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Geomorphology and Sediments of 
the Hyporheic Zone 

 

3.1 Summary of key messages 

1. Geomorphological impacts on hyporheic zones are rea dily apparent  at 
multiple and linked spatial and temporal scales. In particular, sediment, 
nutrients and contaminants delivered to a site from hillslopes or upstream 
reaches are important for the stability, disturbance and maintenance of 
hyporheic zone habitats, therefore site-specific approaches to management 
are much less likely to succeed. A catchment approach is therefore 
essential.  

2. River channel and basin histories are important to the understanding 
and management of hyporheic zone. For example, channel materials in 
upland glaciated areas of northern and western UK tend to be coarse, with 
higher hydraulic conductivities and increased potential, at least, for flow and 
pollutant exchange between surface water and groundwater. Reaches 
located immediately upstream of transverse valley moraine features of low 
permeability can often be associated with strong groundwater upwelling. 

3. UK rivers tend to become more dynamic and unstable from SE to NW , 
and this will affect hyporheic exchange flows and channel stability: this is 
important for river restoration design. Catchments in northern and western 
Britain often show greater annual precipitation, rainfall seasonality and 
storm magnitude/frequency; higher absolute river discharges and specific 
runoff; steeper stream longitudinal profiles and hillslopes; and thicker 
covers of loose, erodible glacial materials linked to recent glacial 
conditions. 

4. Rivers undergo strong downstream changes in chan nel geometry, 
energy and materials , and new data and models are changing our view on 
such longitudinal  processes. However, few attempts have been made to 
predict the impacts of such longitudinal changes on hyporheic zone 
operation. However, it is becoming possible to classify expected 
geomorphologic characteristics of channel segments depending on location 
in the river network and catchment and their associated potential for 
hyporheic exchange. In a downstream direction river channel width 
increases preferentially over depth, so river banks may play a more 
important role in hyporheic exchange flows in upper reaches where they 
occupy a greater fraction of the channel perimeter. Stream power can be a 
useful measure of channel instability and bedload transport, but power (and 
possibly channel instability) can peak in intermediate locations river 
systems, where the optimum combination of slope and discharge is 
achieved. 

6. At reach scales, hyporheic exchanges are driven pri marily by 
topographic features and changes in bed permeabilit y. 
Geomorphologic features lead to variable pressure gradients by three 
mechanisms: (a) by inducing vertical hydrostatic head gradients; (b) by 
inducing horizontal hydrostatic head gradients; and (c) by inducing dynamic 
head gradients due to current-topography or current-obstacle interactions. 

7. Riffles are common bedforms in rivers and are es pecially important 
for hyporheic exchange flows and zones of upwelling and downwelling. 
Spacing of riffles varies in the UK from 3-21 channel widths. 



8. Any topographic irregularity (e.g. a meander ben d) induces hyporheic 
exchange . This process drives surface water-ground water connection at 
channel-floodplain to alluvial valley scales. 

9. At site scales (for example an individual riffle or  pool), the topography 
and sedimentology also impact on hyporheic water an d nutrient 
exchanges , but topographic features generally result in shallower 
penetration of surface water and shorter flow paths than exchanges driven 
at the reach scale. Streambed obstacles (such as log jams or boulders) 
cause pressure differentials that induce surface-subsurface water 
exchange. 

10. Variability in hydraulic properties of riverbed  sediment can also 
induce hyporheic flow , even in the absence of pressure gradients along 
the river-sediment interface. Yet limited monitoring means that the national 
extent of river siltation in the UK is poorly understood. However, variability 
is high between and within streams and reaches (sub 1-mm fraction can 
vary from 1% - 70%), and it changes seasonally (sedimentation rates often 
peaking in winter), so generalisation is difficult. Site-specific surveys over 
periods longer than one year are therefore recommended. 

11. The process by which fine sediment moves into g ravel beds is 
termed  colmation . Such sediment infiltration processes are best 
considered in two groups: (a) those acting in the water column, such as 
gravitational settling and turbulence, which deliver fine sediment to pores in 
the upper surface of the deposit; and (b) those acting within the sediment to 
redistribute material delivered to surface pore spaces.  If fine sediment (e.g. 
sub 1-mm) is significantly present in the bed (e.g. >14% of total sediment) 
negative ecological impacts can result (e.g. for spawning). 

12. High flows can cause fine sediment to settle mo re deeply into the 
bed. When flows increase sufficiently to disturb the bed framework (such 
as when critical stream powers or shear stresses have been exceeded) 
pore spaces dilate and fine sediment, if not scoured, is able to penetrate 
deeper into the bed gravels. 

13. In many streams, fine sediments are associated with organic material  
associated with vegetation growth or logging activities. This is important 
because the process of oxidation of organic matter creates a Sediment 
Oxygen Demand (SOD) within the spawning gravels that directly competes 
with the incubating eggs. 

14. Sediment processes in gravel river beds can be modelled . Empirical 
models aim to predict fine sediment accumulation in redd gravels from field 
measurements and extrapolation over time, or predict from a series of 
empirical relationships that broadly represent sediment transport, infiltration 
and egg survival.  Analytical models, though (for example Sediment 
Intrusion and Dissolved Oxygen: SIDO), predict near-bed sediment 
concentration and the infiltration process. SIDO models the processes of 
sediment transport and infiltration into a static salmonid redd (composed of 
different grain sizes), the supply rate of oxygen transported through the 
gravel bed, egg oxygen consumption and temperature dependence. 

15. The quality  of fine sediments is particularly important , especially any 
associated pollutants and organic fractions. Fine bed sediments play an 
important role in the temporary storage or fate of nutrients and pesticides 
and other contaminants.  Hence predicting pollutant attenuation capacities 
of hyporheic sediments are seen as an increasingly important area in 
environmental management. 



3.2 Introduction 

Geomorphological and sedimentological structure of river channels is crucial to 
hyporheic zone operation. Typically, water within the hyporheic zone is composed of 
upwelling groundwater and advected surface water. The influx of water from these 
zones is controlled by dynamic processes operating over a variety of spatial and 
temporal scales. In complex landscapes, hyporheic exchanges are typically composed 
of localised hyporheic processes embedded within larger hillslope groundwater 
systems (Malard & Hervant, 1999). At smaller scales, the riverbed can be viewed as a 
mosaic of spatially distinct surface-subsurface exchange patches in which the timing 
and magnitude of exchange is temporally variable (Malard & Hervant 1999). 
 

Catchment geomorphology can express much of this complexity, and is one of four 
primary controls of hyporheic exchange flow, HEF (see Chapter 4), alongside stream 
water level, groundwater discharge and hydraulic conductivity (linked to grain size and 
shape distributions, sediment unit weight and bedrock outcropping). Indeed, a recent 
classification of pollutant attenuation abilities of hyporheic zones by Booker et al. 
(2008) is based on sediment thickness, sediment permeability, subsurface permeability 
and geochemistry. A further two variables are used in the derivation of these 
properties: stream power (see section 3.4.4) and sediment supply. The method can be 
used to focus resources for further investigations on areas with specific types of 
hyporheic zones. The method can also be used to further characterise water bodies for 
EU Water Framework Directive purposes. 

Thus, there is an increasing interest in the role of geomorphology and sediments in the 
operation of the hyporheic zone (e.g. Sear et al., 2008; Cardenas, 2009). However, ‘we 
know little regarding how geomorphological features along the surface-groundwater 
interface collectively affect water quality and quantity’ (Cardenas, 2008, para 1), and 
we are probably not yet at the stage where channel morphology and sediments can be 
used to predict HEF. 
 
