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10.1 Introduction

) Fine sediment is arguably the most important component of the sediment cascade — whether (
this is measured in terms of flux, its role in transporting nutrients and contaminants, or its ]
importance to aquatic ecosystems. This chapter focuses on the transport and storage of fine
sediment in the river system, and assesses our knowledge at a range of scales from point
processes, through individual river reaches and the dynamic behaviour of fine sediment, to
consideration of the large-catchment scale and the role of the entire river network in the fine-
sediment cascade. Interactions with channel sources and sinks, as well as the links with other i
chapters, are indicated in the schematic shown in Figure 10.1. First, the importance of the
fine-sediment cascade and its relationship to its geomorphological setting and the time and

i space scales of interest are examined.

10.1.1 Importance of Fine Sediment

N

Globally, the fluvial system contributes an estimated 13.5-22 billion tonnes of fine sediment
per year to the coastal oceans (Holeman, 1968; Panin, 2004; Syvitski ez al, 2005; Wall-
ing, 2006), making up an estimated 90-95% of the total sediment flux (Syvitski ez al., 2003).
This overall flux is affected by two dominant anthropogenic impacts which act in opposite
ways. Land-use change — particularly deforestation and intensive agriculture — has led to
increases in soil erosion and delivery to the river system, particularly for small- to medium-
sized catchments (Owens and Walling, 2002; Dearing and Jones, 2003; Walling
et al., 2003a). Howeyver, at the large basin scale, the building of reservoirs means that an
estimated 25-30% of the global fine-sediment flux is retained within some 45 000 reservoirs
(Vorosmarty et al., 2003). Much of the global picture relating to sediment flux is dominated
by a few very large basins which are explored in detail in Chapter 13. For Europe, sediment
production is estimated to be 1800 x 10° tyr™*, with 540 x 10°t yr~! stored in rivers and on
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Figure 10.1 Schematic of the fine-sediment cascade showing dominant interactions and links
with other chapters

floodplains, 346 x 105t yr stored in reservoirs and 200 x 10°tyr~! mined from fluvially
active areas, leaving a flux of 714 x 10%tyr™! (i.e. 40% production) which is deposited in
lowland zones (estuaries, harbours and deltas) or discharged into the surrounding seas an
oceans (Owens, 2007). ‘
In addition to its dominance with regard to sediment flux, fine sediment is a major player
in the transport of nutrients and contaminants within fluvial systems. The silt and clay
fraction of fine sediment is chemically active, due to its large surface area and ionic charge.
More than 90% of the total riverine flux of P, Ni, Si, Rb, U, Co, Mn, Cr, Th, Pb, V and Cs,
and almost all Fe, Al and rare earth elements are carried as particulates (Martin and
Meybeck, 1979). In addition, some 55% nitrogen flux (Meybeck, 1982) and 27% carbon flux
(Meybeck, 1982; Degens, Kempe and Richey, 1991) from rivers to the world’s oceans may
be linked to particulates, although this percentage varies substantially between catchments
(Lal, 2002; Alvarez-Cobelas, Angeler and Sanchez-Carrillo, 2008). Within river systems, it
is now established that fine sediment is a key factor in the transport, storage and recycling of
both nutrients (Bowes and House, 2001; Clarke and Wharton, 2001; House, 2003; Evans,

Johnes and Lawrence, 2004; Bowes, Leach and House, 2005; Jarvie et al., 2005) and

contaminants (Singh et al., 1997; Macklin, Hudson-Edwards and Dawson, 1997; Rees
etal., 1999; Kronvang et al., 2003; Collins, Walling and Leeks, 2005). Hence, knowledge of
the transport and behaviour of fine sediment is highly important for understanding the
eutrophication of water bodies and impacts on ecosystem and human health.

Fine sediment is also fundamentally important for a range of aquatic habitats. Here, theré
are issues of sediment quantity as well as quality. High concentrations of suspended
sediment have been shown to be detrimental to fish and a comprehensive review of the
effects on arange of fish species dependent on both the concentration of suspended sediment
and the duration of exposure is presented by Newcombe and Jensen (1996). Evidence for the
detrimental impact of both surface and subsurface deposition of fine sediment on periphy-
ton, invertebrates and fish species comes from a range of field and experimental studies
(e.g. Quinn et al., 1992; Soulsby et al, 2001; Yamada and Nakamura, 2002; Pedersen,
Friberg and Larsen, 2004; Rabeni, Doisy and Zweig, 2005; Matthaei et al., 2006; Niyogi
et al., 2007). In particular, the settling and infiltration of fine sediment into gravel interstices
impedes water flow within the hyporheic zone and reduces oxygen levels, -adversely
affecting both benthic organisms and fish spawning grounds (Beschta and Jackson, 1979:

10.1 .INTRODUCTION 273

Acornley and Sear, 1999; Soulsby et al., 2001). Here, the effect of particle size and organic
content has been shown to be particularly important (Greig, Sear and Carling, 2005;
Heywood and Walling, 2007). At the other end of the spectrum, supply of fine sediment is
critical to the maintenance of habitats on floodplains, mud flats and deltas — problems with
too little sediment are reported by Batalla (2003).

Fine sediment is also responsible for reservoir siltation, significantly reducing the life of
high capital cost impoundments for water supply and irrigation, and for river aggradation,
leading to problems for flood defence and navigation (Owens et al., 2005). Dredging is an
expensive option and problematic for contaminated sediments (Kothe, 2003). All these
impacts underline the importance of fine sediment and the need to understand the fine-
sediment cascade in order to provide effective management strategies (see Chapters 1 and 7).

10.1.2 Geomorphological Setting, Time and Space Scales

In describing the fine-sediment cascade, it is essential to be aware of both the geomorpho-
logical setting and the time and space scales of relevance to fine-sediment transport. Fine
sediment, which is sourced from the land, input from external point sources (e.g. construc-
tion sites, industrial or sewage effluent) or derived from bank erosion, can be moved through
all types of river reach including bedrock, cohesive-bed, boulder-bed, gravel-bed and sand-
bed rivers. To encapsulate transport in these settings, three terms are useful. Washload
consists of material which moves through the river system but has no interaction with the
river bed. Silt and clay generally fall into this category, particularly in the context of sand-
bed rivers where they are present in the bed in only negligible quantities. Throughput loadis
a term which has been coined to define the transport of fine material which has some
interaction with the bed. For example, in gravel-bed rivers, sand, silt and clay move as atype
of washload but may be deposited in the interstices of gravel or in limited areas of the
channel such as bars, benches, pools and dead zones. This fine sediment is insufficient to
cover the bed and does not determine the bed morphology. However, it is of prime concern
for aquatic ecosystems and is the subject of a great deal of current research. This deposited
fine sediment may be mobilized as part of the active bed layer, but may subsequently move
either as bedload, by saltation or rolling, or in suspension. Bed material load is that portion
of the transported load which is found on the bed of the stream and undergoes exchange
between the bed and the water column. Bed material load may move as bedload or in
suspension but is an integral part of the channel morphology. The movement of sand as
dunes or sand sheets and the movement of sediment in alluvial channels fall into this
category.

