curves correspond to the luminosity of small horizontal longitudinal
slices of that deposit. The black curve is the original averaged curve of the entire deposit.
Contrary to what is predicted by the model, the topmost sections of the deposit (where the
base level, B, is high) pass from coarse to fine closer to the head of the flume. The reason
for this unexpected trend in 1, is unknown, but it is pervasive: each of the plane-bed
deposits showed a similar pattern, although it was most pronounced in the graph
presented below, Figure 10. This upstream movement of the transition zone with

increasing deposit height explains, in part, why the measured transition zones were closer
to the clinoform head than predicted.
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Figure 10: Small vertically averaged slices of the topset deposit. The whole deposit luminosity is shown in black, for
comparison. The colored curves show that, contrary to what was predicted, the transition zone moved upstream as
the deposit thickened.

Interestingly, the expected downstream shift of the transition zone between the
deposits made with 40% silica sand and those made with 70% silica sand is not as
pronounced as modeled. While the curves for the average luminosity of the silica-poor
deposits peak and begin a steep decline farther upstream than their silica-rich
counterparts, the difference between the peak locations is, at maximum, about 250 pixels.
The difference is most pronounced among the high-sedimentation-rate deposits. Also,
there is not a particularly significant difference in the value of maximum averaged
luminosity between deposits of varying bulk composition: if anything, the silica-poor
deposits have the higher peak luminosity, which is strange, given that, in these deposits,
there was input of less high-luminosity sediment.
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Rippled-Bed Cases:
The rippled-bed cases, as mentioned above, show no one single identifiable
transition zone. The averaged luminosity trends gently downwards from a peak well
upstream from any point predicted by the model. Unlike the plane-bed cases, however,
there is a distinct separation in average luminosity between the deposits of differing
compositions. Here, the silica-rich deposit had a noticeably higher average luminosity
over the entire length of the deposit. Because there was no true transition zone for either
bed composition, no conclusions can be drawn regarding their relative positions, or their
positions relative to that predicted by the model. Likewise, the graphs of horizontally
sliced and averaged sections of the deposits, displayed below in Figure 11, show no
particular trends or unusual features except for an apparent and complete lack of
organization.
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Although the preceding paragraphs give the impression that there is no sediment
sorting in a clinoform with a rippled top, this is untrue. Because of the nature of the
graphs, small-scale sorting, or sorting features with heights nearly equal to their lengths
are obscured. The rippled-bed cases showed a remarkable level of sorting on the
centimeter scale in the form of cross-bedded deposits. Figures 12a and 12b, below, show
examples of the fine detail of these sorting features.

Figures 12a and 12b: Example photographs taken of the silica-rich rippled-bed deposit. Flow is right to
left
Figure 12a was taken before the deposit was cut. Note the consequently finer detail but overall darker
color. The adhesion of coal to the glass (and later, acrylic) siding of the flume walls was a key factor in
the decision to cut the deposit. The reddish blur is a reflection of the photographer and not a feature of the
deposit.
Figure 12b was taken of the cut face of the same deposit in nearly the same location as figure 12a. Note
the lack of fine detail (obscured by the cutting process) but much lighter color. The unorganized sediment
towards the top of the picture is detritus from the cutting process, and was not included in the image
analysis.

The longitudinal sections of the deposit shown in Figures 12a and 12b
demonstrate that sorting processes do function when there is bed roughness in the form
of ripples, dunes, and other bedforms, but that they operate on vastly different scales
than those that sort sediment on a plane-bedded deposit. The sorting is just as
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complete, and the transitions from coarse to fine are just as sharp, but the sections of
coarse and fine material are evenly distributed along the length of the deposit.

