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4. Water and unreacting solute
flow and exchange

4.1 Summary of key messages

1. Flow systems in permeable river/aquifer interface zones in temperate
climates can be characterised by combinations of the following attributes:
a. discharge from regional groundwater systems directly or indirectly to the
river channel

b. discharge from a river channel or floodplain into the ground

c. ‘spiralling’ of river water down into and up from, and laterally into and out
of, surrounding deposits, a process initiated by obstructions in the
channel (variations in riverbed topography, logs, weirs) and by channel
meanders and bends: i.e. highly spatially variable flow pathways,
‘nested’ from sub-metre to regional aquifer scale

d. pathways and fluxes varying in time, responding to changes in river
stage, vegetation, temperature, and sediment discharges

e. long tailing of solute breakthrough residence time distributions for most
scales of flow path, even in the absence of permeability heterogeneity.

2. For low permeability systems, direct exchange flows via river beds, either
from the regional groundwater system or from surface waters up-stream,
will often be unimportant.

3. Exchange flow distributions in fractured, and especially karstic, systems will
be often be localised, unless alluvial deposits are sufficiently developed to
diffuse the flow.

4. Flow system nesting and its spatial and temporal variability is important for
all aspects of site investigation, from planning of sampling through
discharge estimation, to solute attenuation evaluation and ecological
interpretation.

5. Given the possible small scale heterogeneity of the processes, it is
important that site-specific conceptual models are developed. However,
even with site specific conceptual models, the accuracy of prediction of flow
and solute transport is likely to be limited (despite the fact that flow is the
simplest of the systems in the hyporheic zone!).

4.2 Introduction

The aims of this review are to summarise the present state of knowledge of
river/aquifer water and unreacting solute exchange processes, and to provide an
indication of where further information can be found.

It is intended that the principles covered will allow a reader to develop conceptual
models for specific cases. These conceptual models are the first stage in quantification
(Chapter 9), inform the planning of field investigations, and form the basis for
qualitative decision-making.

A basic knowledge of groundwater flow and transport theory and of hydrology is
assumed, as well as knowledge of the principles covered in Chapter 3
(Geomorphology), though a glossary is included at the end of the chapter. The review
focuses on temperate climates, discharge from aquifer to river, and permeable,
intergranular-flow river bed deposits. There are several useful reviews of hyporheic
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flow systems, including those contained in Sophocleous (2002), Smith (2005), and
Woessner (2000).

In this review, the zone in which surface water and groundwater interact will be termed
the surface water/groundwater interface zone (SGIZ) to avoid any unintended
connotations which may arise through use of the term ‘hyporheic zone’. Movement of
water and solutes between river and groundwater, whichever the direction, will be
termed exchange fluxes or flows.

Natural flow systems are often scale-dependent, and this is particularly the case in the
SGIZ. Therefore exchange fluxes will often vary significantly in space and time, with the
variation itself spatially variable: the flow systems are often strongly four dimensional.
Hence the review is structured to reflect scale, starting at the catchment/ longer time
scale (Section 4.3), moving through reach scale (Section 4.4), and ending with the
bedform/short time scale (Section 4.5) (cf. Dent et al., 2001). However, defining the
upper and lower limits of reach scale will be left purposely vague, as variation is
continuous and boundaries, if they indeed need to be considered, may be better set at
different absolute limits in different systems, or even the same system at different
times. Sections 4.4.5 and 4.4.6 deal with a range of processes occurring at several
scales and river bed permeability respectively. A concluding discussion on flow
systems (Section 4.8) is then followed by an outline of solute transport processes
(Section 4.9).

In order to use this review to develop site-specific conceptual models, it is likely that the
reader will need to read through all the sections. The nested-scale nature of
river/aquifer exchange flow makes it difficult to produce a useful set of pre-developed
conceptual models for all the cases likely to be encountered.

4.3 Catchment Scale Flow
4.3.1 Catchment Water Balance

The water balance for a river catchment (i.e. surface catchment plus associated
groundwater system) can be expressed as:

P+GWI- SWO- ET- Q- GWO=DS (1)

where: P = precipitation; GWI = groundwater inflow from adjacent aquifers and the sea;
SWO = surface water outflow (i.e. river flow); ET = evaporation and transpiration; Q =
surface water and groundwater abstraction; GWO = groundwater outflow to other
aquifers and to the sea; and S = change in amount of surface water and groundwater
stored; all terms are expressed as volumes per unit time or volumes/total catchment
area per unit time. These components can be estimated using standard techniques
(see Chapter 8), often implemented in regional groundwater and/or surface water flow
numerical models (see Chapter 9).

In many systems in temperate climates the dominant discharge term in the catchment
water balance is the river flow (SWO), and most groundwater (and its solute load)
discharges to rivers, either directly into the river channel or via wetlands, streams, or
ditches tributary to the river.
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4.3.2 Channel Flow Components and Their Timings

The surface water outflow term in Equation (1) can be split into four main components:
SWO=P, +OLF + IF + GWD (2)

where: P4 = direct precipitation (i.e. precipitation landing on the river), minus any
evaporation; OLF = overland flow; IF = interflow, i.e. shallow groundwater above the
main saturated level that finds its way to the channel; and GWD = groundwater
discharge from the saturated zone of an aquifer. These components are not
necessarily independent of each other. Increase in rainfall may cause rise in
groundwater levels and hence increased GWD and OLF and, if the water table rises
sufficiently, IF may be subsumed in GWD. As each flow component will have a different
chemical composition, the chemistry of the river water will be affected by the relative
size of each of the components.

Another form of Equation (2) is
SWO=QF + BF (2A)

where QF = quick flow (or event flow), i.e. the flow resulting almost immediately from
precipitation events, and BF = baseflow, the flow entering the surface water body from
more slowly-varying sources. Thus, in many systems P4, OLF, and IF contribute to QF,
and GWD dominates BF. It is the BF component that maintains river flows when
precipitation has ceased. Average residence times for groundwaters in a catchment
may be hundreds or even thousands of years, whereas even for some of the largest
UK rivers, in-channel residence times will average only a few days. However, where
rapid rises in groundwater level occur following rainfall events (i.e. in areas of low
storage coefficient), a component of the groundwater from the saturated zone may be
discharged quickly.

The disparity in time scales for different channel flow components has major
implications for surface water quality variation, and different seasons and even different
parts of the same precipitation event may be associated with different water quality. On
a larger time scale, changes in groundwater recharge quality may impact river quality in
some cases only after a considerable delay, possibly of decades.

4.3.3 Baseflow Variation in Time

Systems with fast (high) aquifer response times (ART = transmissivity / [storage
coefficient x representative length?]: e.g. Downing et al. (1974)) produce more ‘flashy’
base flows (e.g. UK chalk), whereas systems with slow (small) ARTs (e.g. the UK
Permo-Triassic sandstones) produce base flow discharges that are more constant
throughout the year (Figure 4.1).
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Figure 4.1 Schematic hydrographs for streams in continuity with aquifers of fast (e.g.
chalk) and slow (e.g. sandstone) aquifer response times (Downing et al., 1974).