In structuring our knowledge of the fine-sediment cascade, it is helpful to consider the
time and space scales of interest. Loosely based on Church (1996), three domains can be
identified: these have different modes of explanation and are described in Figure 10.2.
The first of these is the domain of hydraulics in which the physics of sediment transport is
used to determine the flux of fine sediment through river cross-sections or short river
reaches. Here the explanation is deterministic, with space—time averaging of turbulent
eddy scales and short duration burst—sweep cycles which are responsible for the movement
of individual grains but where flux is determined by the steady-state average behaviour of
the fluid. Expanding both time and space scales, the domain of hydrology is entered where
the important characteristics of sediment behaviour are the dynamics over hydrological
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Figure 10.2 Time-space scales in the sediment cascade showing domains of interest. Also shoWn
are the virtual velocities for water (thin black line) and fluvial bed material (thick black line and
dashed lines showing possible range of values) as given in Church (1996); suspended sediment takes a
trajectory somewhere between the velocities of water and bed material which may itself depend on
scale

events. Here, the fine-sediment flux is described by the interplay between the hydrology and
sediment storage, with the role of channel processes and sediment routing becoming more
important and the emergence of hysteretic behaviour in the observed dynamics. For larger
catchments and longer time scales, the role of geomorphology becomes increasingly
important and the flux now becomes contingent on the structure of the river network and
the history of sediment erosion and transfer throughout the entire basin. )

This chapter takes each of the three domains in turn and reviews recentresearch which has
contributed significantly to improving our understanding of the fine-sediment cascade. It
predominantly focuses on fine sediment that is moved as washload or throughput load and
transported in suspension. The interaction of fine sediment with floodplain and channel
morphology is covered in Chapter 11.

10.2 Fine-Sediment Transport

N

The first domain of interest is the hydraulic domain in which the focus is on the physics of
sediment transport and how this controls fine-sediment conveyance through a cross-section
or a short river reach. First, the nature of fine sediment needs to be understood.

10.2.1 The Nature of Fine Sediment

Fine sediment is normally taken to comprise sand, silt and clay pafticles, that is those grain
sizes with a diameter <2mm. Grain size may also be quoted in phi units (defined as
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Figure 10.3 Definition of fine-sediment size characteristics, including organic and colloidal
material using size ranges given in Tipping (1988)

¢ =1og,[D/Dg] where D is the grain size in mm and Dg is 1 mm). Figure 10.3 gives the
standard definition of sediment size fractions in terms of particle diameter in both
millimetres (on a logarithmic scale) and phi units. It also shows typical filter sizes (1.2,
0.7 and 0.45 um) used in the measurement of suspended sediment. While once the term
sediment strictly referred to mineral grains, the definition of fine riverine sediment has gone
through something of arevolution in recent years (Droppo, 2001) and it is now accepted that
it includes both organic and flocculated material. This is important for understanding both
the flux of material and its transport characteristics. Accordingly, Figure 10.3 includes the
particle size ranges of the common organic materials, flocs and, for completeness, colloids
found in aquatic systems (Tipping, 1988).

As particle size decreases, the surface area per unit volume of the particle increases and
interparticle, or cohesive, forces dominate particle behaviour. There is no clear size
boundary between cohesive and non-cohesive sediment. Sand-sized material is generally
non-cohesive. Clay-sized material is cohesive and exhibits very strong inter-particle forces
due to its surface ionic charge. Silt may be cohesive, dependent on the presence of clay and
organic material, and is generally classed as such. Cohesive sediments consist of both
inorganic minerals and organic material such as plant and animal detritus and bacteria. The
term seston is used in the ecological community to refer to any particulate matter such as
plankton or other living organisms as well as organic detritus and inorganic particles. Thus,
an additional component of the fine-sediment cascade in its broadest sense is autochthonous
material derived from biological components within the river system. An example of this
is the faecal pellets of blackfly larvae which can make up some 40-60% of the fine
material deposited on the bed of chalk streams (Wharton ef al., 2006). Knowledge of the
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characteristics (partlcle size and organlc content) of this biogenic material is generally
lacking but is important for understanding both the flux of fine sediment and its effect on
aquatic ecosystems, particularly in relation to the functioning of the hyporheic zone or
permeable region beneath a stream bed.

Cohesive sediment is commonly transported in a flocculated or aggregated form (Droppo
and Ongley, 1992). Flocs or aggregates are heterogeneous, composite structures composed
of an active biological component, a non-viable biological component, inorganic particles
and water held within or flowing through pores (Droppo, 2001). They are never purely
inorganic. They are formed either within the water column or in the surface of the bed or

__ transported to aquatic systems as water-stable soil aggregates. While some large flocs may

readily break up, the majority of riverine flocs are stable (Droppo, 2004). Liao et al. (2002)
showed that van der Waal and/or hydrophobic interactions were important in the develop-
ment phase of flocs by bringing particles close enough to form specific interactions.
However, once flocs are initiated, microbial binding through bacterial secretion of extra-
cellular polymeric substances (EPS) takes over, in conjunction with further strengthening
via jonic interactions and hydrogen bonding. Flocculation fundamentally alters the
hydrodynamic properties of the sediment by increasing the effective particle size by orders
of magnitude and by changing the shape, density, porosity and composition of the particle.
This changes the downward flux of fine sediment and is a fundamental factor in the
deposition of fine material both in channels (Tipping, Woof and Clarke 1993) and on
floodplains (Nicholas and Walling, 1996).

The effect on particle size is shown in Figure 10.4. The pictogram in Figure 10.4a shows
an image of flocculated sediment in suspension and a disaggregated suspension following
sonification. The change in particle size is clearly visible. Flocs are found to comprise about
10-27% total number of particles but represent about 92-97% of the total volume of
suspended sediment. Grain sizes between 1 and 2.6 pm are entirely incorporated into flocs
(Droppo and Ongley, 1992). Figure 10.4b shows example distributions of both effective
particle size and absolute (disaggregated) particle size for both suspended sediment and bed
sediments taken from Phillips and Walling (1999). It clearly shows the shift in size with the
median size of the flocculated sediment lying between 20 and 80 pm compared with
an absolute value of about 5 pm. Phillips and Walling (1999) also show a seasonal variation
in particle size, with the size of flocculated particles being higher in the summer
when biological activity is greatest but with the absolute particle size being higher in
winter when erosion is more active.

10.2.2 Settling Velocity of Fine Sediment

The primary characteristic of fine sediment which dictates its transport and storage
within river systems is its settling velocity. Very small particles (<1 pm) and colloids are
subject to Brownian diffusion and do not settle. For larger particles where gravitational
forces exceed the effects of diffusion, the settling velocity of small individual particles
travelling through static water may be calculated, assuming spherical particles, from
Stokes’ Law

RgD?

Vo =
b C]V

(10.1)
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Figure/ 10.4 Effect of flocculation on particle size.: (a) Pictogram of flocculated suspension and
disaggregated suspension following sonification

(reprinted, with permission, from Droppo, I.G. and Ongley, E.D. (1992) The state of suspended
sediment in the freshwater fluvial environment: a method of analysis. Water Research, 26, 65-72.
© Elsevier.); (b) Example distributions of effective and absolute particle size’AB and EB are absolute
and effective size of bed material respectively; AS is absolute size of suspended material; shading
denotes range of effective size of suspended material.