Known Errors:
A common, but as yet unexplained, feature in the graphs displayed in Figures 7
through 9 is a gradual increase in average luminosity from the clinoform head to a point
just before the coarse-fine transition. There is no clear physical explanation for this,
although it is possible that this trend is due to an external factor, such as reflections on the
wall of the flume, or some other effect of the lighting, that caused the measured
luminosity to be inconsistent with the composition of the bed. The sharp spikes upward
that are especially noticeable on the downstream ends of the high-sedimentation, silicapoor deposits are due to a feature of the flume: the light-colored silicone sealant used to
prevent leakage along a vertical crack.
In summary, the plane-bed deposits behaved much like the "complete sorting"
model developed above. Although the experimental deposits showed significant
departures from the expected values of the distance to the transition zone and the size of
the zone, the "complete-sorting" model was effective at predicting the gross features of
the plane-bed deposit. The "complete sorting" model was, however, completely
unsuccessful in projecting the essential characteristics of the rippled-bed deposits. These
deposits appeared, at first, to match those predicted by the "no-sort" model, but closer
examination showed a significant degree of surprisingly complete centimeter-scale sorted
sections that correspond to the deposits left by individual bedforms.
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Future Work and Improvements
Future Experimental Work:
While this project demonstrated that bed roughness is an important factor in the
sorting of sediments by size, it has not fully explored its effects. Chief among the future
investigations into this subject is the completion of the planned experimental runs in the
rippled-bed case. These additional runs will allow the confirmation of the independence
of sorting completeness on bed-level rise rate and sediment composition. They will also
provide the basis for a direct comparison between the rippled-bed deposits and smoothbed deposits. Another potentially enlightening set of experiments is to allow the flow to
channelize during the creation of the deposit. This would create another form of bed
roughness which would be parallel to, rather than transverse to, the flow direction.
Channelization may funnel the water and sediment discharge into narrower, and therefore
more quickly flowing and energetic, bands oriented longitudinally down the clinoform.
This, in turn, may produce a deposit in which the transition from coarse to fine material is
located farther from the head of the deposit than would be expected from the plane-bed
case. It is also possible, however, that the channels merely create deeper areas with
slower flow rates in which fine material is preferentially deposited.
In addition to the possible variations outlined above, it may prove interesting to
vary the sediment characteristics. While sediment grain shape and difference in size may
have little effect on the location of the coarse-fine transition, they may have larger effects
on the effectiveness of sorting; a smaller size differential would likely lead to a wider
zone of transition.
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Future Modeling Work:
In order to effectively interpret the results of both the rippled-bed case and the
channelized-flow case, geometrical or computer models in the same vein as the one
created for the plane-bed case must be developed. The rippled-bed case might be able to
be modeled as a series of two-dimensional similar bedforms whose heights vary with a
normal distribution about some mean. Migration speed and wavelength would have to be
tied to the height (something explored by Nifo et al., (2002)). Work in this vein has been
done by Jerolmack and Mohrig (2005) and Paola and Borgman (1991).
Ni5fo et al. (2002) found that both wavelength 2 and bedform velocity c varied
with amplitude a (where amplitude is defined as the height of a crest less the height of the
preceding trough):
A, = k *a
-ci = p_

(3)

(where k is an empirically determined constant and p is qs/(1-porosity), and q, is
sediment transport rate, here approximated as constant over the system)
Thus, the variation in both wavelength and speed can be captured solely in the variation
in amplitude. This distribution should be normal: "extreme" bedforms are far less
common in natural systems than their counterparts closer to the mean.

In the model, the average height of the bedform train is kept at a constant height
<a> over the basement, which rises at base level rise rate R. The amplitude is thus the
range in height of a particular bedform around <a>.The height of the i'h trough above the
basement is denoted by "a,". See Figure 13 for a definition sketch.
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<aa.

Figure 13: Definition sketch for the proposed variables in the model. Flow is right to left.

Assuming R to be constant, the amount of basement rise

5i~

in the time it takes for a

given bedform to pass over a fixed point is

arn, = R * '

(4)

C.