The aim of this chapter is to review the roles of geomorphology and sediments relevant 
to fluvial and hyporheic zone processes. Though we draw on a large range of literature, 
references have been kept to a minimum to make the chapter more readable. The 
main focus lies with humid temperate environments typical of UK hydrological systems, 
given the principal target readership of this Hyporheic Handbook. Clearly, basin and 
fluvial processes exert strong control over hyporheic zone dynamics and ecology at 
many spatial scales (e.g. catchment, reach, site or bedform) and at long-term, annual, 
seasonal and storm-event timescales. Figure 3.1 establishes a holistic drainage basin 
context and nested spatial scales, with particular reference to sediment supply. 
 



 
 
Figure 3.1 Sediment supplies and connections in a c atchment context (Sear et 
al., 2004). 
 
This chapter uses scale as a framework: it begins with longer-timescale issues relevant 
to valley fills and river bed material, moves to basin scale processes, and finishes with 
a consideration of geomorphologic processes at reach and site scales, and at storm-
event timescales. For example, at catchment scales, long profile gradients and 
drainage network properties influence channel hydraulics and bedform and habitat 
creation at smaller scales. Catchment surface and subsurface runoff, erosion, basin-
channel connectivity, and delivery of sediment, organics and contaminants to stream 
channels and hyporheic zones are crucial to fluvial suspended sediment transport, 
sediment ingress and habitat quality. 
 



At reach scales, bedforms (for example pool-riffle sequences) influence the rate and 
periodicity of downwelling (mainly at riffle heads) and upwelling (mainly at riffle tails). 
Channel planform drives flow structures and velocity distributions important for 
sediment transport continuity and redistribution of bed sediment. At site scales, 
sediment characteristics (such as channel substrate architecture, particle size and 
shape distribution, pore geometric properties and connectivity, armour development 
and roughness) impact on hyporheic water and nutrient exchanges. Channel geometry 
(such as wetted perimeter and width/depth ratio - and therefore shading potential) 
influences the lateral and vertical extent and thermal cycling of the hyporheic zone. 
 
Furthermore, scales are linked: sediment, nutrients and contaminants delivered to the 
channel from basin- or reach-scale processes through hydrological, fluvial and 
geotechnical processes (for example gully, bed and bank erosion; Lawler, 2008) are 
important for the stability, disturbance and maintenance of hyporheic zone habitats as 
expressed by the intermediate disturbance hypothesis. Infiltration of sediment into bed 
gravels (colmation) is especially important, and this is influenced strongly by transport 
dynamics (Lawler et al., 2006) and properties of both the substrate and fine sediment 
(see section 3.7). 
 
One brief example serves to illustrate the effects of scale here. Baxter and Hauer 
(2000, p. 1470) demonstrated the importance of considering ‘multiple spatial scales 
within a hierarchical geomorphic context’ in their findings. They found that at the reach 
scale, bull trout selected upwelling zones for spawning, but within these reaches, trout 
chose localised downwelling zones of high intragravel velocities in transitional 
bedforms to establish redds. 
 

3.3 Long timescale impacts: valley materials and 
geomorphology materials 

 
3.3.1 Devensian background and valley materials 
 
The evolution of valley fills is important in that it impacts on the sedimentology and 
geomorphology of the GW/SW interface. For example, Soulsby et al. (2005, p.39) 
found that groundwater often entered stream channels via drift deposits in valley 
bottom areas, which were fed from recharge areas on the catchment interfluves. 
Indeed, a range of groundwater sources which reflected complex solid and drift 
geology accounted for spatial differences in stream hydrochemistry and the spatial 
delineation of groundwater discharges to rivers and riparian zones. 
 
In the UK, there are clear differences in valley fills and channel materials depending on 
the compounded variables of recent glacial history, source materials, elevation and 
slope, and these influences are significant in the operation and management of 
hyporheic zone processes. Figure 3.2 shows the limits of ice advance for the last 
glaciation. Rivers to the north and west of the glacial limit tend to be sourced at higher 
altitudes which are cooler and receive substantially more precipitation, and with a 
higher snow percentage. Floodplain, river bed and bank materials are likely to be 
coarser (angular gravels are common), and these are likely to increase hydraulic 
conductivity and therefore HEFs (see Chapter 4). 
 



 
 
Figure 3.2 Glacial limits for the Devensian in the UK (Bowen et al., 2002).  
 
Repeated glacial episodes in northern Britain, coupled with actively eroding and 
depositing river systems, has left behind complicated sequences of alluvial valley fills, 
such as the example shown in Figure 3.3  Subsequent lateral and vertical reworking of 
floodplain materials make for a complex mosaic of floodplain sediments: this 
heterogeneity in particle size distributions and hydraulic conductivities is likely to 
generate strong spatial variations in GW/SW exchange rates. Valley fills can also be 
deep in UK rivers. For example, in the River Blithe below Blithfield Reservoir, the valley 
floor is underlain by coarse pebbly alluvial gravel, which is >5 m thick (Evans and 
Petts, 1997). This combination of fill depth and complexity makes HEF difficult to 
predict. 
 



 
 
Figure 3.3 Complexity of valley fills: example of t he River North Tyne (Lewin et 
al., 2005). 
 
In particular, the presence of valley fill gravels can provide a focus for upwelling 
groundwaters. Furthermore, areas where groundwaters enter the stream channel 
directly can have profound ecological implications; ‘most obvious are low rates of 
salmonid egg survival where chemically reduced groundwater discharges through the 
hyporheic zone’ (Soulsby et al., 2005, p.39). 
 

3.4 Basin scale geomorphological contexts 
 
3.4.1 Introduction 
 
At catchment scales, long profile gradients and drainage network properties influence 
channel hydraulics (e.g. Barker et al., 2009) and bedform and habitat creation at 
smaller scales. Catchment surface erosion, basin-channel connectivity and 
sediment/organics delivery are also crucial to nutrient transport and fluvial suspended 
sediment dynamics, ingress and habitat health. It is important to recognise the key 
continuous or discontinuous downstream changes in flow and water recruitment, 
channel geometry, channel sediments, habitat ‘disturbance’, erosion, sediment 
transport and deposition processes (e.g. Lawler, 1992, 2008), because this will impact 
on hyporheic zone processes. Some catchment scale changes and downstream 
change models are therefore summarised here. 
 
Geomorphological and hydrological downstream change models summarise many of 
these effects and processes. These have also proved useful in freshwater ecology. For 
example, it is well established that there can be systematic downstream associations at 
catchment scales between channel form and process and habitats and ecosystem 
function, such as embodied in the river continuum concept (Vannotte et al., 1980) or in 
specific biological effects, such as fish assemblages. 



 
3.4.2 UK hydrogeomorphological context 
 
Of key importance to hyporheic zone operation is basic precipitation input to the 
hydrological system. Storm rainfall events, in particular, help to drive inputs of water, 
sediments, solutes, nutrients, seeds, organic materials and contaminants from 
catchment surfaces and soils to river channels and to hyporheic zones, and drive flow 
events which (a) erode the channel banks and bed to deliver more sediment 
downstream, and (b) set up the conditions for surface penetration into the hyporheic 
zone. 
 
In the UK, there is clear tendency for rivers to become increasingly flashy, dynamic and 
unstable from SE to NW. This will affect HEFs and channel stability and could therefore 
be a key input to any river restoration design. This strong environmental gradient 
largely relates to an increasing average annual precipitation; increasing rainfall 
seasonality; a greater tendency for flood-producing storms to occur in winter (rather 
than summer), when hydrological sensitive areas of catchments are likely to be primed; 
higher absolute river discharges and specific runoff (discharge per unit catchment 
area); steeper valley-sides and stream longitudinal profiles; and a well-developed cover 
of loose, erodible glacial materials, linked to Devensian glacial and periglacial 
conditions (Figure 3.2). 
 