(reprinted, with permission, from Phillips, J.M. and Walling, D.E. (1999) The particle size character-
istics of fine-grained channel deposits in the River Exe Basin, Devon, UK. Hydrological Processes, 13,

1-19. © John Wiley & Sons Ltd).

where V, is settling velocity, R is submerged specific gravity or (o, — p)/p, p; is particle
density, p is density of fluid, g is acceleration due to gravity, D is particle diameter, v is
kinematic fluid viscosity (10 %m™2s~! for water at 20°C) and C; is a constant with a
theoretical value of 18. This gives accurate results for spherical particles provided that the
particle Reynolds number (VoD/v) is less than 1.0, indicating that viscous forces dominate
fluid resistance. At large particle Reynolds numbers, when inertial forces dominate,
boundary -layer separation occurs behind the particle such that its rapld settling is resisted
predominantly by the turbulent drag of the wake behind the particle. In this case, the settling

velocity is given by
4 RgD
. 10.2
Ve=1\l3¢, (102)

where C, is the constant asymptotic value of the drag coefficient for particle Reynolds
numbers between 10° and 10°. Experiments have shown C, to be 0.4 for smooth spheres and
approximately 1 for natural grains (Cheng, 1997). For the transitional range of particle
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Reynolds numbers between 1 and 10%, equivalent to the sand to fine gravel size range of
0.1 <D < 4mm, a number of different equations have been put forward (Rubey, 1933;
Gibbs, Matthews and Link, 1971; Dietrich, 1982; Hallermeier, 1981; Ahrens, 2000;
Ferguson and Church, 2004). The most recent of these by Ferguson and Church (2004)
has the advantages of being dimensionally correct, providing a smooth transition between
Equations 10.1 and 10.2 to which it is asymptotic, and of being able to accomm'oda.te both
spherical particles and natural grains through specification of its parameters. It is given by

RgD?

Va =
T Civ+ O75C2RgD3

The constants C; and C, take the values of 18 and 0.4 for smooth spheres; for typical
natural sands, values of 18 and 1.0 are proposed for use with size specified in sieve
diameters. Values of 20 and 1.1 are proposed for use with nominal diameters, with a likely
limit for very angular grains of 24 and 1.2. The proposed curves for spheres and nfttural
sediments (R = 1.65) are shown in Figure 10.5a. Methods for measuring particle density are
given in Lal (2006).

The controls on floc-settling velocities are rather different. Measurements have shown
that as floc size increases, floc density decreases and floc porosity increases (Droppo
et al., 1997). Thus, although the primary control on settling velocity is still floc size, there
is much more scatter in the relationship. Floc densities are typically between the density of
water and 1.4 gcm™>, with the majority being around 1.1 gem ™ (Droppo, Walling and
Ongley, 2002). Settling rates are, therefore, about an order of magnitude lower than a
similar size of solid particle. Some typical relationships reported in the literature are
shown in Figure 10.5b. It should be noted that, compared to the exponent of 2 in the Stokes’
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Figure 10.5 Settling velocity as a function of particle size. (a) Stokes Law (black dotted line), walfe
law for smooth spheres (black dashed line), Ferguson and Church (2004) for spheres (heavy black s'o.hd
curve) and natural sediments (heavy black dashed curve) with R=1.65. (b) Typical settling velocities
for flocs, for example soil aggregates (upper heavy black line) and suspended solids (lower hea\./y'black
lines) after Williams, Walling and Leeks (2008) with Ferguson and Church (2004) settling velocities for
spheres with R=1.65 (black solid curve) and R=0.11 (black dotted curve)

equation, these relationships have exponents of particle diameter in the range 0.5 to 1.0 for
flocs and about 1.2-1.3 for soil aggregates. Williams, Walling and Leeks (2008) identify
the other controls on the settling velocity of flocs and aggregates as the porosity of the
particle and its fractal dimension. Although these relationships plot well below the Stokes’
Law indicating lower settling velocities for the given size, it should be remembered that
the flocs are composed of particles which may be an order of magnitude or more smaller in
size and therefore this represents an increase in settling velocity for those particles, which
enhances their propensity to deposit. Thus, the process of flocculation and the transport of
fine sediment as flocs and aggregates are clearly fundamental for understanding the
dynamics of the fine-sediment cascade. For further details on the transport of cohesive
sediment, the reader is referred to the excellent review in Krishnappan (2007) and the
applications given in Haralampides, Corquodale and Krishnappan (2003) and Bungartz
and Wanner (2004). .

For very high sediment concentrations, mutual particle hindrance and increased drag
cause a reduction in the settling velocity compared to that for individual grains. This effect
may be represented as

V. = Vy(1-C)" (10.4)

where Vfg is settling velocity in a dispersion of other grains, V is settling velocity of a single
grain, C is volume concentration and » is an exponent which varies between 2.32 and 4.65
dependent on grain Reynolds number (Richardson and Zaki, 1958). Typical high values of
suspended sediment concentrations are of the order of 1000 mg L~ which, assuming a
particle density of 2650 kg Iri‘3,\gives a volume concentration of 10™* implying a negligible
0.001% reduction in settling velocity. However, hyperconcentrated flows have also been
reported in Chinese rivers with concentrations of 300 gL ™! (Xu, 2002). Applying the same
calculation gives a reduction in settling velocity of about 30%. Hyperconcentration also
occurs near the river bed, giving rise to ‘fluffy’ surficial deposits with a high water content
which may subsequently be readily entrained (Droppo and Stone, 1994).

10.2.3 Conveyance of Fine Sediment

Settling velocity determines both the transport mode of fine sediment as well as its
propensity for deposition. Silt, clay and flocculated material will normally travel in
suspension while sand may be transported either in suspension or as bedload, by rolling
or saltation, dependent on the flow conditions. Of key importance for calculating the flux of
suspended material is the distribution of sediment concentration with depth.

Suspended sediment includes all grains kept aloft by fluid turbulence such that the weight
of suspended material is balanced by an upward momentum transfer from fluid eddies
(Leeder, 1982). Thus, the quantity of particles in suspension depends on the fluid velocity
and turbulence as well as on the settling velocity of the sediment. Typical measured
concentration profiles are illustrated graphically in Figure 10.6. This clearly shows that the
higher the settling velocity of the particle, the higher is the concentration near the bed, while
particles with a very low settling velocity are evenly distributed throughout the water
column. :
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Figure 10.6 Typical concentration profiles for suspended sediment of a range of particle sizes/
settling velocities in the Missouri River at Kansas City, USA

(reprinted from Brakensiek, D.L., Osborn, H.B. and Rawls, W.J. (coords.) 1979 Field Manual for
Research in Agricultural Hydrology. United States Department of Agriculture, Agricuttural Handbook
224. 550 pp. Courtesy of the United States Department of Agriculture).

Assuming a logarithmic velocity distribution, particles in suspension will exhibit
a vertical concentration profile which can be calculated from diffusivity theory
(Rouse, 1937) as

Cy/Ca = [(d=y)/y-a/(d—a)] (10.5)

where C, is concentration of suspended sediment at height y above the bed, C, is the
reference concentration at height a above the bed, d is total flow depth and z = Vo/Bku-
where V, is settling velocity, 3 is the ratio of the diffusivity of suspended sediment to that of
water and is often taken to be 1, k is Von Karman’s constant and u~ is bed shear velocity. The
Rouse equation has been found to agree with concentration profiles in the lower part of
stream flows but tends to underestimate concentrations in the upper parts of the flow (e.g.
Bennett, Bridge and Best, 1998). Various criticisms have been made of the Rouse equation
which are summarized in Bridge (2003). The main problem lies in the calculation of the
sediment diffusivity and alternative formulations for 8 have been cited (e.g. van Rijn, 1984).
In practice, C,and a must also be measured or calculated and there are various methods for
doing this (e.g. van Rijn, 1984; Cao, 1999). An alternative to the convection—diffusion
approach is through an explicit two-phase flow model (e.g. Greimann and Holly, 2001) but
these methods are as yet relatively undeveloped.

In order to calculate the suspended sediment conveyance or transport capacity, the
velocity and suspended sediment profiles must be determined for the full width of the
channel and their product integrated for the whole cross-section. Alternatively, there is a
plethora of empirical functions and sediment transport models available which are reviewed
by Papanicolaou et al. (2008).