4.3.4 Baseflow Relative to Total River Flow

Often in temperate climates, baseflow will form a very substantial proportion of river
discharge. In this context, the ‘baseflow index’ (BFI) is a useful tool (e.g. Twort et al.
(2000); see Chapter 3). BFI is the fraction of river flow that comes from ‘stored
sources’, the latter being groundwater including soil-derived water. In practice, it is
evaluated using a fairly basic hydrograph-separation method and, in the UK, the Centre
for Ecology and Hydrology produces BFI values for most of the UK river gauging
stations. Table 4.1 summarises the ranges of BFI values for rivers overlying various
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stratigraphic units in the UK. It can be seen that for permeable catchments most of the
river flow is supplied by baseflow (e.g. in the case of chalk), but even in clay
catchments (e.g. London Clay), the proportion of flow derived from baseflow/stored
sources is still significant.Note that baseflow can have slightly different meanings in
different contexts.

Table 4.1 BFI value ranges for UK. Modified after Twort et al. (2000)(a) and Sear et
al. (1999)(b).

(a) BFI (b) Mean
Range
London Clay (Tertiary) 0.15-0.46 0.38 (‘soft clays’)
Chalk (Cretaceous) 0.9-0.98 0.83
Upper Jurassic Limestones 0.85-0.95
Oxford Clay (Jurassic) 0.15-0.45 0.38 (‘soft clays’)
Lower Jurassic clays and limestones 0.4-0.7
(Lias)
Permo-Triassic Sandstones 0.7-0.8 0.68
Coal Measures (Carboniferous) 0.4-0.55
Millstone Grit (Carboniferous) 0.35-0.45
Carboniferous Limestones 0.2-0.75 0.42 (‘hard limestones’)
Devonian Sandstones 0.45-0.55
Metamorphic and Igneous 0.3-0.5 0.49

4.3.5 Regional Effects of Rivers on Groundwater Flow Patt  erns

Where an extensive regional aquifer is present, groundwater catchments are often
approximately coterminous with surface water catchments, reflecting the fact that
groundwater levels are often ‘subdued reflections of the topography’. Groundwater will
flow from the watersheds towards discharge locations on the valley sides and bottoms
(Figure 2a). However, groundwater catchments sometimes differ from the associated
river catchments. This obviously happens where the aquifer is smaller than the surface
water catchment, but can also occur where the aquifer extends beyond the surface
catchment — the groundwater divide may lie inside or outside the surface watershed.
River valleys, representing the lowest elevations in a catchment, have a major, and
often the major, effect on regional groundwater flow patterns, especially in the absence
of significant groundwater abstraction. Conceptually, a typical river in a zone of
temperate climate can be viewed as the surface expression of the groundwater table —
a groundwater outcrop — at least in its lower reaches.
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Figure 4.2 Cartoon of a river catchment in an area of temperate climate showing the
general groundwater flow patterns: (a) horizontal components (b) vertical components.
In (b) spring discharges may occur on valley sides.

The relationship between rivers and groundwater flow patterns is not just seen in
horizontal groundwater flow path distributions (Figure 4.2a). In the upper reaches of a
catchment, the groundwater flow systems are likely to have a downwards-directed
component (Figure 4.2b), and rivers are often perched where they lie above permeable
rock sequences, therefore are often short-lived. In the mid-reaches, baseflow is much
more common, i.e. there is an upward-directed component to groundwater flow, at
least locally around the river (Figure 4.2b), and here the river is likely to be perennial.
The location of the boundary between the upper influent (river to groundwater) and
lower effluent reaches may change considerably seasonally (see Section 4.4.3).
Likewise, the zone immediately adjacent to the river may experience rapidly varying
water levels meaning that during wet periods, discharge to surface may occur over a
zone wider than the river channel itself (see Section 4.4.9). In lower reaches, the
ground surface gradients are often small and the alluvial deposits of low permeability.
Often irrespective of season, this gives rise to inefficient discharge diffused over large
areas with some focussing on the valley sides where topographical gradients decrease
onto the flood plains.

Within the zone where the main water table intercepts the ground surface (i.e. Zones 2
and 3 in Figure 4.2), if the aquifer is deep enough, the groundwater flow patterns will be
‘nested’, with local, small-scale flow cells feeding up-stream discharges, and regional,
deep flow feeding the major river channels (Figure 4.3).
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Figure 4.3 Nested flow systems in areas of complex topography [Dahl et al. (2007) after
Toth (1970)].

Therefore there are three main zones of a typical temperate zone river: an upper-
reach, flashy, influent zone (Zone 1, Figure 4.2); a mid-reach, damped, effluent zone
(Zone 2); and a lower reach, damped, wide zone of diffuse discharge (Zone 3).

So far only regional unconfined aquifers have been considered. However, in other
cases, aquifers are confined by overlying deposits and only communicate significantly
with rivers in locations where the river has eroded through the intervening aquitard.

4.4 Reach Scale Flow

4.4.1 River Channels from Headwaters to Mouth

Proceeding in a downstream direction, rivers usually display (Chapter 3):

. lower axial and transverse gradients

. an increase in depth and width/depth ratio

. an increase in sinuosity

. a decrease in bedload to total sediment load

. a decrease in sediment load grain size

. an increase in discharge.

Of these, 1, 2, 3, and 6 are important in affecting hydraulic boundary conditions, and 4
and 5 in affecting substrate permeability, these being the main determinants of
river/groundwater exchange flows, as explored in this (Section 4.4) and the following
section.

O WNE
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4.4.2 Geometrical Relationships Between Rivers and Underl  ying
Groundwater Flow Patterns

Figure 4.4 shows the few possible geometrical relationships between rivers and
underlying groundwater flow patterns (Woessner, 2000). These relationships will
change from river headwaters to mouth (Section 4.3; Figure 4.2), and may change also
in time depending on variations in the difference between water table and river surface
elevation.

Figure 4.4 The possible geometrical relationships between rivers and groundwater flow.
(a) geometrical classes A to E discussed in the text. After Woessner (2000). (b) typical
geometrical relationships from head water reaches to lower reaches (circles indicate
flow out of the page).

4.4.3 Flows between Headwater Reaches and Groundwater Sys  tems

In the headwaters of a river (Figure 4.2a, Zone 1), influent flow is more likely, either
with an unsaturated zone between the river and the table (Figure 4.5, A) or, further
downstream where the depth to the water table is smaller, without (Figure 4.5, B).

There has been some work on Case A (intervening unsaturated zone; Sophocleous,
2002), but much more work has focussed on predicting losses from the related problem
of ‘perched’ canals. At some point, further lowering of the water table will result in little
further increase in flow, a point that may be around twice the channel width at least for
homogeneous systems (Sophocleous, 2002). It is possible that in such cases ‘unstable’
unsaturated zone flow would become important, leading to flow in vertical isolated
‘fingers’; in addition, ‘funnelling’ may also occur. Both processes result in more rapid
transfer of water (and hence solutes) through the unsaturated zone, with parts of the
unsaturated zone being relatively flow-inactive.