The depth of sediment preserved from the ith bedform is calculated by the
difference in heights above the basement by subsequent troughs plus the amount that the
basement has risen while the bedform passes, (aj+1 -ai) + 6ij. (Note that the difference in
heights may be negative).
This model could be run iteratively, keeping track of bedform positions, and an
image produced of a hypothetical deposit with all preserved (non-reworked) bedform
deposits. Given a knowledge of the size sorting of the sediments within a single
bedform deposit, the expected sorting could be extrapolated.
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A model that allows sediments of different composition to be compared on the
basis of their mobility (perhaps as measured by their fall velocity), rather than solely on
their size would also be of immense use in understanding the possible effects of sediment
shape.

Sources of Errorand Possible Solutions:
Besides the additional experimentation outlined above, there are significant
improvements to be made in the data collection process. First, because of the flume
location, it was not possible to fix the position and orientation of the camera used to
photograph the deposition process and the final deposit. Although the camera was
carefully placed in a marked position, it was subject to slight variations both throughout a
run and between runs. Much of these changes are minor and easily corrected by
translating the image, but ensuring that the camera does not move over the length of the
project would eliminate this step and allow smoother data processing. Also, because the
room was lit from multiple sources, there were, on occasion, reflections visible on the
flume wall which may have affected the overall luminosity of the deposit. A bright light
overhead or directed at the flume wall would help to alleviate the reflections and to
eliminate any shadows.

Conclusions
Because of the significant advantages to be gained from a greater knowledge of
depositional sorting features, two simplified geometric models with end-member sorting
characteristics were developed to predict the composition of a deposit at any given point.
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Clinoform deposits of varying bulk compositions, sedimentation rates, and degrees of bed
roughness were then created in a flume in order to provide experimental data with which
to test the models. Although the plane-bed deposits created matched the completesorting end-member model well for the gross shape of deposit features, the specifics of
the locations and sizes of those features were not well predicted. Various anomalous
trends developed in the experimental deposits that were either unpredicted or erroneously
predicted by the model, and no physical or geometric explanation could be found. The
rippled-bed deposits, however, matched the complete sorting model in neither the shape
nor the specific deposit characteristics. In fact, the average deposit more closely
resembles the no-sort model than the complete sorting model, despite the small- (cm-)
scale complete sorting that was prevalent. Therefore, the development of a new model
specifically for the prediction of the composition of a rippled-bed deposit, as outlined in
the previous section, is needed.
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Appendix 1:
Foreset Beds

Topset Beds
Over the length of a typical river,
from its headwaters to its mouth, the

_

_

_

_

_

downward slope of the riverbed becomes more and more shallow. One effect of this is to
reduce the river's capacity to transport the sediment that it carries, and slowly the
sediment begins to be "left behind" as the river flows on. At the mouth of the river, the
water generally exits into a standing body of water, where the mechanical energy left in
the flow dissipates, velocity drops, and whatever sediment remains is quickly deposited.
Because net deposition causes the bed to rise, the sediments build up at the mouth of the
river in a formation called a delta or a clinoform.
Figures A2a and A2b depict the river entering the standing body of water, and the
(hypothetical) movement of the sediment as it enters the pool.
Flow

Flow

Figure Ala (top): the water (sediment free) enters the pool. Figure Alb (bottom): the water (with
sediment load) enters the pool, and the sediment begins to settle out.

The bed rise of a channel is a function of the sediment load and the channel area.
If Q, is the total sediment load, in units of discharge (volume/time), and assuming that
eventually, it is all deposited, then

Q, = A, * r,

(Al)
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where A is the total area over which the sediment is being deposited and r is the (average)
rate of bed level rise. Therefore, r -- Q,
As

Where A, is confined to the channel, and is

thus relatively small, then any deposition results in a large bed level rise. A bed level rise
restricts the flow:

Qw
where

(A2)

=A *vw,

Qw is the water discharge, Aw

the channel cross-sectional area (depth multiplied by

width) and vw is the average water velocity. Because Aw is proportional to depth, which
decreases with bed level rise, and inversely proportional to v,, water velocity must rise
when bed level rise occurs. Deposition generally decreases with increased water
velocity; thus bed level rise slows and an equilibrium depth is reached.
In a clinoform system, when the bed rises and the channel depth is constricted the
river is able to maintain its velocity for a greater distance into the body of water. The
sediment is then deposited farther and farther from the original mouth, in a process called
progradation. Figures A2a-c show the accumulation of sediments and the progradation of
the delta.