Of particular interest for the fine-sediment cascade is the conveyance of suspended
sediment through vegetated channels where the assumption of a logarithmic velocity profile
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Figure 10.7 Effect of vegetation on sediment conveyance.: (a) Vertical concentration profiles with
vegetation (solid lines) compared to Rouse model (dot-dash lines) for a range of grain sizes indicated
along the top of the graph.; (b) Reduction in sediment conveyance in the vegetated case for a range of
grain sizes as indicated by the ratio of shear velocity (u*) to settling velocity (V)
(reproduced from Lopez, F. and Garcia, M. (1998) Open-channel flow through simulated vegetation:
suspended sediment transport modelling. Water Resources Research, 34, 2341-2352. Courtesy of the
American Geophysical Union). '

no longer holds and a double-averaging methodology néeds to be adopted. An example
using vertical rods to represent rigid vegetation is provided by Lépez and Garcia (1998).
They use a modified k—¢ turbulence model with additional drag terms to close the Reynolds-
averaged Navier—Stokes equations for continuity and momentum to give velocity profiles
for clear water in vegetated channels. This is then applied in conjunction with the equation
for the vertical diffusion of sediment to give concentration profiles in the presence of
vegetation. Figure 10.7a shows that, compared to the Rouse distributions, the presence of
vegetation has a tendency to produce a more uniform distribution of fine sediment —
particularly for the coarser size fractions. The transport capacity is calculated by numeri-
cally integrating the product of the double-averaged downstream velocity and sediment
concentration. Figure 10.7b shows the impact on transport capacity of vegetation at arange
of densities for sediment with different settling velocities. The rapid reduction in transport
capacity with increasing vegetation density is readily apparent, particularly at high particle
Reynolds numbers.

" In practice, vegetation is not a uniform field of rigid rods but provides a varied hydraulic
environment with both marginal vegetation and in-channel submerged vegetation. In the
case of large trailing macrophytes, fine sediment may be found in patches in the lee of stems
(Cotton et al., 2006). This vegetation also creates a spatially organized flow pattern or
pseudo-braiding which may actually increase the overall sediment transport capacity.
The exchange of fine sediment with marginal habitats (Gurnell et al, 2006) is another
interesting feature of natural channels in which lateral diffusivity is important for modelling
conveyance and deposition (Sharpe and James, 2006). Further research is needed to
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understand and model the flow patterns in vegetated channels as well as their effect on
sediment conveyance.

10.3 Reach-Scale Dynamics, Sources and Storage

In the previous section it was shown how the conveyance capacity of river channels for
fine sediment under steady flow conditions can be calculated. While this is an important upper
limit on the fine-sediment flux, there is also a need to understand sediment transport under
unsteady conditions and in non-capacity channels. Expanding the time and space scales to that

““of the hydrological domain (Figure 10.2), the dynamics of fine-sediment movement during

storm events and the role of sediment supply on the fine-sediment cascade are now considered.

10.3.1 Measurement of Fine-Sediment Flux

The flux of suspended sediment is usually derived from measurements of water discharge and
suspended sediment concentrations. This assumes that the sediment travels at the same speed
as the water. This assumption has recently been brought into question by experimental work
of Muste et al. (2005) and neglect of this may lead to an overestimate of flux (Aziz, Prasad and
Bhattacharya, 1992). However, perhaps more significant is the need for effective temporal
resolution in flux monitoring. It is well known that > 90% of fine-sediment flux is carried in
< 10% time. An example time series of flow and suspended sediment concentration is shown
in Figure 10.8. It is evident from this that fine sediment may vary by several orders of
magnitude over a single flow event. For this reason, good flux estimates rely heavily on event
sampling coupled with continuous turbidity measurements, generally using optical back-
scatter, and there are a number of well-established instrumentation techniques and protocols
available (Evans, Wass and Hodgson, 1997; Wass and Leeks, 1999; Old ez al., 2006).

flow (m2s™)
100 200 300 400 500
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Figure 10.8 Example time series of flow and suspended sediment concentration for 1995 from the
River Swale, UK based on continuous turbidity and storm event sampling
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As these protocols reveal, the reliability of determining suspended sediment from
turbidity depends on rigorous weekly or fortnightly cleaning of the turbidity sensor, regular
calibration of the probe using standards and the stability of the relationship between
suspended sediment and turbidity. A number of factors, such as particle size, shape,
composition and water colour, have been identified as intervening in this relationship and
a comprehensive review is given in Gippel (1995). The uncertainty associated with these
variables may preclude the use of turbidity at very low suspended sediment concentrations
(<10 mg L") so that calculation of flux is best achieved using a median value of suspended
sediment concentration from grab samples taken say weekly to indicate the background
suspended solids during low flows, coupled with event sampling.

Even in small catchments, the relationship between suspended sediment and turbidity can
be quite scattered (Figure 10.9a). In large catchments with multiple sources, the relationship
between suspended sediment and turbidity may vary between each storm. This is shown in
Figure 10.9b for the River Swale over a series of storm events sampled during 1994 and
1995; the relationship during an individual storm is often extremely good but the overall
scatter is high. This emphasizes the importance of using both turbidity and automatic
sediment sampling in tandem in ordér to obtain good continuous data and therefore good
flux measurements. Newer approaches using acoustic or fibre optic technologies may have
potential for development in the future.

10.3.2 Fine-Sediment Dynamics over Hydrological Events

The part of the fine-sediment cascade which is dominated by washload or throughput load
may be characterized as a ‘high flux—low storage” system. One of the reasons that it is so

(a) (b}

10000 10000
= . «’—_‘I‘
~ 1000 PR S 10004
£ o*? é
TJ/ ’:0’0 .0‘ 8 a
5 . . S0P e, g -t A LA
= 1004 ME RN = 100 o =k 5 :?i
5 ¢ [ i,
2 . b £ ] 24
£ ¢ = [] A L8,
5 * 5 P A
o SO 3 S
. -
g 10 i, . g 1
>
1] [
1 T T 1 T
10 100 1000 10000 ' 10 100 1000
turbidity (mV) turbidity (NTU)

Figure 10.9 Example relationships between turbidity and suspended sediment. (a) Small catchment
with well-defined relationship (Denbrook, Devon, UK - data collected by Barnaby Smith, CEH and
Patricia Butler, North Wyke Research used with permission). (b) River Swale — each symbol represents a
different event

(after Smith et al., 2003a).
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difficult to predict and model in detail is that much of the time fine-sediment flux is limited
by its availability, that is the flow has the capacity to convey much more fine sediment than is
available to be transported. At other times, fine sediment is transport-limited which leads to
deposition. In order to understand the dynamics of fine-sediment storage in the channel, it is
therefore important to recognize the times, places and conditions under which these
different conditions occur.

If fine sediment were not limited by storage, then sediment rating curves would show a
tightly defined relationship between fine-sediment concentration and river discharge.
However, sediment rating curves in general show a very high degree of scatter. This has

- variously been attributed to variations with season, sediment source area and the rising and

falling limbs of the hydrograph. In this last case, patterns of hysteresis can provide a useful
tool for exploring sediment dynamics. Many catchments, particularly small ones, exhibit
clockwise or positive hysteresis, that is sediment concentration increases more rapidly than
river discharge, often peaks before discharge and shows much lower concentrations at the
same discharge on the falling limb of the hydrograph. The cause of this has generally been
attributed to depletion of the store of available sediment (Bogen, 1980; Walling and
Webb, 1982) or an increased proportion of subsurface flow during the recession limb of
a hydrograph (Wood, 1977; Becht, 1989). Anticlockwise or negative hysteresis occurs less
frequently and has been associated with cases where sediment sources are distant from the
point of measurement (Heidel, 1956) or where sediment is derived from bank collapse
following the flood peak (Sarma, 1986; Ashbridge, 1995) or mobilized from the bed
following biofilm break-up (Lawler et al., 2006). For larger catchments, other factors need
to be considered such as the downstream propagation of the flood wave (Petts et al., 1985;
Bull, 1997), the timing of water and sediment inputs from tributary streams (Smith
et al., 2003a), size of temporary storage within the river channel (Asselman, 1999) and
the relative velocity of the water and the sediment.