Also, in general, surface water in upland areas is characterised by high DO dissolved 
oxygen (DO) values at, or near to saturation, low alkalinity and electrical conductivity 
indicative of short residence times, and a highly variable thermal regime. Groundwater 
is typically characterised by high alkalinities indicative of weathering processes and 
longer residence times (Soulsby et al., 2005), higher electrical conductivity, and a 
relatively stable thermal regime. 
 
In typical lowland England chalk streams, connections between valley fills and GW-SW 
interchange are readily apparent. For example, Grapes et al. (2006, p. 324) argued for 
the Lambourn that ‘as the floodplain widens and the alluvial gravel aquifer increases in 
size, the gravel aquifer accounts for a substantial down-valley component of 
groundwater flow with a diffuse vertical water flux. In the lower catchment, the 
exchange of flows between the gravel aquifer and the river enables some attenuation 
of floodplain water-table variability, providing a stable hydrological regime for valley-
bottom wetlands’ (Figure 3.4). The results of Gooddy et al (2006, p.51), based on CFC 
and SF6 tracers, tend to confirm this. They also suggest that, adjacent to the 
Lambourn, GW-SW interaction appears to occur to depths greater than 10 m.  In such 
systems, where most water in the stream channel is groundwater derived basic water 
chemistry is likely to be of limited value in determining hyporheic dynamics and a more 
complicated suite of analytes or other indicators of water source, such as temperature, 
may be more useful tracers. 
 
 
 
 



 
Figure 3.4 Schematic cross-section across the Lambo urn valley at West Shefford 
showing the location of measuring points and the in ferred relationship of valley 
floor sedimentology to local and regional groundwat er flows (Grapes et al., 
2006). 
 

 
 
Figure 3.5 Conceptual model of three groundwater fl ow regimes (1-3) moving 
down gradient towards the R. Lambourn, southern Eng land (Gooddy et al., 2006). 
 
Basin and stream scale exchange processes are, to a large degree, controlled by 
variations in subsurface lithology.  For instance, as streams move from zones of 
bedrock constriction into zones of permeable alluvial deposits, deep penetration of 
surface water into the alluvium may occur (Figure 3.6).  At the catchment scale, 
exchange can be controlled by changes in valley width, depth to bedrock and aquifer 
properties (Stanford and Ward, 1993).  Upwelling back to the channel will occur as the 
channel re-enters a zone of constriction (Stanford and Ward, 1988).  Subsurface flow of 
this nature will penetrate deep into the substratum, and result in extended flow paths 
and long residence times of water within the subsurface environment.  Malcolm et al 
(2008) show how reaches located immediately upstream of major transverse valley 
moraine features comprised of poorly sorted material of low permeability, such as those 
found in western and northern Britain, are associated with strong groundwater 
upwelling. These valley constrictions reduce channel gradients upstream and promote 
gravel accumulation in the valley floor. They also channel down-valley groundwater 
movement towards the stream and, consequently, lower the local quality of hyporheic 
water. 
 
 
 
 



 
Figure 3.6 Zones of bedrock constriction and permea ble alluvial deposits, 
showing deep penetration of surface water into the alluvium (Stanford and Ward, 
1993). 
 
3.4.3 Catchment-scale fluvial system models 
 
The Downstream Hydraulic Geometry model advanced by Leopold and Maddock 
(1953) came to dominate fluvial geomorphology for the following 25 years, and led 
directly to the River Continuum Concept (RCC) in freshwater ecology of Vannotte et al 
(1980). Leopold and Maddock (1953) quantified at basin scales systematic changes in 
river channel form and flow properties in a downstream direction.  Their simple, 
generalised, but classic, plots and log-log regressions which defined power-law 
expressions for a range of US rivers, established relationships which linked 
downstream increases in discharge to changes in channel width, depth and mean 
velocity, but also in roughness and width-depth ratio. Examples of the classic 
downstream Hydraulic Geometry relationships are reproduced here in Figure 3.7. 
 
 
 
 
 



 
 
Figure 3.7 Example hydraulic geometry relations for  a small stream (Ashley River 
basin, New Zealand) defining approximate power-law downstream changes in 
channel width, mean depth, mean velocity and slope in relation to increasing 
discharge, based on an approach pioneered by Leopol d and Maddock (1953). 
Source: McKerchar et. al., 1998). 
 
These US findings have largely been reproduced elsewhere, including for UK river 
systems (e.g. Hey and Thorne, 1986): however, hydraulic geometry implies 
generalised patterns and gradual changes, and these may mask key longitudinal 
discontinuities, for example at stream confluences or geological boundaries (Figures 
3.8 and 3.9). Nevertheless gradual or abrupt downstream changes should have 
hyporheic zone implications, though this has been under-researched. For example, in 
headwater rivers where banks occupy a much greater proportion of the channel wetted 
perimeter than in much wider lowland rivers, potential lateral HEF potential through the 
banks, rather than beds, may be proportionately greater, especially at high flows. 
 
A key finding, contradicting a long-held, but rarely-tested, belief was that for most 
rivers, for most of the time, mean velocity modestly increased, not decreased, in a 
downstream direction (Figure 3.7). This increase was thought to be a result of a 
downstream decline in channel roughness and increase in hydraulic efficiency (often 
indexed respectively by bed surface particle size and channel hydraulic radius), which 
were more than enough to offset a decreasing slope (Figure 3.7), much as application 
of a Manning-Strickler type equation might suggest. 
 
Downstream Hydraulic Geometry concepts also had process-inference capabilities. For 
example, channel cross-section area was shown to increase systematically 
downstream, implying a downstream adjustment to an increasing discharge imposed 
by the basin. Furthermore, width generally increases downstream at a faster rate that 
depth: for example note the width exponent of ~0.44, relative to depth exponent of 
~0.24, in Figure 3.7. This therefore implies that banks are more readily erodible than 
river beds and streams preferentially widen to accommodate the ever-increasing 
discharge in a downstream direction. Such simple concepts therefore form a key link 
between catchment attributes (which drive discharge generation), and fluvial forms and 
processes, through a set of complex feedback effects. There are probably further 



implications for hyporheic zone operation and management (especially the need for a 
catchment approach), and recently explored ideas are discussed in the reach- and site-
scale sections below. 
 
3.4.4 CASSP model: high-resolution flow and stream power 
variations downstream 
 
Stream power is increasingly seen as simple yet powerful channel hydraulics variable, 
and a useful measure of available energy to drive bed disturbance, bedload transport 
and river bank erosion rates, so is important to hyporheic zone operation. For example, 
gross stream power, � , in W m-1, is derived as  
 

�   =  � gQS     (1) 
 
where �  is density of water (1000 kg m-3), g is gravitational acceleration (9.81 m s-2 ), Q 
is discharge (m3 s-1) and S is channel longitudinal slope (m m-1) (Lawler, 1992; Barker 
et al., 2009). Lawler’s (1992) model, now known as the CASSP (CAtchment Scale 
Stream Power) model, suggested that, contrary to earlier assumptions, downstream 
stream power trends were unlikely to be simple monotonic increases or decreases, but 
to be highly non-linear. He argued that as fluid density (1000 kg m-3) and gravitational 
acceleration (9.81 m s-2) in Equation (1) were constant in a downstream direction, 
models of downstream trends in gross stream power needed to focus only on changes 
in discharge and energy slope (approximated to channel or floodplain slope). Simple 
numerical simulations showed that stream power should peak in some intermediate 
location in the catchment where an optimum combination of discharge and slope 
existed (Figure 3.8).  In the headwaters, where discharges were low, stream power 
should also be low, despite steep slopes. In lowland reaches power should also be low, 
given low slopes, despite high discharges. The CASSP model suggests that high-
energy intermediate locations in catchments should be zones where bed gravel 
disturbance potential should be high and limited fine sediment accumulations exist; this 
should maximise HEF potential, though this remains to be tested in the field.  
 