The location of the downstream limit of Cases A and B may change significantly with

time (Figure 4.2b), especially if the axial gradient of the river and the aquifer storage
coefficient are small. In the extreme situation where the aquifer is very permeable it will
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not be possible for a stream to exist perched above the water table. A good UK
example of this are the ‘bournes’ of SE England where, with rising groundwater levels,
the headwaters of chalk streams move up-slope, occupying valleys previously dry (see
www.groundwaterUK.org). Many headwater systems, being on higher ground may be
underlain by harder, less permeable rocks, and in these cases there may be only the
shallowest of groundwater systems, perhaps in a thin cover of weathered bedrock. In
many cases, these will be effectively saturated pockets of sediment that will dry out
only when the river has stopped flowing.

4.4.4 Flows Between Mid-Reaches and Groundwater Systems

In mid-reaches (Figure 4.2b, Zone 2), Cases C (effluent flow) and D (parallel underflow)
of Figure 4.4 become more likely: Figures 4.5a and 4.5b show the horizontal flow
components corresponding to these two cases. These are extremes, and in many
cases flow will be at an angle to the river (Figures 4.4b and 4.5c: river cross-sections
ideally are better drawn along flow lines rather than perpendicular to the river axis — the
system is inherently 3D, rather than 2D (Larkin and Sharp, 1992). In some situations,
Case E of Figure 4 may obtain, with flow occurring across the channel, controlled by
some discharge point below the elevation of the stream channel.

Figure 4.5 Groundwater flow (a) perpendicular to and (b) parallel with a river channel.
(c) the more general case with the flow direction intermediate between cases (a) and
(b). After Larkin and Sharp (1992).

Modelling studies (Larkin and Sharp, 1992) have suggested that the effluent (baseflow)
case (Figure 4.4, Case C) is favoured by:

(i) smaller longitudinal channel gradient

(i) greater sinuosity

(iii) smaller width/depth ratio

(iv) greater penetration of river relative to aquifer base

(v) greater river bed permeability, though only above a threshold

(vi) greater aquifer permeability.

4.4.5 Flows Between Lower Reaches and Groundwater Systems
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In the lower, wide, flat-bottomed reaches of a river (Figure 4.2b, Zone 3), the lower
absolute elevations will often mean water tables are close to ground surface but
discharges may be relatively small because of lower permeability alluvial deposits. In
these circumstances, discrete discharges may be present only at the margins of the
valley floor, some distance from the main river channel (Figure 4.4b). Depending on the
permeability of the alluvium, regional groundwater discharge may be very limited, and
aquifer flow under the channel may be parallel to the channel or even across it (Figure
4.4 Cases D and E, though without significant hydraulic connection), depending on
what downstream discharge points are available, such as the sea. Where no
downstream discharge is available, most flow will be upwards, at slow rates, but
possibly distributed over large areas.

4.4.6 The Effects of Local Permeability Distributions

The type of aquifer has a strong effect on the style of groundwater discharge to a river,
with discrete discharges more common in fracture-flow systems (such as the UK
chalk), and diffuse discharges more common from more intergranular-flow dominated
systems (such as the UK Permo-Triassic sandstones). Differentiating discrete flow from
diffuse flow systems should be possible from stream flow gauging data, provided it is at
high enough resolution (see Chapter 3), though in some cases alluvial or other
superficial deposits will smooth out the effects of discrete fracture discharges.
Floodplain deposits may also be very variable in permeability, especially where palaeo-
channels cut through overbank deposits (Chapter 3). This may result in fast pathways
through generally lower permeability flood plain deposits (e.g. Sophocleous (1991)),
and again result in discrete zones of discharge to the river channel despite the
intergranular nature of the flow. Periodic river-bed outcrop of hard, low-permeability
bedrock can result in forcing flows in alluvial sediments to discharge to the surface, as
can laterally-constraining bedrock outcrop: once flow has passed the constriction,
inflow into the alluvial sediments is again likely (Konrad, 2006). Finally, modelling
studies indicate that permeability anisotropy can significantly affect flow patterns below
rivers: the main effect is to skew the symmetric cross-sectional flow path patterns of
isotropic systems, resulting in extreme cases in flows passing under the river before
rising up and returning to discharge through the river bed (Fan et al., 2007; Ellis et al.,
2007).

4.4.7 Effects of Topographic Variation in River Longitudi nal Profiles

River beds undulate. At reach-scales, changes in bed gradient occur in response to
variations in bedrock erosional resistance and sediment transport processes (Chapter
3), and are often manifest as riffle-pool-step sequences. In pool-riffle-step (or pool-
step-riffle) sequences, riffles are often formed of gravel, and though pools may be
underlain by finer sediments, both frequently have significant permeability. Riffles occur
in UK rivers at spacings of around 6 times bankfull width (Chapter 3). Modelling studies
and field monitoring and tracer tests have shown that because of the drop in head in
the downstream direction, water will enter the river bed sediments at the local elevation
highs (often the downflow part of a pool, and the riffle), flow through the sediment, and
exit at local lows (the upflow part of the next downstream pool) (Figures 4.6 and 4.7;
Harvey and Bencala, 1993; Gooseff et al., 2005, 2007). Thus where these features are
developed the river beds have zones of downflow (‘downwelling’) and upflow
(‘'upwelling”). The elevation changes causing the downflow and upflow also induce flow
into and out of the river banks (e.g. Woessner, 2000). Such lateral flows were found by
Storey et al. (2003) to involve greater fluxes than the vertical flows.
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Figure 4.6 Modelling results for flows through pool-step-riffle and pool-riffle-step sequences of three reaches of Lookout Creek, Oregon, USA
(Gooseff et al., 2005).
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Figure 4.7 A conceptualization of river bed flows associated with riffled gravel bar
reaches [Malcolm et al. (2003), after Malard et al. (2002)]. Only vertical flows are
shown: in addition, there will often be lateral flows into the surrounding alluvium that
pass around the riffle and emerge again into the channel downstream; there will also
be flows that pass across the meander loop (see Figure 9). The deep groundwater
discharges (white arrows) will either pass around the outside of the shallow flows or
discharge between one gravel bar and the next [cf. Figure 14 (b)].

Riffles affect the stream water surface elevation, and Tonina and Buffington (2007)
found riffle-associated exchange flows to be more sensitive to river water level than is
the case for smaller bedforms (such as dunes: see Section 4.5.2). To model their
experimental data, Tonina and Buffington (2007) also found it necessary to include
representation of the third dimension, something that most modelling studies avoid, an
exception being Storey et al. (2003).