Many of these points can be illustrated by reference to measurements taken over a 55 km
stretch of the River Swale in North Yorkshire, UK. Figure 10.10 shows both the hydrograph
and sedigraph for a simple in-bank event for the upstream and downstream measurement
sites and the corresponding hysteresis curves. In this event, most of the water and sediment
was sourced upstream of the upper measuring point. The total volume of water passing
through the upstream site is 7.4 x 10% m> compared with 8.5 x 10°m® for the downstream
site. The hydrograph and sedigraph clearly show the attenuation of the event as it passes
downstream. This is much more pronounced for the sedigraph than for the hydrograph and
may be due to the different velocity of the water and the sediment. The net effect of thisis a
gradual reduction in conveyance capacity and significant within-reach deposition during
this event — an estimated 2230 tonnes of fine sediment passed through the upstream site
whereas only 901 tonnes passed through the downstream site.

Figure 10.10 shows that during this event, the upstream site shows a limited degree of
clockwise hysteresis suggesting that more sediment is mobilized on the rising limb of the
hydrograph and that there is some depletion of the available sediment. The dominant pattern
at the downstream site is one of marked clockwise hysteresis. In this case, it reflects the
progressive deposition of sediment during its travel down the reach and a consequent
reduction in available sediment. Later in the season, similar events show anticlockwise
hysteresis at the upstream site which is consistent with the hypothesis that in-channel
sources have largely been exhausted and material is being sourced from more distal sources.
This effect is less pronounced at the downstream site due to the supply of in-channel
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Figure 10.10 Passage of water and sediment downstream for River Swale, North Yorkshire, UK,
during an event largely sourced in the headwaters: thick line denotes upstream site of Catterick; thin

line denotes downstream site of Leckby Grange

sediment deposited in the intervening reach by events such as that described in Figure 10.10.
Thus, over an annual period and particularly in events where both water and sediment is
largely sourced from above the upstream site, a slug of fine sediment is seen as being
progressively cascaded down through the river reach.

Figure 10.11 shows a contrasting type of in-bank event. Here, the entire catchment is
contributing with both water and sediment input from tributaries joining the main channel
throughout the monitored reach. In this case, although the timing of the peak at the downstream
site is later than that at the upstream site, both the hydrograph and the sedigraph peaks increase
as tributary rivers bring in more sediment and water. The water flux through the upstreamsite is
15.8 x 10° m> and through the downstream site is 23.3 X 10° m®; the associated sediment flux
is 516 tonnes and 1017 tonnes respectively. It should also be noted that this event has much
lower sediment concentrations compared to the earlier event suggesting that available
sediment is more limited. For the upstream site, both sedigraphs of this double peaked event
show anticlockwise hysteresis with the first event having higher concentrations of fine
sediment compared to the second event. The anticlockwise hysteresis suggests that material
comes from more distal sources; the progressive reduction in concentration over the two events
suggests a reduction in the availability of sediment with each successive event. At the
downstream site, there is evidence for increased mobility of sediment for flows greater that
50m>s~! which may indicate mobilisation from within the channel. There is only limited
anticlockwise hysteresis but a pronounced drop in concentration for a given flow during the
second of the two events, implying a reduction in sediment availability.
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Figure 10.11 Passage of water and sediment downstream for River Swale, North Yorkshire, UK,
during a double event sourced throughout the larger catchment: thick line denotes upstream site of
Catterick; thin line denotes downstream site of Leckby Grange. Hysteresis patterns for the two major
events (labelled I and II) are shown in solid and dashed lines respectively

These findings for the River Swale are similar to those of Asselman (1999) for the River
Rhein in Germany where the mixing and routing of water from different sources as well as
the amount of sediment in storage were also found to be important drivers of the sediment
flux during events. A full analysis of all the events on the Swale over the period 1994-1996
also points to the importance of a small number of overbank events and to changing
sediment storage within the reach (Smith ez al., 2003a, 2003b).

10.3.3 In-Channel Storage

Following on from the dynamics illustrated above, it is clear that in order to understand the
fine-sediment cascade, it is important to be able to quantify in-transit storage, that is the
amount of sediment that is temporarily stored en route to the sea. Floodplain storage is dealt
with in Chapter 11 and may account for between 10 and 50% of the annual flux (Walling,
Owens and Leeks, 1999). The focus here is on in-channel storage, particularly in relation to
gravel-bed rivers in which the storage of fine sediment may be relatively short-term and
unimportant in terms of volume but may be a substantial proportion of the annual fine-
sediment flux and is critical for both biota and biogeochemistry or water quality.

Fine sediment may be stored on the river bed in discrete patches around vegetation
(Cotton et al., 2006) or in vegetated channel margins (Gurnell ez al,, 2006), in the lee of
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cobbles or pebble clusters (Brayshaw, Frostick and Reid, 1983), as sand ribbons (Bridge and
Jarvis, 1976) or drapes in pools (Lisle and Hilton, 1999), in dead zones (Tipping, Woof and
Clarke, 1993) or on channel bars (Gurnell, Blackall and Petts, 2008). These stores may
respond to individual flood events (Krein, Petticrew and Udelhovem, 2003); they may be
seasonal in character such as those associated with vegetation growth; or they may reflect the
passage of sediment waves downstream. Examples of the latter include short-term effects
such as the reservoir release of ¢. 7000 m? of silt to pebble-sized sediment reported by Wohl
and Cenderelli (2000). Here, fine sediment was deposited in downstream pools but then
reworked in successive events such that the fine sediment passed almost entirely through the
12 km reach over a single year. Passage of a sediment wave downstream on the River Piddle
is also reported by Walling and Amos (1999) who attributed it to the reworking of sediment
deposited in the upper and middle reaches of this small stream following erosion of
cultivated areas during the winter months. In this case, fine sediment was only slowly
transmitted downstream due to the low energy of this groundwater-fed chalk stream.
Longer-term impacts due to catchment disturbance (e.g. Bartley and Rutherfurd, 2005) are
considered in the next section.

In addition to surface deposits, fine sediment may also be deposited within the hyporheic
zone of gravel-bed rivers in the interstices between individual clasts. This may happen
through simultaneous deposition of the gravel framework and fine matrix material (Andrews
and Parker, 1987). Alternatively, fine sediment may subsequently be deposited within clean
gravels (Schalchli, 1995) or move down into the subsurface as the gravel framework dilates
at flows near the threshold of motion (Allan and Frostick, 1999). The importance of
intergravel flows, rather than just surface infiltration, has also been demonstrated (Petticrew,
Krein and Walling, 2007). This fine sediment fundamentally affects the permeability of the
bed and the oxygenation of the gravels vital to fish-egg survival (Acornley and Sear, 1999;
Greig, Sear and Carling, 2005) and the benthic and hyporheic invertebrate communities
(Wood and Armitage, 1997). It is difficult to be precise about the depth to which fine
sediment may be deposited within a gravel bed and the depth to which the active bedload
layer, required to remobilize the contained fine sediment, may extend. In gravel-bed rivers
which exhibit armouring, the depth of infiltration of fines will depend on the grain size of the
armour layer, water depth and velocity. Beschta and Jackson (1979), Frostick, Lucas and
Reid (1984) and Lisle (1989) found that this depth typically ranged between 5 and 10 cm,
although, in very high flows, it may be more than twice the median grain size of the armour
layer.