The Lawler (1992) model (Figure 3.8) was subsequently successfully tested by a 
number of workers in UK, USA and Australia who confirmed peaks in stream power in 
intermediate basin locations (e.g. Abernethy and Rutherfurd 1998). 
 
The most recent derivation is given in Barker et al. (2009) where, in addition, 
downstream trends in elevation, slope, median annual flood discharge (QMED; 2-year 
return period flow) and gross stream power are presented for a number of UK rivers 
generated by the new CAFES (Combined Automated, Flood, Elevation and Stream 
power) methodology. This approach is useful for estimating stream power trends at 60 
m resolution along entire river mainstems (e.g. Figure 3.9). These high-resolution data 
confirm that downstream trends are far from the simple generalised patterns first 
envisaged in the classic downstream hydraulic geometry concept (Leopold and 
Maddock, 1953). They also confirm a high degree of stream power non-linearity as 
predicted by CASSP (Lawler, 1992), but also suggest that multiple peaks and high 
reach-scale variability may be important (Barker et al., 2009). Figure 3.9 shows clear 
links between elevation longitudinal profile, derived channel slope, median annual flood 
and gross stream power. Figure 3.9 also demonstrates that UK river longitudinal 
profiles can depart significantly from the classic exponential profiles often depicted 
schematically, and these profiles will drive complex water surface slope and head 
variations and thus hyporheic exchange flows. 
 
 
 



 
Figure 3.8 Conceptual generalized stream power mode l proposed by Lawler 
(1992), now known as the CASSP (CAtchment-Scale Str eam Power) model. This 
schematic example simulates downstream trends in gr oss stream power using 
CASSP, with coefficients of k = 0.03, m = 1.8, S 0 = 0.04 and r = 0.08, and is 
presented in Barker et al. (2009). 
 



 
 
Figure 3.9 Downstream changes in discharge (QMED: t he median annual flood, 
i.e. 2-year return period flow), elevation, channel  (floodplain) slope and gross 
stream power for the River Dart, Devon (after Barke r et al., 2009). This new 
CAFES (Combined Automated, Flood, Elevation and Stream pow er) methodology 
has now been applied to 34 rivers in the UK, to pro duce downstream change 
patterns as for the R. Dart above. For eight of the  34 rivers, additional 
downstream trends in specific stream power (in W m -2) have been estimated. 
 
Analysis of trends in specific stream power �   (= � /w), in W m-2, where w is channel 
width, which is an even stronger control of sediment transport (see below), also 
suggests peaks in intermediate basin locations (Lawler, 1992). 
 
The longitudinal flow recruitment profiles (e.g. Figure 3.9) will themselves reflect 
GW/SW interaction at catchment scales (e.g. Grapes et al, 2006; Gooddy et al., 2006’ 



Figures 3.4-3.5) and could serve as useful inputs to hyporheic zone models, which 
require discharge and stage inputs to drive HEFs (see Chapter 4). Note in Figure 3.9 
the expected rapid flow increases at tributary junctions, but also the gently ramped 
flows in the inter-tributary reaches reflecting inputs from throughflow and groundwater 
systems. 
 
When high-resolution downstream trends in stream power (e.g. Figure 3.9), are 
combined with data on median grain size or particle size distributions of bed gravels, it 
should be possible for fluvial scientists and catchment managers to identify those parts 
of the stream system likely to undergo regular bed disturbance, gravel bedload 
transport and remobilisation of fine sediment and eventually, to predict the fluxes 
involved. Such disturbances may change bed gravel hydraulic conductivity during and 
after competent flow events, and therefore hyporheic exchange flows. Such analyses 
will be further enhanced with spatial data on specific stream power, �   (= � /w), in W m-

2, where w is channel width: �  is even more strongly related to sediment transport and 
accumulation (see below), and similar trend analysis here also suggests peaks in 
intermediate basin locations (Lawler, 1992). 
 

3.5 Reach scales 
 
3.5.1 Introduction 
 
Geomorphologic complexity at nested scales is the fundamental driver of hyporheic 
flow (Cardenas, 2008). Despite the recognition of the importance of channel 
geomorphology in hyporheic zone operation, Anderson et al. (2005, p.2932) argue that 
‘there has been little attempt to use systematic patterns in stream geomorphology to 
predict how patterns of hyporheic exchange flow will change between stream reaches 
in headwater and larger streams.’ 
 
It is important, however, to appreciate the geomorphological context, controls and 
impact on hyporheic zone flows of such reach-scale features, and Anderson et al., 
(2005, p.2931) have called for a ‘better characterisation of the important physical and 
hydrometric properties of stream–catchment systems that determine the characteristics 
of transport within a hyporheic zone and that can be routinely measured or mapped 
along greater distances of streams’ (see Bencala, 2000). 
 
At the reach-scale, exchange of surface water with the riverbed is driven primarily by 
topographic features and changes in bed permeability (for example Harvey and 
Bencala, 1993).  Streambed topography induces surface-subsurface exchange by 
creating pressure differentials above the bed. Down-welling is associated with local 
areas of high to low pressure change, for instance the interface between a pool and a 
riffle, and up-welling is associated with local areas of low to high pressure gradients, for 
instance at the interface between a riffle and pool (Figure 3.10).  Reach scale changes 
in substrate permeability also create areas of up-welling and down-welling, with down-
welling occurring in areas of decreasing permeability, and up-welling in areas of 
increasing permeability. In zones of well defined bed topography and heterogonous 
substrate composition, reach-scale exchange processes will result in mosaics of 
subsurface flow paths of variable flow path length and depth, although, typically, flow 
paths are shallower and shorter than those operating at the basin and stream scale.  
Flow path lengths are closely associated with the size of geomorphic features and are 
typically measured in tens of metres. 
 
 
 



 

 
Figure 3.10 Hyporheic flow due to changes in free w ater surface elevation across 
a step-pool sequence. 
 
3.5.2 Reach-scale geomorphological influences 
 
Hyporheic exchange, excluding trapping and release of interstitial water due to 
sediment scour and deposition, is primarily driven by variability in pressure or head 
gradients along the river-sediment or river-aquifer interface which develop due to fluvial 
geomorphologic features. Geomorphologic features lead to variable pressure gradients 
by three mechanisms: 1) by inducing vertical hydrostatic head gradients, 2) by inducing 
horizontal hydrostatic head gradients, and 3) by inducing dynamic head gradients due 
to current-topography or current-obstacle interactions. See Chapter 4. 

 
In steep mountain streams with shallow flows, pronounced changes in riverbed 
elevation lead to similar changes in the river’s free water surface configuration. The 
best example of this is across a pool-step-pool or pool-riffle-pool sequence. Hydrostatic 
head, approximately equal to the elevation of the free water surface, is higher above 
the step/riffle than below the step/riffle leading to a vertical pressure gradient that 
drives flow across the step/ riffle (Figure 3.10) (Anderson et al., 2005; Harvey and 
Bencala, 1993). Recent studies suggest that isolated and abrupt changes in head can 
have far-field effects resulting in hyporheic zones that extend beyond the source of the 
head change. 
 