Storey et al. (2003) undertook field and three dimensional steady-state groundwater
modelling studies of a riffle-pool sequence in a stream in southern Ontario, Canada.
They found that the main controls on SGIZ fluxes and pathways were hydraulic
conductivity distribution, groundwater discharge, and head difference across the riffle,
all three of which varied seasonally causing changes in fluxes up to thirty-fold (Figure
8). They also found that river-sediment-river exchange flows ceased when permeability
was less than 1 metre per day (m/d), a value that would be considered reasonable for a
water supply aquifer! (This point is worth emphasising, as most research has
concentrated on relatively high permeability systems, and therefore gives a biased
impression of likely flows in many SGIZ systems.) The model runs that reproduced the
field-measured heads showed that a significant exchange flow system was present.
Nevertheless, the total flux through the local SGIZ system was always less than 0.1%
of the stream discharge, and in winter less than 0.002% (compare this with estimates
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by Runkel (2002) for entire river lengths summarised in Section 4.9.2). Storey et al.
(2003) also found that the greatest fluxes occur at the sides of the stream channel, and
rather less through the centre (in their case, by a factor of between 4.5 and 16), a point
also noted by other investigators.

Figure 4.8Vertical and lateral flows in the vicinity of a riffle in an effluent gravel-bed
stream in Canada as modelled by Storey et al. (2003), showing sensitivity to bed
permeability, groundwater discharge (winter = 2 summer), and head difference across
the riffle. (a) head difference across riffle as in summer; (b) head difference across riffle
as in winter (= half that for summer).

4.4.8 Effects of Meanders

Sinuosity has a major effect on local flow directions in the horizontal plane. Modelling
work has shown (Boano et al., 2006; Cardenas, 2008a) that when considering only
horizontal flows, groundwater flow occurs across meander loops as shown in Figure
4.9. Although these models are relatively crude representations, they show that in
sinuous, non-headwater systems there can be both inflow and outflow over the same
part of a channel (including as in Figure 4.4a, Case E). The flow systems have a
significant effect on water residence times (Cardenas, 2008a), as outlined in Section
4.9.
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Figure 4.9Modelled flow patterns across three meander loops of increasing sinuosity
(Cardenas, 2008a). The darker lines indicate flow paths and the lighter lines are head
contours. The flow in the river is from left to right.

Cardenas (2009) provides a relationship that could be used to estimate flow through
point bars for the simple case of sinusoidal rivers where groundwater flow is parallel to
the valley axis.

4.4.9 Flood Plain Inundation

If river levels rise rapidly enough, over-topping will occur and water will spread across
the river flood plain (Figure 4.10a). This may cause recharge of the surrounding
deposits, a process giving rise to the phenomenon of ‘bank storage’ (Figure 4.10b;
Winter et al., 1998). However, often the precipitation that causes river level rise occurs
regionally, and the flood plain will therefore also receive water from direct precipitation,
tributary stream overflows, and from rising groundwater levels (Figure 4.10c). As river
stage declines, groundwater will discharge into the river. Bank failure may also occur at
this falling stage (e.g. Rinaldi et al. (2004)), supplying sediment to the river system and
possibly changing the river bed permeability.
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Figure 4.10(a) river stage rise and inundation of the floodplain, ignoring groundwater (Mertes, 1997). (b) possible impacts on groundwater
system — bank storage (Winter et al., 1998). (c) a modified version of (a), including the effects of direct precipitation on the floodplain and rise in
groundwater level, both causing local flooding (Mertes, 1997). Which model, or combination of models, is closest to reality will depend on
several factors including alluvial deposit groundwater flow system, timing and location of rainfall, and local topography.
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4.4.10 Effects of Nearby Pumping Wells

Regional drawdown caused by heavy abstraction can change surface water bodies
from being effluent to being influent. In such cases, the surface water body may cease
to exist if the hydraulic connection between it and the underlying aquifer is good. At the
other extreme, if the hydraulic connection is poor, i.e. the bed of the surface water body
is underlain by low permeability materials, the surface water body may become
perched. In this situation, the surface water may be little affected other than by the
reduction of any baseflow that had been occurring via valley-side over-spilling of the
low permeability river-bed deposits (Downing et al., 1974). These are extreme models,
and in many cases some limited leakage will occur, usually involving the development
of an intervening unsaturated zone. In such cases, the possibility of ‘unstable’
unsaturated zone flow occurs (Section 4.4.3), and although identification of such flows
in the field is relatively rare, if it is occurring it will affect the magnitude of the flow and
significantly increase its velocity. As more flow occurs into the aquifer, clogging
processes may become important, and some degree of self-sealing may occur.
Prediction of flows where an intervening unsaturated zone has developed is difficult,
and an area where research could be beneficial.

Another common problem is the prediction of the effects of a single well on a nearby
river, either in the case where an assessment of the impact of a well on river flows is
required, or in the case where ‘river infiltration’ is being purposely induced. Much
research has been undertaken on this issue, though again almost all of it concentrates
on non-perched systems. The ‘base case’ to which most work refers, and which is still
used in practice in many parts of the world, is that analyzed by Theis (1941) (see Miller
et al. (2007) for a convenient summary of details). This base case comprises a
homogeneous system with fully penetrating well and (straight) river, no recharge, no
initial groundwater flow, and constant river water level. Theis’s analysis was re-cast in a
more convenient form by Glover and Balmer (1954), and in this form is often referred to
as ‘the Glover equation’. In this simplified system, initially the effect of the river is not
seen by the well, but as time of pumping increases, the radius of influence of the well
reaches the river and water is drawn into the aquifer. Figure 4.11a shows the flow
pattern around the well once flow is induced into the aquifer, and Figure 4.11b the
contribution to the well discharge from the river as a function of (dimensionless) time.
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Figure 4.11 (a) schematic diagram of the flow system in the vicinity of a well adjacent to
a river with no regional groundwater flow (Raudkivi and Callander, 1976). (b) the
increase with (dimensionless) time of flow from a river (q) as a proportion of well
abstraction rate (Q) for a river in perfect hydraulic continuity with an aquifer with a
horizontal water table (i.e. no regional groundwater flow)(Butler et al., 2001)[a =
distance from well to river measured perpendicular to the river; S = aquifer storage
coefficient; T = aquifer transmissivity; t = time]. (c) flow in the vicinity of an abstracting
well close to an effluent river: for relatively low pumping rates (or short time since
pumping commenced) (top) where the well reduces the baseflow to the river but river
water is not entering the aquifer; for higher pumping rates (or longer times since
pumping commenced) where the abstraction has reversed the hydraulic gradient and
water is flowing from the river into the aquifer (bottom) (Raudkivi and Callander, 1976).