There are various techniques used for determining fine-sediment storage. The prime
method for determining the content of fines at depth is freeze-coring (Petts ez al., 1989). This
provides a measure of the fine-sediment content as a percentage of the total core by weight,
and figures for the chemically/ecologically important silt and clay fractions vary between O
and 20%. Milan, Petts and Sambrook (2000) give typical values for the upper 30 cm gravel
from three types of rivers in the south of the UK (Table 10.1). Type I rivers are on
impermeable geology while Type II rivers are chalk and Type II rivers have either a
limestone or sandstone geology.

Freeze-coring is an expensive and disruptive method of measurement and, for surface and
near-surface (upper 5-10cm) interest, the disturbance technique of Lambert and Wall-
ing (1988) refined by Collins and Walling (2007a) has been used to determine channel
storage of fine sediment. In this method, a metal cylinder is carefully lowered into the
channel until it rests on the channel bed. The cylinder is then slowly rotated and pushed
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Table 10.1 Typical values for fine sediment content in the upper 30 cm of gravel-bed rivers in

southern UK (after Milan, Petts and Sambrock, 2000); mean percentage by weight, range given in
brackets

Type I stream Type 1T Type III stream
impermeable stream chalk sandstone/limestone
(n=20) (n=11) (n=20)

Dsq of armour layer (mm) 55 (31-73) 42 (20-84) 38 (13-60)

Ds substrate (mm) 26.6 (14-48) 5.6 (0.5-12) 10.1 (1.1-29)

Sand (0.063-2 mm) fraction % 11 (6.5-16.5) 42 (28.0-64.1) 21.5 (9.543.0)

-~ Silt (0.004-0.062 mm) fraction % 3.5 (0.6-7.3) 4.9 (0.9-8.1) 74 (2.0-18.0)
Clay (<0.004) fraction % 0.6 (<0.1-1.9) 0.6 (<0.1-1.2) 1.7 (0.3-5.2)

downwards in order to create a seal with the bed. The contained area of bed is then disturbed
to release the fine sediment. Disturbance of the water within the cylinder will simply release
surface sediment; disturbance of the bed will release fine sediment stored down to the
disturbance depth (usually about 5cm). Representative samples of the water within the
cylinder are taken and its sediment content measured. The measurements provide a snapshot
in time; assuming that fine sediment is mobilized during high flows, the highest values of
storage might be expected during prolonged low flows. Aside from this time dimension,
estimates of channel storage are only as good as representative sampling of sediment
patches and procedures for scaling up to river reaches (multiplying by the width of the
channe] and the Iength of the reach) allow. However, they provide a useful indicator of the
amount of storage and its relation to estimates of the annual flux of sediment. Published
values for rivers in the UK are given in Table 10.2 which includes the range of measured
point storage values.

Sampled values of storage are similar to those quoted for Ontario rivers by Droppo and
Stone (1994). Some indication of the variation between site measurements for each main
riverisindicated. All figures relating to both storage and flux in Table 10.2 should be taken as
estimates with broad error bands which have yet to be fully quantified. The high percentage
of the annual load seen in the cases of the Tern, Pang and Lambourn are consistent with the
low flushing capacity of these predominantly groundwater-fed rivers which experience
large amounts of macrophyte growth during the summer months. In other rivers, the low
percentage storage is relative to a high flux but the amount of fine sediment per unit bed area
stored within these rivers can be just as high as that of chalk streams.

The aggregated estimates for individual rivers given in Table 10.2 mask a number of
important variations noted in the literature. An important variation is the increase in storage
with distance downstream; the ranges given in Table 10.2 for the large catchments in
Yorkshire (Swale, Ure, Nidd and Wharfe) illustrate the difference between the most
upstream and the most downstream reach which is partly a function of the width of the
channel and partly a reflection of changes in point measurements per unit bed area.
Downstream effects were also noted in the Frome and Piddle catchments (Collins and
Walling, 2007c). Seasonal patterns have been observed at individual sites but no consistent
pattern has been found across sites, which implies that local factors are important in
determining fine-sediment storage (Collins and Walling, 2007b). Summer maxima (Adams
and Beschta, 1980; Frostick, Lucas and Reid, 1984; Walling, Owens and Leeks, 1998;
Walling et al., 2003b) may reflect both flow regime, land use and macrophyte growth.
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Table 10.2 Sediment storage in channel bed (fine sediment in upper 5 cm of gravel-bed rivers)
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Winter maxima have also been observed (Sear, 1993; Acornley and Sear, 1999; Walling and
Amos, 1999) which tie in with increased sediment delivery. The source of these sediments is
now explored.

10.3.4 Source Apportionment

A fundamental consideration when describing the fine-sediment cascade is the source of the
sediment. Except in very small catchments (e.g. Bartley et al, 2007), the individual

“monitoring of all the components is precluded by the intensive and expensive spatial and

temporal sampling that would be required. Accordingly, the past two decades have seen the
continued development and application of tracing and fingerprinting techniques for
apportioning sediment sources. Specific advances have been made in composite finger-
printing and some attempt, albeit not generally implemented as yet, to quantify uncertainty.

Many papers report the proportion of suspended sediment or the proportion of fine
material found on the river bed from various sources based on these techniques so it is
important to understand the method, the various assumptions made and the potential
uncertainty in these estimates. The key assumption in fingerprinting is that one or more
properties of the transported sediment reflect those of the sources involved. Early work
looked at single tracer groups, for example mineralogy, mineral-magnetic, radiometric,
organic, chemical, isotopic or physical, but no single property was found that would reliably
distinguish different sources and reliance shifted to composite signatures (Walling,
Woodward and Nicholas, 1993; Collins, Walling and Leeks, 1997). Figure 10.12 shows
the basic steps in source apportionment through composite fingerprinting based on Collins,
Walling and Leeks (1997), Rowan, Goodwill and Franks (2000), Motha et al. (2002) and

Source Sampling

recognition of sources
adequate sampling
variability in source

§ i

dry & sieve to <63 ym
physical & chemical properties

Samples to be apportioned

e.g. bed sediment
suspended sediment

dry & sieve to <63 ym
physical & chemical properties

g

Multivariate Discriminant Analysis Correct for particle size & organic content

(conservatism, precision of measurement)

! L]

minimum number

selected properties > Mixing Model
accept that may be unable to
discriminate all sources f \
linear model . Monte Carlo

optimisation estimation

Source Apportionment

Figure 10.12 Annotated outline of composite fingerprinting method
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Motha et al. (2003). Also shown in italics are some of the important issues encountered at
each step.

Two sets of samples need to be collected: a selection of source materials needed to
characterize the material likely to be eroded and the set of suspended sediment or bed
sediment samples for which source apportionment is required. The collection of source
materials is clearly a key determinant of the results and should both focus on material likely
to be eroded (top 2 cm surface, eroding banks, poached areas, eroding tracks, etc.) and
encompass variations in surface types (e.g. different land uses) and different geology as
appropriate. Less obvious or hidden sources, such as subsurface soils in areas where
underdrainage of clay soils promotes subsurface erosion (Chapman et al., 2005; Bilotta
et al., 2008), should not be overlooked. A wide range of sediment chemical and physical
properties is then needed to identify those properties which may be able to distinguish
between different sources. Which ones are effective will vary from catchment to catchment.
Once these have been identified using some form of multivariate discriminant analysis, a
simple mixing model (Equation 10.6) is applied to measurements of these properties in each
of the samples to be apportioned. This should use the minimum possible number of
properties as the model is likely to be overparameterized. If different sources are indistin-
guishable, they will need to be amalgamated. Corrections for both particle size and organic
content should be applied as these parameters fundamentally affect the ability of the
sediment to absorb chemistry (Collins, Walling and Leeks, 1997). Corrections for conser-
vatism (Motha et al., 2002) and weights to reflect precision of measurement (Collins,
Walling and Leeks, 1997) may also be applied. At its simplest, the mixing model can be
expressed for each sample to be apportioned as

n

Ci = (pjsyk)subject to» p;=1and0<p; <1 (10.6)
j=1 j=1

where C; is the predicted concentration of property i in the sample, p; is the proportion of
source type j, sy is a representative concentration of property i for source j and k is a
correction factor for the sample.