3.5.3 Pool-riffle sequences 
 
Gravel bars are thus key features of river channels, including for hyporheic zone 
operation. Riffles are especially important, especially for hyporheic zone flows and, in 
particular, zones of upwelling and downwelling (Figure 3.11). Indeed, Gooseff et al. 
(2006) found that ‘channel unit spacing, size, and sequence (were) all important in 
determining hyporheic exchange patterns of upwelling and downwelling (and) … similar 
trends emerged relating the average geomorphic wavelength to the average hyporheic 
wavelength in both surveyed and idealised reaches’. 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.11 Subsurface flows; (a) Reach-scale surfa ce subsurface exchange 
flows. (b) Micro-scale exchange flows (redd).   (c)  Interstitial flow paths within the 
gravel bed (after Grieg et al., 2007). 
 
However, few detailed datasets exist on riffle-pool unit morphology (Carling and Orr, 
2000). Hey and Thorne (1986) found that for straight, sinuous and meandering rivers in 
Britain, average riffle spacing, z (m), was approximately z = 6.31w, where w is bankfull 
width (m), the range being 4-10w. However, a more recent analysis by Newson et al 
(2002) showed that the range was 3-21w, and that channel slope also influenced pool-
riffle sequences thus: 
 

 z = 7.36w0.896 S-0.03      (2) 
 
Furthermore, as channel gradient reduces, bedforms flatten and become more 
asymmetric as riffle stoss sides and the proximal slope of pools lengthen at the 
expense of riffle lee sides and pool distal slopes (Carling and Orr, 2000). 
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3.5.4 Channel planform impacts 
 
Channel planform can also drive flow structures and velocity distributions important for 
sediment transport continuity and redistribution of bed sediment. Irregularity of river 
bank and planform morphology leads to horizontal head gradients. When convexities or 
concavities are present along the bank, such as a bar protruding horizontally into the 
channel, hydrostatic head is higher in the upstream portions of the bank and lower in 
the downstream portion leading to variable pressure gradient across the feature (Figure 
3.12). Therefore, any irregularity in an otherwise straight river, including subtle 
changes, induces hyporheic exchange. This process has long been recognised as a 
driver of surface water-ground water connection at channel-floodplain to alluvial valley 
scales. Hyporheic exchange along banks is in fact a smaller scale and more localised 
version of this process and may be driven even by small concave-convex features 
along banks such as alternating unit bars (Figure 3.12a) or even by mid-channel 
transverse bars (Figure 3.12b). Sinuosity-driven hyporheic flow across point bars 
(Figure 3.12c) was recently studied in detail (e.g. Cardenas, 2009). Numerical flow 
models suggest that hyporheic flux and residence time is strongly tied to river planform 
morphology; more sinuous channels result in a broader distribution of fluxes and 
residence time. 
 

 
Figure 3.12 Hyporheic flow due to lateral changes i n channel and bank 
morphology. a) hyporheic flow due to subtle changes  in bank morphology even 
without a mean change in channel sinuosity, b) hypo rheic flow along unit bars 
on the sides of the channels, c) hyporheic flow due  to channel sinuosity. 
 

3.6 Site and bedform scales 
 
3.6.1 Introduction 
 
At site scales, such as the level of an individual riffle or pool, local bed form 
configuration and sediment characteristics (e.g. channel substrate architecture, particle 
size and shape distribution, pore geometric properties and connectivity, armour 
development and surface roughness) impact strongly on hyporheic water and nutrient 
exchanges. Local channel geometry (e.g. wetted perimeter and width/depth ratio, 
including shading potential) also influences the lateral and vertical extent of the 
hyporheic zone, and its thermal cycling behaviour. 
 
At this scale, topographic features generally result in shallower penetration of surface 
water and shorter flow paths than reach-scale driven exchange (e.g. Malard & Hervant, 
1999). Obstacles in the streambed, such as log jams and boulders, cause pressure 
differentials that induce surface-subsurface exchange with the hyporheic zone. 
Similarly, freshly created salmon redds contain gravels of enhanced permeability and 



have a distinct morphology that induces downwelling of surface water into the redd 
(Figure 3.11b) (e.g. Carling et al., 1999). 
 
The influence of surface roughness on the coupling of surface-subsurface flow has 
been investigated in a number of flume studies (e.g. Packman and Bencala, 2000).  
Tracer experiments investigating flow through a flat bed under varying discharges, 
have shown that intragravel pore water velocities increase towards the bed surface; 
suggesting a coupling of surface and subsurface flow. This surface-subsurface 
coupling has been attributed to turbulence induced by roughness at the bed surface. 
This turbulence promotes a slip velocity and an exchange of momentum with 
subsurface water (Figure 3.11b) (e.g. Packman and Bencala, 2000). Finally, the 
infiltration of fines and growth of biofilms influences the porosity of the gravel matrix 
(Figure 3.11c). 
 
3.6.2 Bedform influences 
 
Fluid motion near solid boundaries with irregular surfaces leads to changes in dynamic 
head along their boundary (e.g. Figure 3.13). The simplest case for this is Bernoulli’s 
Law which states that fluid deceleration or acceleration along a continuous path or 
streamline leads to corresponding changes in velocity head. However, turbulent flow 
dynamics in rivers is more complicated. Dynamic head gradients develop due to form 
drag and flow recirculation induced by obstacles along the river bed. 
 

 
Figure 3.13 Hyporheic flow due to gradients in dyna mic head formed when water 
flow encounters an irregular boundary (bedform). 
 
More recently, it has been directly shown that recirculation in the lee side of bedforms 
plays a key role in generating the pressure gradient along the river-sediment interface 
(Cardenas and Wilson, 2007). The eddy separation point corresponds to a pressure 
minimum while the eddy attachment point, which is a stagnation point, corresponds to 
pressure maximum. The pressure gradient along the river-sediment interface is 
determined by the location and magnitude of these two points. This mechanism is 
active even in the absence of variations in the elevation of the free water surface and is 
more likely to dominate in sandy streams at low-Froude Number flows. 
 
3.6.3 Variability in hydraulic properties of riverb ed sediment 
 
Variability in hydraulic properties of riverbed sediment can also induce hyporheic flow 
even in the absence of pressure gradients along the river-sediment interface. In an 
ideal scenario where the permeability of sediment is uniform and that it is of infinite 
horizontal extent and where the free water surface and sediment-water interface is 
sufficiently smooth (uniform head gradient), interstitial flow in the sediment would be 



mostly parallel to the sediment-water interface (Figure 3.14a). However, these sub-
parallel flow paths could be deflected away from, or bend towards, the river-sediment 
interface when flowing interstitial water encounters changes in permeability (Figures 
3.14b and c), leading to hyporheic zones. These changes in permeability may be due 
to juxtaposition of gravel, sand, silt, and clay in the alluvial material (Figure 3.14b) or 
due to changes in topography of underlying bedrock or finer-grained sediment (Figure 
3.14c) (Hill et al., 1998). 
 

 
Figure 3.14 Hyporheic flow due variability of hydra ulic properties of the alluvial 
material. a) case with no variability leading to no  hyporheic flow, b) 
heterogeneous streambed, c) variability in bedrock or ‘aquitard’ topography. 
 
3.6.4 Multiple influences 
 
The mechanisms discussed above are not mutually exclusive, but one mechanism may 
be favoured depending on the geomorphologic and hydraulic conditions in a specific 
river-sediment system. For example, hyporheic exchange flux may be large in step-
pool sequences typical of steep upland/mountain channels since these tend to occur in 
coarse-bedded channels which are more permeable, and the hydrostatic head 
gradients tend to be much larger than dynamic head gradients generated by current-
topography interactions. On the other hand, hyporheic flow paths along point bars of 
meandering low-gradient rivers may be very long and can have a broad distribution of 
residence times (e.g. Cardenas, 2008). Depending on the purpose for analysing 
hyporheic processes, one mechanism may be emphasised based on the time and 
spatial scale of the processes of interest. The potential dominance of one mechanism 
is a promising aspect for predicting the extent and magnitude of hyporheic exchange. 
 