In real systems, flow often occurs towards the river before a well starts pumping. In this
case, the river flow is affected before flow directions are reversed by reduction of
baseflow caused by the reduction in head gradient towards the river [Figure 4.11 (c)].
Downing et al. (1974) analyzed this problem using the simple aquifer/river model
shown in Figure 4.12a. They reported their results in terms of ‘net gain’, defined as

NG = [Well discharge — Reduction in flow to river]/Well discharge

Figure 4.12 shows examples of the results they obtained for constant and intermittent
pumping rates for aquifers with different ARTs (see Section 4.3.3). For aquifers with
slow response times (low ARTS) (low transmissivity, high storage coefficient aquifers,
e.g. UK Permo-Triassic Sandstones), higher NG values are obtained for any given
time, i.e. the river is less affected. Figure 4.13a shows predictions of the relative sizes
of each pumped water flow component as a function of time since pumping began
(Chen, 2003). In the case shown, a relatively large amount of water is derived from
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diversion of baseflow rather than from infiltration of river water. The effects of pumping,
not surprisingly, will continue after pumping ceases as shown in Figure 4.13b.
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(b)

Figure 4.12The effects of abstraction on a river (Downing et al., 1974). (a) numerical model boundary conditions. (b) the fall in net gain as a
function of time for a fast response time aquifer and a slow response time aquifer. (c) the change in net gain as a function of time for fast and
slow response time aquifers for seasonal recharge and pumping.
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(a) (b)

Figure 4.13(a) a particular example of how the sources of water at an abstraction well
near a stream change as a function of time since pumping began as calculated by
Chen (2003): note that the proportions will change with system parameter values. (b)
the variation in stream infiltration rate (top) and reduction in baseflow rate (bottom)
during pumping and after pumping ceases for a well located at distance L from a
stream in a groundwater system with an hydraulic gradient of I, as calculated for a
particular example by Chen (2003). Pumping stops at 120 days.

A number of other researchers have investigated the effects of various of the
assumptions inherent in the ‘Glover equation’ approach, including partial penetration of
the river, finite river width, leaky aquifer, low conductivity of the river bed sediments, a
linear barrier boundary parallel to the river, wedge-shaped aquifers (such as a well
near the junction of two rivers), and horizontal wells (‘galleries’; Butler et al., 2001;
Hunt, 2003; Yeh et al., 2008; Wang and Zhang, 2007; Miller et al., 2007). There has
been some work on the effects of permeability heterogeneity (Chen et al., 2008), and
much local experience has been accumulated for locations where there are active river
infiltration schemes (such as the Rhine; Schubert, 2002)]. In addition, though not
explicitly in the context of well abstraction, the effects of changes in groundwater
discharge on more local, bedform-scale flows have been investigated, for example, by
Cardenas and Wilson (2007a)(see Figure 4.15 below).

45 Sub-Reach Scale Flow

45.1 Introduction

As in the case of pool-riffle-step sequences, smaller scale bedforms also induce
downflow, upflow, inflow, and outflow. These smaller-scale bedforms include anti-
dunes, dunes, ripples, and obstacles (Chapter 3). The head gradients across these
small-scale bedforms and obstacles can be induced by the fall in river heads
downstream, but head gradients also arise from the juxtaposition of the generally
turbulent surface water flows and the slower laminar flows in the sediment. Variations
at this scale are potentially important for: any pollutant attenuation the sediments may
offer; ecosystem support; and design of sampling and monitoring systems.
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4.5.2 The Effects of Bedform Structures on Flow

Bedforms such as dunes affect surface water flows such that the pressures along the
sediment interface are not constant, i.e. pressure gradients are set up through the
sediments. This is a different mechanism to that associated with flows through riffle-
pool sequences and meanders described above where the head gradients in the
sediments are formed by the fall in river level downstream. The resulting subsurface
flows induced by flow over small-scale river-bed irregularities is termed ‘pumping’ by
some researchers (Worman et al., 2002).

Flows through small-scale bedforms have been investigated by both numerical
modelling and field measurement. Figure 4.14 shows the basic flow patterns in a unit
wave-form, including in the presence of groundwater upflow from depth (Figure 4.14b):
water enters the sediment at the stoss (upflow) side of the structure, and exits through
the crest and lee. The flow is such that there is both upstream circulation and
downstream circulation within the sediment, unlike riffle-pool sequences. The depth of
penetration depends on several factors, but Boano et al (2008) estimate that in
homogeneous isotropic sediments the maximum penetration is around 70% of the
bedform wavelength for laminar flow in both sediments and river. Cardenas and Wilson
(2007b), using a turbulent representation of surface water flows over dune-like
structures (i.e. as in Figure 4.14b) to calculate the driving heads at the upper surface of
the sediment, found penetration of the surface water to be almost independent of
Reynold’s number (i.e. of degree of turbulence) above the onset of turbulence, with
penetration depths of between 60 and 80% of bedform wavelengths. The geometry of
the flow system is similar irrespective of the symmetry and steepness of the dunes.
Although the geometry of the exchange zone is independent of Reynold’s number, the
flux through the zone is strongly dependent upon it. Cardenas and Wilson (2007b)
present simple relationships, based on geometry and stream flow velocity, from which
penetration of the flows into the subsurface and fluxes can be predicted for the
geometries they have investigated.

Figure 4.14 Two representations of flow through a unit bedform (e.g. a dune). (a)
schematic representation from Wérman et al. (2002). (b) numerical model results from
a turbulent surface water / laminar groundwater model from Cardenas and Wilson
(2007a); note the eddy in the lee of the dune crest. Wavelength around 1m.

When deep groundwater discharges into a river channel, the depth of circulation of the

surface exchange fluxes is reduced. Figure 4.15 shows numerical model results
obtained by Cardenas and Wilson (2006) indicating how upflow reduces the depth of
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penetration of the surface water. Figure 4.16 shows model results produced by
Cardenas and Wilson (2007a) for the case where groundwater flow across the bottom
boundary is held constant. It was found that, in contrast to the case for no upflow, the
size of the penetrated zone increases as river discharge (Reynold’s Number)
increases. As river flows become larger (far right case (f)), the flow system increasingly
approximates the case where there is no deep groundwater discharge: at this point the
groundwater discharge is limited to a very small zone close to the crest (better seen on
Figure 4.14b). For the surface water to enter the sediment, lateral head gradients must
be at least as large as vertical head gradients. Figure 4.16 also includes influent
conditions.
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Figure 4.15The effect of upflow from an underlying aquifer on bedform-induced flows as modelled by Cardenas and Wilson (2006). Assumes
laminar flow in stream.

Figure 4.16 Modelled flow fields below bedforms for the case of effluent flow (top row) and influent flow (bottom row) by Cardenas and Wilson
(2007a): surface water flow turbulent, with Reynolds’ Numbers increasing towards the right as indicated. Contours are of pressures normalised
as p’ = (p — Pmin)/(Pmax — Pmin)- Arrows indicate flow directions, but not magnitudes. Solid lines indicate boundaries of the penetration of surface

water. Effluent/influent groundwater flux/permeability is approximately 0.1, and bedforms are 1 metre across and have a 0.05 m crest height.
No vertical exaggeration.
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If the sediment grain size is large, other turbulent effects begin to become significant.
Packman et al. (2004) and others have investigated exchange flows with gravel
substrates using laboratory flumes. Irrespective of the presence of bedforms, they
showed turbulent momentum transfer across the sediment surface to be significant.
Turbulent momentum transfer occurs where turbulent flow above the surface/sediment
interface is so well developed that the lateral component of the water velocity at the
sediment surface becomes significant and this ‘slip’ velocity induces non-Darcian flow,
decreasing exponentially with depth, in the sediment. Packman et al. (2004) also
showed that for plane beds, turbulence, probably induced by the grain-scale roughness
of the sediment surface, resulted in variations in head at the boundary that induced
advection through the substrate, despite the absence of bedform topography. It
appeared that these processes were prevalent in the upper ~5 cm of the gravel bed
investigated, equivalent to a depth of about 5-10 grain diameters, though flow through
preferential pathways was also observed deeper in the sediment. Though it proved
impossible to separate the effects of the advective and momentum transfer processes
guantitatively, the exchange flux induced was found to be directly related to the square
of the Reynold’s number based on the characteristic grain size of the sediment.
Vollmer et al. (2002) present laboratory data indicating that surface water level
fluctuations of periods of a second or more also increase turbulent exchange.