Flow

Flow

Flow

Figures A3a, A3b and A3c clockwise from the
top
Note the progression of the foreset beds (in
dark brown) away from the mouth of the river.
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If, however, the water level is rising, (rather than remaining constant, as before)
the forward motion of the clinoform will be halted as the increasing water depth leads to
more sedimentation farther upstream and a rise in the bed level, a process known as
aggradation. The river will deposit exactly enough sediment on the delta top to balance
the rise in water, or base, level; any excess sediment will be transported to the edge of the
delta and deposited as normal. In this case, the delta is undergoing neither pure
progradation nor pure aggradation, but some combination. It becomes more difficult to
predict the shape of the delta cross-section at any given time, as it depends on the
instantaneous balance between the sedimentation on the topset beds and that on the
foreset beds. The process becomes more complex when the change in depositional area,
A, is considered, as this creates a non-constant rate of bed level rise, which in turn feeds
back into the water velocity, v,.

Flow

Figure A4 shows the formation of a second
clinoform on top of the first in response to a
relatively high rate of base level rise.

If the base level rises so quickly that the sediment load is not sufficient to create a
corresponding rise in bed level, the delta will begin to submerge, or drown, and a new
clinoform will begin to be deposited farther upstream where

S

exactly balances base

level rise, as shown in Figure A3.
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Glossary:
Abrasion:

Process by which grains are reduced in size by striking or grinding
against each other, the bed or other objects in the flow.

Angle of Repose:

The steepest slope that may be attained without avalanching or
slipping.

Base level:

The height of the surface of the standing water into which a
clinoform grows. In the natural world, this is generally interpreted
to be sea-level. In a flume, it is simply the depth of the standing
water.

Bedforms:

Features such as ripples, dunes and antidunes that form under
certain flow conditions.

Clinoform:

Feature that forms where a river enters another (generally still)
body of water. It has a gently sloping top (known as the topset
beds) and a steeper toe (the foreset beds). A delta.

Entrainment:

Process in which the flow "picks up" a grain, which (until its
deposition) moves along with the flow.

Fall Velocity:

The maximum speed reached by a sediment particle as it falls
through a column of still water.

Flume:

Experimental channel commonly used in hydraulic and
sedimentology research. It varies in width, length and depth, and
may have a variety of features for ease of measurement of-and
control over-flow parameters.

Fluvial:

Riverine, related to rivers.

Grain:

Particle of sediment.

Head:

Upstream end (of a flume, channel or river).

Hydraulic Jump:

A flow feature in which the depth of the water abruptly increases
amid much turbulence and energy loss.

Luminosity:

The grayscale value of a pixel; the brightness of a particular pixel
in an image.
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Plane-bed:

Type of deposit in which the only bed roughness is created by
grain scale variations. Contrast with a bed roughened by bedforms
or channels.

Roughness:

A bed characteristic defined by the variation of the bed from a
mean surface. Here, bed roughness caused by grain-scale
variations in bed height is neglected in favor of larger-scale
roughness factors, such as bedforms.

Sediment:

Particles of varying size and composition, generally deriving from
continental rocks. Sediment grains can range in size from boulders
(>256mm) to mud (as small as 1 [tm).

Sediment Load:

The total sediment carried by the river at any one location and
time. This can be in the form of bed load, (where particles are
rolled, bounced or slid along the bed) suspended load (where
sediments remain in the water column and have little or no contact
with the bed) or dissolved load (the sum total of dissolved species
in the flow).

Tail:

Downstream end (of a flume, channel or river).
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