For example, the geomorphologic community has long sought to develop models that 
predict which feature would dominate along different parts of a river and a river 
network. There are now conceptual and quantitative models that predict which types of 
bedforms may dominate in a sandy stream whilst considering eddy dynamics; at the 
very least, typical ranges for bedform shapes for a given characteristic grain diameter 
and hydraulic conditions are reasonably predictable. Step-pool spacing and 
organization has been studied extensively and is predictable to certain extent (e.g. 
Church and Zimmermann, 2007). Typical ranges for channel sinuosity and their relation 
to mean valley gradient and mechanical properties of bank material have been 
developed and tested. A few studies have now been able to reasonably classify 
expected geomorphologic characteristics of channel segments depending on location 
in the river network and catchment and its associated potential for hyporheic exchange 
using slope and drainage area as predictive metrics (Buffington et al., 2004). Although 
most past studies have been in one or two dimensions, geomorphologic and hydraulic 
studies are now venturing into three-dimensional processes (e.g. Worman et al., 2007). 
A more extensive integration of vast amount of knowledge from geomorphology and 
using these as inputs or templates for rigorous hydraulic studies would lead to robust 



models that would allow for prediction of key hyporheic exchange metrics such as 
aerial extent, fluxes, and residence times.  
 

3.7 The role of fine sediment 
 
3.7.1 Essential concepts 
 
Sediments and any associated contaminants deposited on river beds may be derived 
from within the river channel itself (for example through river bank erosion) or from the 
catchment (such as erosion of cultivated fields or gullies) (Table 3.5). From section 
3.6.3, it is clear that the presence of fine sediment is a key constraint on hydraulic 
conductivity and therefore hyporheic zone operation. This section, therefore, discusses 
the processes of sediment ingress into river beds, and gives data on typical amounts, 
particle size distribution and character of fine sediment present, especially in UK river 
systems. 
 
The process by which fine sediment moves into gravel beds termed sediment 
infiltration, or colmation in the environmental engineering literature, and the summation 
of this process over time that is accumulation.  An additional term often used in the 
context of fine sediment impacts on salmonids is sedimentation. This refers to the 
development of a layer of fine sediment over the bed surface. The processes of fine 
sediment infiltration into gravel beds have been researched for more than forty years 
(e.g. Greig et al., 2005a).  Observations suggest that the dominant processes 
controlling the character and distribution of fine matrices in gravels are best considered 
in two groups: 1) those acting in the water column which deliver fine sediment to pores 
in the upper surface of the deposit and 2) those acting within the sediment to 
redistribute material delivered to surface pore spaces. However, these complex 
processes are not mutually exclusive and operate either simultaneously or sequentially 
in most gravel river beds. 
 
3.7.2 Processes of fine sediment infiltration from the water column 
 
In the water column, fine sediment movements are driven by two main processes: (i) 
gravity driven infiltration that includes simple Stokes-type settling; and (ii) advection of 
fine material into the bed by fluid turbulence. All else being equal, coarser and heavier 
particles will drop out of suspension first, giving a natural spatial and temporal size 
segregation in the resulting deposits. Particle shape is also a key factor, as the less 
spherical a particle is, the slower it will settle.  In addition, silts and clays often form 
flocs, aggregated groups of particles with varying and low densities that settle in an 
unpredictable manner. 
 
Delivery of fine sediment to a gravel bed is actually a product of both gravitational 
settling and turbulence (e.g. Carling, 1984). Gravity was found to dominate coarse 
particle settling (median grain diameter, D50 > 350 µm) whilst turbulence influenced the 
settling of finer particles (D50 < 350 µm). Once delivered to the surface of the bed, the 
onward penetration into subsurface layers is influenced by gravity and fluid movement.  
Gravity settling is often seen as the most important factor controlling the infiltration of 
larger (<1mm) particles into a permeable bed.  However, experimental results have 
shown that when settling is dominant during low flows, fine sand size material often 
remains close to the surface of the bed and forms a surface ‘seal’, suggesting that 
other factors control the mobilisation of this material and its movement into sub-surface 
pores (Figure 3.15a).  Amongst these factors are the size and shape of the particles 
and pores, bed disturbance during entrainment events and particle filtration as fluids 
move through the bed.  ‘Armoured’ beds (those where the smaller gravel particles have 



been preferentially entrained to leave behind a coarse surface layer) result in a distinct 
contrast between surface and sub-surface pore sizes.  In this type of bed, matrix 
particles that can easily penetrate the surface layers can become trapped at the top of 
the smaller sub-surface bed material (Figure 3.15b). 
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Figure 3.15 Sediment infiltration into river beds:  a: Passive infiltration into a 
gravel bed; b: Relationship between gravel bed type  and infiltrating sediment; c:  
Three filtration mechanisms for sediment infiltrati on into porous beds.  Note the 
particle size dependence and difference in deposit morphology (Modified from 
McDowell-Boyer et al . 1986 and Sear et al. 2008). 



 
When flows increase sufficiently to disturb the framework of the bed, such as when 
critical stream powers or shear stresses have been exceeded, the pore spaces dilate 
and fine sediment is able to settle deeper into the bed. Entrainment of surface particles 
and temporary imbalances in bed-material transport cause scour and fill of the bed. 
Scour allows fine sediment to penetrate deeper into the bed. Fine sediment can 
infiltrate deeper into a coarser framework by associated fluid intrusion. Fluids 
penetrating the bed can transport fine sediment into the framework either by 
suspension or by direct force. 
 
3.7.3 Organic matter accumulation in spawning grave ls 
 
In many streams, fine sediments are composed in part by organic material (Sear 1993). 
This is important because the process of oxidation of organic matter creates a 
Sediment Oxygen Demand (SOD) within the spawning gravels that directly competes 
with the incubating eggs (Greig et al., 2005a). Organic material is derived from either 
in-stream sources (autochthonous), for example, macrophyte vegetation, or from 
external sources (allochthonous), for example, leaf litter or runoff from agricultural 
practices.  Generally, organic sediment inputs are positively correlated with seasonal 
vegetation growth.  For example, in groundwater-dominated chalk rivers, there is a 
general increase in percentage organic component of deposited sediments over the 
summer when instream productivity is highest.  However, organic inputs are also 
derived from specific activities within a catchment such as logging practices. 
 
3.7.4 Modelling fine sediment infiltration and accu mulation 
 
Empirical models have two forms: prediction of fine sediment accumulation in redd 
gravels based on field measurements of the infiltration rate and extrapolation over time 
(e.g. Soulsby et al., 2001), and prediction based on a series of empirical relationships 
that broadly represent the processes of sediment transport, infiltration and egg survival.  
However, analytical models, such as the Sediment Intrusion and Dissolved Oxygen 
(SIDO) model, attempt to predict near-bed sediment concentration and the infiltration 
process. SIDO models the processes of sediment transport and infiltration into a static 
salmonid redd composed of multiple grain sizes and the supply rate of oxygen 
transported through the gravel bed, egg consumption and temperature dependence. All 
elements are coupled, enabling the prediction of dissolved oxygen and egg survival 
within redds. 
 