There are two basic approaches to fitting the model: optimization using constrained linear
programming (Collins, Walling and Leeks, 1997) or some form of Monte Carlo simulation
which recognizes that there is unlikely to be a single optimum solution (Rowan, Goodwill
and Franks, 2000; Motha et al., 2002; Collins and Walling, 2007a). Results from Monte
Carlo simulations may indicate relatively wide uncertainty bands for the derived propor-
tions but generally give distinct upper limits and the same order of importance of the
different sources as more traditional optimization techniques. Thus, although precise values
may need to be treated with caution, the overall relative importance of sources is generally
reliable. Example surveys of suspended sediment samples in the UK (Walling, 2005) clearly
separate those catchments where channel bank or subsurface erosion dominates from those
where surface erosion dominates (Figure 10.13a). Regional contrasts (Figure 10.13b) have
also been identified in the source of bed-sediment samples (Walling, Collins and
McMellin, 2003c).

In addition to the dominant climate, soil type, land management and bank erodibility
factors which clearly have a role in the observed pattern, distance downstream is also
important in the cascade of fine sediment. Work using radionuclides within the Yellowstone
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Figure 10.13 Source apportionment.: (a) Suspended sediment in UK rivers

(reproduced, with permission, from Walling, D.E. {(2005) Tracing suspended sediment sources in
catchments and river systems. Science of the Total Environment, 344, 159-184. © Elsevier).

{b) Provenance of interstitial sediment in the UK (With kind permission from Springer Science
+ Business Media: Walling, D.E., Collins, A.L. and McMellin, G. (2003) A reconnaissance survey of the
source of interstitial fine sediment recovered from salmonid spawning gravels in England and Wales.
Hydrobiologia, 497, 91-108.) (c) Downstream trends in provenance from Yellowstone

(reproduced from Whiting, P.J., Matisoff, G. and Fornes, W. (2005) Suspended sediment sources and
transport distances in the Yellowstone River basin. Geological Society of America Bulletin, 117, 515-
529. Courtesy of the Geological Society of America).

River basin clearly demonstrates that the dominance of upstream sources diminishes with
distance downstream (Figure 10.13c) as transport distances increase with catchment area
and the relative importance of river banks increases due to lateral erosion and interaction
between the river and its floodplain (see Chapter 11).

10.4 A Whole-Catchment View

The key issues in the fine-sediment cascade highlighted above are the source of the sediment
and the importance of sediment routing and channel storage. It has also been seen that fine-
sediment transport is highly intermittent and shows behaviour which is both threshold-
dependent and hysteretic. In this section, it is shown that assembling this information at the
large basin scale requires both proper identification of time and space scales, appropriate
simplification of process representation and a spatially distributed approach.
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Figure 10.14 Sediment budgets for two contrasting small catchments in the UK and for the River
Ouse, North Yorkshire, UK

(reproduced, with permission, from Walling, D.E., Russell, M.A., Hodgkinson, R.A. and Zhang, Y.
(2002) Establishing sediment budgets for two small lowland agricuttural catchments in the UK.
Catena, 47, 323-353. © Elsevier; from Walling, D.E., Collins, A.L., Jones, P.A., Leeks, G.J.L. and Old, G.
(2006) Establishing fine-grained sediment budgets for the Pang and Lambourn LOCAR study catch-
ments. Journal of Hydrology, 330, 126-141. © Elsevier; Walling, D.E., Owens, P.N. and Leeks, G.J.L.
(1998) The role of channel and floodplain storage in the suspended sediment budget of the River Ouse,
Yorkshire, UK. Geomorphology, 22, 225-242. © Elsevier).

10.4.1 Examples of Fine-Sediment Budgets

Once sources are apportioned and storage assessed, an overall fine-sediment budget can be
constructed. Examples of the range of contemporary fine-sediment budgets are given in
Figure 10.14. They have been constructed to represent the annual sediment yield on the basis
of short-term records and an array of fingerprinting and other tracing techniques.
Figures 10.14a and 10.14b are for contrasting types of small catchment. Both show the
importance of within-field and field-to-channel deposition, with relatively small amounts of
fine sediment being conveyed through the channel system. This is especially the case for the
River Lambourn which is a chalk catchment, fed predominantly by groundwater.
Figure 10.14b also highlights the important contribution of cultivated compared to pasture
fields. In underdrained clay soils and in wetter areas with steeper slopes, the contribution
from pasture fields will be much higher (Bilotta et al., 2008). Figure 10.14c shows an
example of the much larger catchment of the River Ouse which shows the relative
importance of flux, floodplain and channel storage. Figures for in-channel storage are
given in Table 10.2 and amount to 10-20% of the total flux; Figure 10.14c gives the figures
for floodplain losses which account for 10-50% of the overall fine-sediment flux.

The budgets shown in Figure 10.14 represent the annual flux, based on a relatively
short record of flux data. However, another characteristic of sediment flux, occasioned
not only by its relationship with flow but also by depletion of available catchment
storage, is its high variability from year to year. In the UK, measurements made on the
Swale and Calder in Yorkshire (Wass and Leeks, 1999), the Tweed in Southern
Scotland (Bronsdon and Naden, 2000) and the Cyff and Tanllwyth in Wales show
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differences in annual sediment yields of up to a factor of five, from three to six
complete years of monitoring. Long-term data from the Rivers Creedy, Culm and Exe
in Devon, UK, give coefficients of variation (i.e. standard deviation as a percentage of
the mean) in annual sediment yields of 116.3, 96.4 and 88.8% respectively over the ten
years from 1994 to 2003 (Harlow, Webb and Walling, 2006). On the River Creedy,
yvields varied between about 10 and 74 tkm ™2 yr~*

10.4.2 Sediment Delivery Ratio Revisited

To consider the fine-sediment cascade in its entirety, it is necessary to be able to express the

relationship between upland erosion and downstream sediment flux. Such a description will
enable management issues such as the lifetime of reservoirs and the maintenance of
downstream habitat to be addressed. The sediment delivery ratio (SDR), that is the ratio of
the sediment yield of a catchment compared to the average sediment erosion across the
catchment, has in the past been used as a lumped descriptor of the fine-sediment cascade.
However, there are a number of conceptual and practical problems associated with this
lumped measure which have recently been highlighted. Parsons et al. (2006) point to issues
relating to quoted hillslope erosion rates and the definition of area used in the delivery ratio,
while Lu and Richards (2008) emphasize issues relating to the time periods over which
erosion rates and sediment yields produce meaningful averages — a factor which is not
helped by the lack of long-term data on sediment flux through river networks.