Consideration of the third dimension and permeability heterogeneity results in further
complications, as shown by Cardenas et al. (2004) who modelled flows in stream
sediments of heterogeneous permeability at a channel bend, taking into account head
variations brought about by the presence of bedforms and the channel curvature,
though not including momentum transfer processes. Figure 4.17 shows typical results
for a range of head boundary conditions (axial, transverse, and local bedform): each
picture shows the spatial variation in elevation of the base of the exchange zone.
Cardenas et al. (2004) conclude that bedform, channel bends, and permeability
heterogeneity all have significant effects on the geometry of the zone penetrated by
surface flows, on the fluxes, and on the residence times. The relative importance of
each of these factors changes significantly depending on the values of the other two
factors.
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Figure 4.17Representations of the extent of surface water penetration into river bed deposits as indicated by steady-state modelling by

stream axis; J, = hydraulic gradient along axis of stream; A, = amplitude and wavelength of sinusoidal head variation applied to stream bed

surface. The column of simulation results on the right indicate the effects of an increase in permeability heterogeneity from (a) to (e), with (e)
corresponding to Simulation A (top left).
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In addition to the sediment bedforms, flow into the substrate can be encouraged by
obstacles such as logs (Wondzell and Swanson, 1999), boulders (Figure 4.18a),
beaver dams (which can also induce permeability changes according to Genereux et
al. (2008)), weirs (Figure 18b), and shopping trolleys (e.g. White, 1990).
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(@) (€)

(b)

Figure 4.18 Flow in the vicinity of: (a) a boulder on the sediment surface (White, 1990); (b) a weir [modified after Watson and Burnett (1993)];
and (¢) Chara hummock sand deposits (plant not shown, but would be at up-stream edge of sand deposits) (White, 1990).
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4.6 Other Factors
4.6.1 Introduction

This section briefly describes five factors, not always independent, that can be
important at different scales: temperature variation; vegetation growth; colmation;
bioturbation; and channel geometry evolution.

4.6.2 Temperature Variation

Because the river/aquifer interface is so shallow, temperature fluctuations in the
shallowest parts of the SGIZ will be much larger than in many other hydrogeological
situations, varying from close to 0 °C to perhaps 20 °C in the UK. A change from 0 to
20 °C will nearly double hydraulic conductivity, and significantly change flows
(Constantz et al., 1994, Storey et al., 2003). As temperature increases, some gas may
exsolve, thus reducing permeability locally.

4.6.3 Vegetation Growth

Submerged vegetation will also vary significantly seasonally, changing the bottom
roughness, and in many cases changing sedimentation processes. Using tracer
experiments, Salehin et al. (2003) show that such seasonal changes in vegetation can
have a significant effect on exchange flows. For example, trailing strands of
Ranunculus can often cause slower water flow encouraging the deposition of finer
sediment and organic matter resulting in a lens of lower permeability sediment of
different chemical nature: Figure 4.18c shows the very similar case of a Chara
hummock and its effect on flow (White, 1990). When the plant dies back, the sediment
is eroded, and hydraulic conditions are again changed. In-channel vegetation, dead
and alive, can also result in gas production that in principle can reduce permeability:
and overhanging vegetation can also affect in-channel gas production rates by
providing shade.

4.6.4 Colmation

Colmation is the clogging of river bed sediments by fine material sedimented out of the
water column, filtered out by passage of inflowing river water, or produced by biological
processes, including biofilms (Chapter 3). The fine material may come from a wide
range of sources, including runoff from adjacent land especially following landuse
changes, bank failure, sewage and other discharges, river engineering works, leaf litter,
and upstream river bed gravel extraction (Brunke and Gonser, 1997). The clogging
material — the ‘colmatage’ — may form on the surface of the sediment, or penetrate it. It
will affect ecological systems, and reduce permeability (Brunke and Gonser, 1997). It
occurs especially when flows are low, either because of low total discharge or locally in
a zone of restricted flow, and when flow is induced through a river bed either because
of a regionally low water table or because of near-river pumping (e.g. Schubert, 2002).
Rehg et al. (2005) concluded from laboratory experiments that the effect of the addition
of fines to a river strongly depends on flow and bed load sediment transport, and
Schubert (2002) concludes from field observations that the permeability of the clogged
parts of a river bed vary significantly with flow conditions. If flow direction changes from
influent to effluent there is a possibility of flow-direction dependent permeability.

4.6.5 Bioturbation

Though plants can cause bioturbation, if only by leaving root holes, it is usually animals
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that are most active in disturbing the substrate, altering or destroying the sedimentary
structures present. In general it would be expected that permeability anisotropy would
be reduced by this process and moderate the effects of colmation, provided that the
organisms are able to tolerate the latter. In some cases permeability may be increased
by burrowing. Organisms can also create a ‘bioroughness’ (Huettel and Gust, 1992)
that has an effect on pressure distributions and therefore movement of solutes into
stream sediments (compare with Section 4.3.2).

4.6.5 Channel Geometry Evolution

River systems are dynamic (Chapter 3) and their geometries continually change as a
result of channel avulsion on the large scale, bank failure on reach scale, and local
erosion or deposition on the sub-reach scale. For example, Figure 4.9 shows the
development of a meander loop through time at intervals of about a century. Such slow
movement may not be of importance, but in other cases, both at smaller (bank erosion)
and at larger (braided river avulsion) scales, changes may markedly alter flow. At the
extreme case, the geometry change may be such that the flow system is suddenly
‘reset’ (e.g. Wondzell and Swanson (1999)). Packman and Brooks (2001) have
examined, in the laboratory and by modelling, the case of migrating bedforms and their
accompanying ‘turnover’ exchange. They found, amongst other things, that at high
bedform migration rates the penetration front of the surface water became
approximately horizontal indicating that the usual variations due to the advective
‘pumping’ processes were averaged out.

4.7 River Bed Sediment Permeability

The permeability of stream bed sediments depends very considerably on the source
material, the flow conditions, and a range of other factors including many of those
mentioned in Section 4.6. Because of the multiplicity of contributing factors, it is not
possible to generalise on absolute values with any accuracy. However, the data
compiled by Calver (2001) may provide a guide, as may the estimation approach of
Booker et al. (2006).