3.7.5 Fine sediment and intragravel oxygen fluxes 
 
Fine sediment accumulation has been directly linked to the decline in gravel oxygen 
supply to incubating salmonids (Greig et al., 2005a).  The processes responsible 
include direct physical effects on the egg through blocking of the micropores (Greig et 
al., 2005b), or indirectly via the occlusion of the voids between the framework gravels. 
There is a negative correlation between the quantity of fine sediment within spawning 
gravels and their permeability.  However, permeability is also influenced by the particle 
size of the infiltrated material, the presence of organic flocs that can coalesce, or the 
development of biofilms.  Greig et al (2005a) and Malcolm et al. (2008) demonstrate a 
strong correlation between fine sediment accumulation and intragravel flow velocity at 
individual UK field sites. Reduced velocities can reduce dissolved oxygen supplies to, 
and toxin removal from, redds (Figure 3.16). Zimmerman & Lapointe (2005) detail the 
intra-event relationship between fine sediment supply (measured as suspended 
sediment concentration) and a drop in the intra-gravel flow velocity. 
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Figure 3.16 Strong correlation between fine sedimen t accumulation and oxygen 
supply rate (Sear et al., 2008). 
 
3.7.6 Sediment quantity and properties 
 
The national extent of siltation in the UK is poorly understood, given limited monitoring, 
and very different measurement methods (e.g. freeze coring, infiltration baskets, 
sediment traps, and shovel sampling). Naden et al. (2003) review the techniques 
available for monitoring particulates in water columns and substrates, and give data on 
siltation extent for UK rivers: more recent data for UK rivers are given in, for example, 
Collins and Walling (2007a; 2007b). 
 
3.7.7 Siltation at the bed surface and subsurface 
 
Milan et al. (2000) collated data from freeze coring UK river bed substrates for three 
stream types: I -upland streams characterised by impermeable metamorphic and 
igneous strata; II - small chalk streams with low rainfall; III - lowland limestone and 
sandstone streams (see Table 3.1). The percentage fine sediment (sub 1-mm; likely to 
impact spawning if >14%) in the upper 30cm of the bed varies markedly across the 
catchment types (<1% to nearly 70%). Thirteen of the 20 Type I sites had <10%; 10 of 
the 11 Type II sites had >30%; and all of the 20 Type III sites had >10% (with 4 sites 
having > 30%).  However, 80% of the sub-1mm fraction at Type II sites was medium 
sand (0.125-1mm).  The silt-clay (<0.063 mm) proportion varied from 3.5% (Type I) to 
4.9% (Type II) to 7.4% (Type III), though some sites contained over 10%.  Interestingly, 
Milan et al (2000) found that ‘framework-supported’ gravels with a low percentage of 
fine material are typical of high energy streams with mean unit stream powers in 
excess of 150 W m-2 (Figure 3.17).  
 
 



Table 3.1 Percentage of fine sediment in the upper 30cm of the channel bed (after 
Milan et al., 2000). 
 
Size Fraction Type I stream 

(n=20) 
Type II stream 
(n=11) 

Type III 
(n=20) 

Sand (0.063-2mm) 11 (6.5-16.5) 42 (28.0-64.1) 21.5 (9.5-43.0) 
Coarse sand (1-1.9mm) 5 4 6 
Medium sand (0.125-0.99mm) 6 38 16 
Fine sand (0.063-0.124mm) 1 1 1.5 
Silt (0.004-0.062mm) 3.5 (0.6-7.3) 4.9 (0.9-8.1) 7.4 (2.0-18.0) 
Clay (<0.0039) 0.6 (<0.1-1.9) 0.6 1.7 (0.3-5.2) 
 
 
Such relationships may indicate potential to predict potential low-sediment high-quality 
habitats through entire river systems partly from catchment-scale stream power 
models, such as CASSP and the CAFES system developed by Lawler (1992) and 
Barker et al. (2009) (see 3.3.4). 
 

 
Figure 3.17 Relationship between stream power and p ercentage sediment sub-1 
mm in upland (Type I), small chalk (Type II) and sa ndstone/limestone (Type II) 
streams (source: Milan et al., 2000). 
 
Spatial and temporal variability in rates of siltation is important. Table 3.2 illustrates the 
low siltation rates of upland systems in England under baseflow conditions, and higher 
rates under similar flow conditions in lowland chalk streams.  Siltation rates 
immediately below impoundments appear to be low  due to sediment trapping effects. 
Acornley and Sear (1999) monitored monthly siltation rates in the River Test 
(Hampshire) using gravel-filled infiltration baskets and found low rates during low 
summer flows and higher rates during peak flows in late winter/early spring (Table 3.2 
and Figure 3.18) (though significant velocity-related lateral variation in rates of siltation 
complicated the picture). However, position in the catchment may be significant here: in 
the Upper Piddle, for example, Walling and Amos (1999) found, at upstream sites, that 
summer deposition rates decreased (much as Acornley and Sear (1999) observed) 
whereas, at downstream sites, rates increased through spring and early summer 1992, 



reflecting the progressive downstream transfer of sediment. This reinforces the need 
for catchment-scale approaches. 
 
Table 3.2 Observed siltation rates for selected UK rivers. 
 
Location Flow Siltation (kg 

m-2 day -1) 
Reference 

Upland rivers in 
England 

Baseflow 0.008 Carling and McCahon (1987) 

Little Stour  0.389 Wood and Armitage (1999) 
Tadnoll Brook, 
Dorset 

 0.37-0.93 Welton (1980) 

Hydropower 
discharge 

0.004-0.064 North Tyne, 
Northumberland 

Compensation 
flow 

0.005-0.086 

Sear (1993) 

Low summer 
flows 

0.02 River Test, 
Hampshire 

Peak flows in 
late 
winter/early 
spring 

0.5-1.0 

Acornley and Sear (1999) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18 Temporal variation in a) average deposi tion rate of material finer than 
4mm across each section b) daily suspended sediment  concentration and c) 
mean daily discharge.  Solid squares represent upst ream traps and open 
squares represent downstream traps (source: Acornle y and Sear, 1999).  
 
3.7.8 Surface siltation 
 
Surface siltation (top 5cm of river bed) is usually quantified using the resuspension 
technique (Lambert and Walling, 1988) or through mapping.  Fine sediment storage at 
the bed is highly variable within and between rivers: reported amounts for UK rivers 
range from 120 to 9240 g m-2 (Table 3.3). The amount of fine bed sediment storage 
represents a significant part of the annual sediment load of many UK rivers (e.g. 57% 
for River Piddle and 18% for River Frome; 17% for Rivers Ouse and Wharfe and 7% for 
River Tweed (Table 3.3).  
 
 
 
 
 
 
 
 
 
 
 



Table 3.3 Fine sediment storage on the bed of selec ted UK rivers. 
 
Location Fine sediment 

storage (g m-2) 
Reference 

Frome (main 
stem) 

410-2630 
(mean = 918) 

Piddle (main 
stem) 

260-4340 
(mean = 1580) 

Collins and 
Walling 
(2007a) 

River Tweed 120-960 Owens et al 
(1999) 

Yorkshire 
Ouse 

170-9240 Walling et al 
(1998) 

Upper Tern 860-5500 
Rivers Pang 
and Lambourn 

470-2290 
Collins et al 
(2005) 

River Exe 400 Lambert and 
Walling, 1988 

River Severn 630-8000 Walling and 
Quine (1993) 

 
 
The extent of fine sediment deposits are often controlled by macrophyte growth (e.g. 
Cotton et al., 2006). Although seasonal trends may be identified at individual sites there 
are few consistent patterns in bed sediment storage across sites and this is likely to be 
due to the interaction of several factors in a site-specific manner (Collins and Walling, 
2007b). Few data exist on sedimentation during individual storm events; however, fine 
sediment mobilisation from the bed may occur early in the storm according to the first-
flush model (i.e. positive hysteresis), or be mainly suspended after the flow peak after 
bed break-up, which may produce a negative hysteresis relationship (e.g. Lawler et al., 
2006). 
 