For landscape units in steady state or equilibrium, catchment yield should be approxi-
mately equal to the amount eroded from upstream slopes with no net change in storage, and

the sediment delivery ratio should equal 1. If SDR#1 then it implies aggradation or.

degradation over the chosen time period. For larger catchments, it is therefore clear that the
SDR, as calculated over observational time periods, is a function of time and the catchment
condition as the system is not stationary over these time periods but contingent on its
erosional history as dictated by both anthropogenic and geomorphological change. Human
colonization, the expansion of agriculture and the associated increase in soil erosion have
been widely documented in the USA (Trimble, 1975, 1983; Meade, Yuzyk and Day, 1990),
Australia (Wasson, Olive and Rosewell, 1996; Wasson et al., 1998; Rutherfurd, 2000) and
the UK (Macklin, 1999; Macklin and Lewin, 2008). Timescales for the passage of sediment
slugs following human disturbance can be several centuries dependent on volumes and
calibre of material. Examples of recovery from human disturbance are given in Wohl and
Cenderelli (2000) and Bartley and Rutherfurd (2005). The legacy of geomorphological
change following glaciation is also evident in examples from Canada (Church ez al., 1999;
Church, 2002) where the characteristic time for sediment transfer in large basins has been
estimated to be of the order of 10?-10° years.

Itis also clear that as spatial scale increases, the system moves from a condmon in which
the hillslope is dominant to a system in which the channel network dominates and the
importance of travel distance and in-channel storage as well as the link to geomorphology
and floodplain storage (see Chapter 11) becomes paramount. The scale at which this
happens depends on the relative travel times. Lu, Moran and Sivapalan (2005) present a
simple lumped two-store linear model which recognizes the roles of hillslope and channel
storage and the processes of redeposition and reworking of sediment (Figure 10.15). It is
analogous to the hydrological model of Sivapalan, Jothityangkoon and Menabde (2002).
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Figure 10.15 Simple two store linear model

(reproduced from Lu, H., Moran, C.J. and Sivapalan, M. (2005) A theoretical exploration of catchment-
scale sediment delivery. Water Resources Research, 41, Article no. W09415. Courtesy of the American
Geophysical Union).

The SDR for an event may be derived as

_le1 1 + enti) where Ap =1+Antn and By =1+hly (10.7)
e Z‘t Bn Ah ehter

where 7, is event SDR, ., is effective storm duration, 7 is event time, e, is channel-network
erosion rate, #; is duration of channel erosion, e, is upland erosion rate, Ay is proportion of
hillslope sediment redeposited per unit time, #, is mean residence time within the hillslope
store, A, is proportion of channel erosion redeposited per unit time and #, is mean residence
time within the channel store. This model has been shown to fit the SDR data of Roehl (1962)
and, with a suitable choice of parameters, can simulate all the observed behaviour in SDR
with catchment area. The shift from hillslope to channel dominance may be calculated as

1 el

10.8
Ah enler ( )

While the lumped approach given in Figure 10.15 is one way of putting together the
hillslope and network routing components of the fine-sediment cascade, for large catch-
ments it is often necessary to link specific upstream inputs to downstream impacts in order to
provide a basic understanding of the system for the purpose of managing fine sediment. This
requires a spatially distributed approach which is exemplified by the SedNet model
presented by Prosser et al. (2001), Lu et al. (2004), Lu, Moran and Prosser (2006) and
Ding and Richards (2009). This takes a similar approach to that shown in Figure 10.15 in that
it separates out hillslope and channel components of the system and treats individual
sediment sources separately but it is implemented within a spatially distributed GIS
framework. Individual processes are approximated in a simple way and the linkage between




296 CH 10 THE FINE-SEDIMENT CASCADE

source and sea is essentially treated as a chained set of reservoirs in which there is the
potential for deposition. One application is to the Murray—Darling basin in Australia which
has an area of about 1.1 x 10°km?. The model is set up using spatial units of 50-100 km?.
Amnual sediment yields from each unit are given by

Yi=T4+B;+ G+, Ei—D; (10.9)

where Y; is sediment yield (t yr™), T3 is input from upstream tributaries, B; is mean annual
supply from bank erosion, G; is mean annual supply from gully erosion, v; is a hillslope

- delivery ratio, E; is mean annual input from hillslope erosion and D; is a deposition or loss

term which includes channel deposition and losses to floodplains, lakes and reservoirs. For
an individual unit the SDR is Y/(Y; + D;) and for any downstream link, k, the mean annual
delivery of sediment from upstream link 7 is given by

My
hie =1 HY;
7=1

where J;is the sediment supply from within the link i, M. is the number of river links along the
route from link 7 to location k, and 7; are the successive link element SDRs which represent
the probability of sediment passing through river link j as determined by the amount of
deposition in that river link. The total sediment yield at the downstream point is given by

(10.10)

N
Te=> (10.11)

where N is the total number of link elements contributing to location k.
An example of the results from this model is given in Figure 10.16 for the sediment
delivery ratio for both the clay and silt fractions of fine sediment in the Murray-Darling

Figure 10.16 Results of SDR for clay and silt fractions in the Murray-Darling basin

(reproduced, with permission, from Lu, H., Moran, CJ., Prosser, I.P. (2006) Modelling sediment
delivery ratio over the Murray Darling Basin. Environmental Modelling and Software, 21, 1297-1308.
© Elsevier).
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Basin. The calibre of the sediment affects the residence time of the sediment via the settling
velocity. It is apparent from Figure 10.16 that very little of the sediment generated in the
uplands reaches the basin outlet on an annual timescale and, in this particular example, the
main management concern in the region is the delivery of fine sediment to lowland rivers and
the impact on aquatic ecosystems.

Lu et al. (2004) use the model to examine the cost-effectiveness of various management
scenarios to reduce the delivery of fine sediment generated by upland soil erosion to the
channels of the lowland area. The model could also be used to look at longer term impacts of
climate, land use or other environmental change based on arange of scenarios. The approach
focuses on an appropriate level of detail for the scale of the problem. Further work is needed
to develop simplified formulations of the governing processes in line with time-integration
of our physical understanding. Perhaps this, together with the basic data collection and
testing of model outputs, is one of most important challenges for the future.

10.5 Conclusion - the Need for Future Research

This chapter has sought to highlight areas of the fine-sediment cascade in which significant
progress has been made in the past few decades. It has spanned the three major disciplines of
hydraulics, hydrology and geomorphology in order to bring out the key-advances and
identify some of the remaining issues. The fundamental influence of time and space scales
on current thinking in these areas has also been demonstrated. Looking to the future, a
number of areas for future research can be identified.

In the hydraulics field, there is still a need to improve estimates of fine-sediment
conveyance capacity and move away from empirical relationships. Given the complex
flow fields found in natural channels, this will require the development of two-phase
space—time averaged models. A particular requirement is parameterization of the trapping
of fine sediment in gravel beds and vegetation. Both unsteady and non-capacity flows need
to be considered. In developing these models, it is important to recognize the process of
flocculation and the specific characteristics of flocculated and biogenic sediments, and to
develop sound protocols for their measurement. .

A great deal of progress has been made in the monitoring of fine-sediment fluxes and
collecting data on both in-channel and floodplain storage. However, there is still very limited
long-term monitoring of sediment flux through entire river networks. This is a crucial
requirement for the effective management of fine sediment and provision of test data for GIS
models at the larger scale. New technologies such as acoustics or fibre optics need to be
explored as to their applicability. It is also increasingly necessary to provide proper
estimates of uncertainty in flux measurements, source apportionment and volumes of
channel and floodplain storage.

At the whole-catchment scale, the development and testing of simplified process-based
models, a recognition of time-dependence in sediment transfer, the development of better
relationships between sediment transport and storage, and estimates of sediment residence
times are fundamental requirements. In parallel, it is also necessary to quantify the timing,
amounts, types and quality of sediment which are detrimental to ecosystems and human
well-being and infrastructure. This information then needs to be coupled with an under-
standing of the fine-sediment cascade in order to provide a sound basis for sediment
management, policy and application of mitigation measures.
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