Stream bed permeability is often very variable in space and time. In one recent study,
Genereux et al. (2008) undertook 487 field measurements of permeability of the bed of
a stream in North Carolina, USA, over a period of a year. For a reach of 263 m in
length, they found a mean permeability of 16 m/d, with a range of 0.01 to 66 m/d.
Overall, the permeability was neither normally or log-normally -distributed, but bimodal.
There was significant variation over distances of a few metres, with generally higher
permeability under the centre of the channel. The permeability distributions varied very
significantly over a year as shown in Figure 4.19. Changes in stream bed elevation
indicated that erosion was an important factor in causing this variability.
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<« Stream flow direction

Figure 4.19 The variation in space and time of the permeability (K) of stream bed sediments as measured using a falling head method in a tube
inserted 36 cm below the sediment surface along a reach of West Bear Creek, North Carolina, USA (Genereux et al., 2008). Measurements
were taken between December 2005 and December 2006. The red line indicates a beaver dam, and the dots indicate measurement points.
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4.8 An Overview of the Flow System in the
River/Aquifer Interface Zone

It is clear that the flow system in the river/aquifer interface zone is often a fairly
complex one, showing a great deal of variability in time as well as in space, especially
in coarser more permeable systems. This complexity gives rise to variable fluxes
across the interface, as illustrated in the single time snapshots shown in Figure 4.20.
Figure 4.21, from a modelling study by Poole et al. (2008) on a river in the USA,
indicates how complex the groundwater flow paths can be. Most flow paths, perhaps
unsurprisingly, are short in this relatively small, shallow (< few metres thick), high
permeability (400 m/d), gravel system (90% < 100m), but some flow paths are much
longer (> 1km), resulting, in some cases, in reaches where adjacent discharges are
from widely separated recharge locations.
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Figure 4.20 Modelled groundwater heads and some near-stream groundwater flow paths for (a) high flow and (b) low flow conditions in Aspen
Creek, New Mexico, USA (Wroblicky et al., 1998). Discharges to (>0) and from (<0) the stream bed are shown to the right. Stream flow is from
right to left.
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Figure 4.21 Two dimensional modelling results for flows in the vicinity of the Umatilla River, Oregon, USA (Poole et al., 2008) during low flow in
2004. Panel A shows the groundwater flow lines and the groundwater head contours (m); colours along channel reaches indicate the flow path
lengths associated with the discharge locations (recharging reaches are left un-ornamented). Panel B shows modelled flows between main and
secondary channels. Panel C shows the effect of a beaver dam (white diamond) on local flows. Panel D maps out the flow directions across the

alluvial plain aquifer.

Science Report — The Hyporheic Handbook 82



The basic characteristics that river/aquifer flow systems in general possess include
(e.g. Poole et al., 2008):

1.
2.

aquifer to river or river to aquifer flow, and often both in close proximity
some river water, often because of channel topographic variations or
obstructions, passes down into the shallow subsurface, subsequently
mostly re-emerging downstream

. some river water, often again because of channel topographic variations or

obstructions, passes out laterally into surrounding deposits, some later to
re-join the river downstream

. total exchange flow is often much greater than net exchange flow
. because of the nature of the river channel morphology, there is some

nesting of flow pathways, just as in regional, ‘Tothian’ (Toth, 1970), flow
(Figure 4.3), and often short pathways are more common than long
pathways.

This list best fits non-karst, high permeability systems. In karst systems, flow to and
from a river may be very strongly controlled by relatively few fractures. In low
permeability systems, on which less research has been undertaken, SGIZ flows may
be very limited.

Poole et al. (2008) provide a useful summary of these ideas, termed by them
‘hydrologic spiralling’, as illustrated in Figure 4.22.
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Groundwater discharge

Figure 4.22A cartoon illustrating the ‘hydrologic spiralling’ concept of Poole et al. (2008). The figure shows a longitudinal cross-section of a
stream system with flows leaving and subsequently re-joining the stream on a variety of space (and time) scales. Changes in arrow shading
indicate changes in water temperature and chemistry. Plus and minus signs indicate effluent and influent flow zones associated with each of
the nested flow paths. In some cases there will be groundwater discharge (or recharge) also.
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4.9 Solute Transport
4.9.1 Solute Transport Through Catchments

River chemistry represents the integration of the concentrations from all the pathways
through the catchment, including the subsurface pathways. Examination of catchment
time series data for unreacting solutes (Kirchner et al., 2000, 2001) has shown that the
concentration fluctuations in streams are strongly damped relative to those in rainfall,
except on the longest timescales (greater than 5 years in the case of the Hafren
catchment in Wales, for example). The ‘white noise’ rainfall power spectrum signal is
converted by the catchment into a fractal ‘1/f noise’ power spectrum signal (where f is
frequency). It can be shown that this implies that solutes have ‘long-tailed’ residence-
time distributions — the passage of a rainfall concentration peak through the catchment
will be ‘smeared’ out, with rapid initial breakthrough followed by a very long decline.
The residence times follow approximately a power function (i.e. frequency = constantl
X residence_time®""®"? constant2 < 0).

Following this observation, initial modelling investigations suggested that, for relatively
simple catchment geometries, the long-tailed solute distributions can be reproduced
only if very large dispersion coefficients are used, implying probably unrealistic
heterogeneities in hydraulic properties (Kirchner et al., 2001). Subsequent modelling
work on nested flow systems (cf. Figure 4.3) in catchments of self-similar (‘fractal’)
topography indicated that solute residence time distributions similar to those seen in
the field data can be simulated (Wérman et al., 2007): Cardenas (2008b) goes as far
as to claim that the observed residence time distributions are inherent in flow structures
from ripple-scale to regional groundwater flow system scale. Although research
continues, the important finding is that solute breakthroughs to rivers are strongly
tailed.

4.9.2 Solute Transport at the Reach Scale

Numerous in-stream tracer experiments indicate that a ‘transient storage’ phenomenon
occurs during movement of tracers downstream. This can be significant, resulting in
delay in transit time along the stream, and tailing of breakthroughs (e.g. Figure 4.23a).
Although some of this transient storage may be due to in-channel processes (for
example as a result of the presence of in-stream vegetation or eddy pools), much is
due to exchange flows (Figure 4.23b)) as already suggested in Section 4.9.1 In an
analysis of 53 tracer studies, Runkel (2002) showed that transient storage processes
accounted for between 0.1 and 68% of the total reach transit time. The remainder of
this subsection summarises the results of modelling studies that have shown what
reach-scale processes might give rise to such delays; sub-reach processes, which also
affect the observed tracer breakthrough patterns, are considered in Section 4.9.3
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Figure 4.23Results of in-stream tracer tests. (a) the tracer (tritium) breakthrough in stream waters at eight locations along a 30 km reach in
Sava Brook, Sweden (Wdrman et al., 2002). (b) concentration profiles in the stream bed sediment at the 0.13 km sampling location of (a)
(concentrations in millilitres of ‘wet substance’)(Jonsson et al., 2003). (c) rhodamine WT tracer breakthrough in stream waters for experiments
undertaken in 2003 (left) and 2004 (right) in streams in Jackson Hole, USA; the times have been normalised by dividing by the advective

transport time (t,q,) (Gooseff et al., 2007).
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Cardenas (2008a) has undertaken a modelling study of the breakthrough of solutes
across three meander loops of different sinuosity. Figure 4.24 shows the predicted
progress of an unreacting solute front. Breakthrough first occurs at the apex of the
bend, and then through the neck. There is a wide spread of breakthrough times, with
significant breakthrough occurring, not surprisingly, before one pore volume, and full
breakthrough not occurring until in excess of six pore volumes —i.e. non-Fickian
(Figure 4.25a). This is emphasised by the plots of Figure 4.25b which represent
residence time distributions: the peaks approximately mark the time of breakthrough at
the meander neck, subsequent to which a power-function relationship can be fitted to
the breakthrough time/frequency data.