3.7.9 Sediment quality 
 
Pollutants in surface waters originating from agricultural and urban/industrial land are 
often associated with fine sediments (<63 � m).  Fine bed sediments play an important 
role in the temporary storage or fate of nutrients and pesticides and other contaminants 
(e.g. Owens and Walling, 2002).  Hence, the pollutant attenuation capacities of 
hyporheic sediments are extremely relevant to environmental management (see 
Booker et al., 2008). 
 
The organic content and particle size distribution of fine bed sediments are relevant to 
contaminant transfer and pose risks to habitats (see Table 3.4).  Fine river bed 
sediments with a high organic content are likely to deplete oxygen within gravels (see 
section 3.7.3). Gravels with greater than 10% of sediment sized <1mm have been 
classed as poor habitat in the Favourable Condition Tables of the Habitat and Species 
Directive (Naden et al., 2003).  Information on the particle size of interstitial fine 
sediment (<125 um) from a wide range of UK rivers is presented in Walling et al. 
(2003).  The mean content of particles <63 µm ranged from 49 to 89%.  Acornley and 
Sear (1999) found for the River Test, Hampshire, that the particle size distribution of 
deposited sediment closely matched that of the suspended sediment, and that 
sediment deposited in summer was finer (Table 3.4 and Figure 3.19). 
 



 
Table 3.4 Characteristics of fine river sediments f rom selected UK rivers. 

Particle size distribution (%) River Sediment 
type 

Organic 
content (%) Sand 

(0.063-
2mm) 

Silt 
(0.004-
0.062mm) 

Clay 
(<0.0039m
m) 

Other 
Reference 

Upland streams 
(impermeable strata)   

 23 3.5 0.6  

Small chalk streams 
with low rainfall  

 85 4.9 0.6  

Lowland limestone 
and sandstone streams 

Upper 30 
cm of 
channel 
bed 

 45 7.4 1.7  

Milan et al 
(2000) 

River Test 19.7 of <2mm    10% <2mm 
River Aran 7.5 of <2mm    15.7% <2mm 
River Ithon 5.3 of <2mm    28.9% <2mm 
River Blackwater 

Accumula
ted 
sediment 
from 
artificial 
redd 

3.4 of <2mm    12.2% <2mm 

Greig et al. 
(2005a) 

River Frome, Dorset Suspended 5-60     Farr and 
Clarke 
(1984) 

Suspended 25-40 during 
summer and 
autumn low 
flows. 
15-25 winter 
and spring high 
flows. 

    River Test, Hampshire 

Bed 
sediment 

    Summer low flows (Jun-
Sep) suspended sediment 

Acornley 
and Sear 
(1999) 



(<0.25 mm) accounted 
for 70-90%.   
Autumn floods (Oct) 
coarser sediment (0.25 – 
4mm) accounted for 
more. 

Upper Piddle, Dorset Fine bed 
sediment 

12.2     Walling and 
Amos 
(1999) 

Little Stour <250um 
surficial 
fine 
sediment 

13.8  
(S.D. 4.35, 
n=51) 

   Spatially and temporarily 
consistent (D50=58.75 
um; S.D. 6.25) 

Wood and 
Armitage 
(1999) 

 
Table 3.5 Provenance of river bed fine sediment in selected UK catchments. 
 

% sediment derived from each given landuse River 
Pasture Cultivate

d 
Woodland Channel 

banks/ 
subsurface 

Other sources Reference 

Chalk 
streams 

    Material from within channel 
(autochthonous) dominates 
during summer flows. 
Material from surface runoff 
(allochthonous) dominates 
during winter flows. 

Mainstone 
(1999) 

River 
Frome 

    Autochthonous and 
allochthonous particles under 
macrophytes.  Instream deposits 
of organic material depend on 

Cotton et al 
(2006) 



algal productivity, microbial 
activity and production of faecal 
pellets 

River 
Frome 

10+/-2 
to 42+/-
2 

44+/-4 to 
81+/-2 

1+/-1 to 
6+/-2 
 

7+/-2 to 19+/-4 

River 
Piddle 

10+/-2 
to 28+/-
4 

44+/-2 to 
80+/-2 

1+/-1 to 
11+/-4 

7+/-2 to 21+/-2  

 Collins and 
Walling 
(2007c) 

Upper 
Piddle 

    Surface soils (cultivated areas) as 
opposed to channel banks, 
permanent pasture or instream 
detritus 

Walling and 
Amos (1999) 

Upper Tern  35+/-5 51+/-5  14+/-3 
River Pang 49+/-8 

 
33+/-5  18+/-5 

River 
Lambourn 

19+/-6 
 

64+/-5  17+/-5 

 Collins and 
Walling 
(2007b) 

Essex River     Road construction Extence 
(1978) 

River Tame     Urban landuse Thoms (1987) 
Rivers in 
Wales 

    Mining Turnpenny 
and William 
(1980) 

Plynlimon 
catchments 

    Forestry Leeks and 
Marks (1997) 



 
 
Figure 4.19 Average particle size distributions of fine sediment deposited in 
June, November and February.  Representative distri butions are also 
presented for the suspended load and bedload in the  study reach (source: 
Acornley and Sear, 1999).  
 

3.8 Conclusions 
 
Geomorphological impacts on the operation of the hyporheic zone, especially the role 
of interacting fluvial and sedimentological processes and forms, represent an 
important emerging science. Geomorphological effects are readily apparent at 
multiple spatial and temporal scales which are often linked. For example, sediments, 
nutrients and contaminants important for the stability, disturbance, quality and 
maintenance of hyporheic zone habitats, can be delivered to the site from the basin 
or upstream reaches.  Sources of the problem may be a long distance from the site. 
 
Alongside processes, it is also important to consider longer timescale histories. For 
example, rivers tend to be much more dynamic and coarse-bedded in northern and 
western Britain, linked to recent glaciation, and these rivers, all things being equal, 
may be associated with higher hydraulic conductivities and increased potential for 
near-bed flow exchanges. However, in addition, many chalk streams with major 
groundwater-surface water  interactions are in the south and southeast. 
 
Rivers change strongly in a downstream direction, especially in channel geometry, 
materials and erosional and transportational energy, so management solutions with 
proven workability for lower reaches may not be appropriate for upper reaches and 
vice-versa. At reach and site scales, hyporheic exchanges are driven primarily by 
topographic features and changes in bed permeability, especially the presence of 
riffles and sedimentological heterogeneity. Plan-form irregularities, such as meanders 
(and even subtle changes) induce hyporheic exchange. 
 



Fine sediment in river beds (often the sub 1-mm fraction) is increasingly recognised 
as a problem ecologically, and can represent 1 - 70% of total river bed material; 14% 
has been suggested as a threshold figure for impact on spawning but more work is 
required here to test the generality of this. Clogging of gravel matrices by colmation 
processes can significantly reduce water velocities across, and oxygen supply to, fish 
eggs. Such processes can be modelled empirically or, increasingly, analytically: for 
example, the SIDO model (Sediment Intrusion and Dissolved Oxygen) simulates the 
processes of sediment transport and infiltration into a redd, the supply rate of oxygen 
transported through the gravel bed, egg oxygen consumption and temperature 
dependence. 
 
Sediment quality is crucial: fine bed sediments play an important role in the 
temporary storage or fate of nutrients and pesticides and other contaminants.  
Hence, pollutant attenuation capacities of hyporheic sediments are seen as an 
increasingly important area in river management. 
 
 