Figure 4.24 Unreacting solute movement fronts through meander loops of different
sinuosities as indicated by modelling undertaken by Cardenas (2008a). The
corresponding flow nets are given on Figure 9. Permeability is 50 m/d, porosity 0.3, and
channel head gradient 0.0001. Longitudinal dispersivity is 0.1 m in all three cases with
transverse dispersivity a tenth of this, and the front is indicated by the concentration /
initial (i.e. up-stream boundary) concentration contour of 0.9.
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(b)

Figure 4.25 Breakthrough curves and residence time distributions for the three
modelled meander loops shown in Figure 24 (Cardenas, 2008a). (a) breakthrough
curves for the water exiting the downstream side of the meander loops: C* =
concentration / initial (i.e. up-stream boundary) concentration ratio; t* = dimensionless
time (= pore volume) = tV/A where t is time, V is the flux integral along the discharge
line, and A is the horizontal area of the meander loop. (b) residence time distribution of
solutes in the meander loop: dC*/dt is a measure of the frequency of occurrence of
residence times t.

Modelling investigations by Cardenas et al. (2004) illustrated in Figure 4.17 indicate
that residence time distributions in bed sediments of heterogeneous streams are log-
normally distributed: this study also showed that log-normal distributions can be
produced by permeability heterogeneity alone. Depending on circumstances,
permeability heterogeneity can cause an increase or a decrease in mean residence
times, reflecting the complex interdependency within the system. Cardenas et al.
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(2008) conclude that in the absence of strong permeability heterogeneity and
significant in-channel storage, channel/bedform geometry will result in power-law
residence time distributions over times from minutes to tens of days.

Figure 4.26 shows results from the study of Storey et al. (2003) (Section 4.4.7)
indicating model-estimated groundwater residence times and flow path lengths around
a riffle-pool sequence in Ontario. The complexity of the dependence of residence time
and flow path length on permeability and head is clear.

Figure 4.26Residence times and flow path lengths for flows in the vicinity of a riffle in
an effluent gravel-bed stream in Canada as modelled by Storey et al. (2003) (see also
Figure 8), showing sensitivity to bed permeability and groundwater discharge (winter =
twice that of summer) for (a) head difference across the riffle as in summer and (b)
head difference across the riffle as in winter (= half that for summer).

There is even less information available on solute movement from perched rivers into
an underlying unsaturated zone than there is for flows in such systems. Unstable
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unsaturated flow (see Section 4.4.3) may reduce residence times and attenuation of
solutes.

4.9.3 Solute Transport at the Sub-Reach Scale

Figure 4.27 shows an example dataset of concentrations against depth for a small river
(Tame, English Midlands; Rivett, M.O., pers. comm., 2009). The concentration profiles
vary significantly in time and space, and this is very likely to be the case in many other
rivers.

Figure 4.27 Chloride concentration profiles below the River Tame in Birmingham at two
sites (M.O.Rivett, pers. comm., 2009).

Elliott and Brooks (1997) showed that, at early times, advection into bedforms can be
satisfactorily represented by a diffusive model, a model that implies exponential
residence time distributions. However, Cardenas et al. (2008) have explored residence
time distributions in further detail, using a numerical model that includes the effects of
turbulent surface flow. They found that breakthrough curves and residence time
distributions were very similar in style to those for meander systems, with long-tailed
breakthrough curves (i.e. similar to those in Figure 4.25). For later-times, the residence
time distributions can be described by power functions (see above) over, in the
numerical experiments undertaken, intervals from minutes to tens of days. Advection
seems to dominate over dispersion and diffusion. Cardenas et al. (2008) expect that
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similar results will be found at other scales, as bedforms have similar geometries over
a range of scales, as long as the bedforms are sufficiently submerged.

All the results presented above are for relatively permeable sediments — coarse sands
and gravels. If the sediment grain size is small, the permeability of the substrate will be
low and advective exchanges will be very limited (Ryan and Boufadel, 2006). In this
case, diffusion will start to become important for the sediment porewaters, though
probably not for the surface water system as the flux rate will be very small.

For larger grain sizes, turbulent transfer of water and solutes across the sediment
surface becomes important even in flat stream beds (Section 4.5.2). Packman et al.
(2004) suggest that the combined effects of non-Darcian advection and turbulent
‘diffusion’ due to momentum transfer can be represented using a diffusion formulation,
and they provide suggested ‘diffusion’ coefficients that depend on Reynold’s number,
grain size, and bedform presence or absence. The turbulence-induced transport in the
experiments of Packman et al. (2004) were seen to be prevalent to depths of only 5 to
10 grain diameters, though transport through preferential pathways occurred to greater
depths. Ellis et al. (2007) explore the effects on transport of solutes in the River Tame,
English Midlands, of various processes, and found turbulent mixing due to pressure
transients in the river to be a potentially significant process affecting shallow
(decimetre) solute distributions.

The three-dimensionality of all river systems provides more complexity (Section 4.9.2).
Good illustrations of the possible local complexity of solute patterns is provided by
several of the figures presented above, and also by the numerical experiments of
Tonina and Buffington (2007) as shown in Figure 4.28. In addition, such diagrams, and
especially Figure 4.16, suggest that groundwater discharge will be through limited
volumes of the substrate, and hence most of the total attenuating capacity of the river
bed sediments may not be available to the inflowing groundwaters at any one time.
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Figure 4.28 The complexity of flow paths through a three-dimensional medium-amplitude bedform as indicated by the modelling of Tonina and
Buffington (2007). The pathlines all start at the sediment surface and are coloured according to pressure (Pa).
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4.10 Towards Prediction

It is hoped that the ideas and examples described in this chapter will provide
sufficient background to enable the construction of conceptual models for particular
sites. Such conceptual models are often useful in their own right, for example in
planning monitoring investigations. However, conceptual models also form the basis
of quantitative modelling, a topic covered in Chapter 9. Although the full complexity of
river/groundwater exchange systems is unlikely to be amenable to quantitative
prediction in practice, much can be gained from simplified models based on
assumptions developed from a sound conceptual understanding.
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