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ARTICLE INFO ABSTRACT

Keywords: The effective management of sediment losses in large river systems is essential for maintaining the water re-
Sediment fingerprinting sources and ecosystem services they provide. However, budgetary, and logistical constraints often mean that the
Erosion

understanding of catchment sediment dynamics necessary to deliver targeted management is unavailable. This
study trials the collection of accessible recently deposited overbank sediment and the measurement of its colour
using an office document scanner to identify the evolution of sediment sources rapidly and inexpensively in two
large river catchments in the UK. The River Wye catchment has experienced significant clean-up costs associated
with post-flood fine sediment deposits in both rural and urban areas. In the River South Tyne, fine sand is fouling
potable water extraction and fine silts degrade salmonid spawning habitats. In both catchments, samples of
recently deposited overbank sediment were collected, fractionated to either <25 pm or 63-250 ym, and treated
with hydrogen peroxide to remove organic matter before colour measurement. In the River Wye catchment, an
increased contribution from sources over the geological units present in a downstream direction was identified
and was attributed to an increasing proportion of arable land. Numerous tributaries draining different geologies
allowed for overbank sediment to characterise material on this basis. In the River South Tyne catchment, a
downstream change in sediment source was initially found. The River East Allen was identified as a represen-
tative and practical tributary sub-catchment for further investigation. The collection of samples of channel bank
material and topsoils therein allowed channel banks to be identified as the dominant sediment source with an
increasing but small contribution from topsoils in a downstream direction. In both study catchments, the colour
of overbank sediments could quickly and inexpensively inform the improved targeting of catchment management
measures.

Flood deposits
Catchment management
Large catchment

1. Introduction

Large rivers provide critical water resources and ecosystem services
to the human populations which they support. A combination of land
use change, urbanisation, structural changes to river systems and
floodplains, and climate change have caused increased sediment related
pressures on these river systems globally (Li et al., 2017). These pres-
sures are causing widespread failures to meet environmental objectives
(Vorosmarty and Sahagian, 2000). Specific problems associated with
excessive sediment loads include reservoir sedimentation and drinking
water contamination (Dargahi, 2012; Lal and Stewart, 2013), the silta-
tion of aquatic habitats and associated harm to biota therein (Wood and
Armitage, 1997; Kemp et al., 2011), harm to biota through increased
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pollutant fluxes (Pyle et al., 2005), increased flood risk, as well as im-
pacts on infrastructure (Boardman and Vandaele, 2020). To mitigate
these effects most efficiently requires an understanding of sediment
sources, which also depends upon both erosion rates as well as con-
nectivity between different parts of a large river system at varying
scales, from hillslope erosion to sediment transport to depositional
processes (Walling and Collins, 2008). The downstream impacts of
anthroprogenic activities within a catchment may also vary over tem-
poral scales with it possibly taking many years for a change to manifest
impacts downstream, presenting a further challenge to understanding
catchment sediment sources (Owens et al., 2010). Current understand-
ing of sediment source evolution through large catchments is generally
poor (Slattery et al., 1995; Collins and Walling, 2004), and a paucity of
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monitoring data combined with the logistical challenges associated with
data collection limit the availability and generation of site-specific
sediment source information (Xu et al., 2022). Given the high costs of
sediment mitigation in large catchments on account of their spatial
extent, the absence of reliable sediment source data is causing both so-
cietal costs associated with the damage caused by excessive sediment
transfers and sub-optimal returns on the public funds invested to miti-
gate the sediment problem.

Sediment source fingerprinting is a widely used method to determine
the sources of sediment transported through a river system (Collins
et al, 2020). The method significantly reduces the resource re-
quirements of establishing sediment sources when compared to tradi-
tional monitoring approaches, making it potentially ideal for the study
of large river catchments (Collins et al., 2017; Xu et al., 2022). It,
however, requires the collection of an adequately representative data-
base of samples of different potential sediment sources within a catch-
ment, as well as samples of target sediment sampled from key locations
on the stream network. Unfortunately, in large catchments, which may
cover an area of thousands of square kilometres, obtaining such a
database of source samples is likely to be time consuming and expensive
and not possible without substantial monetary and labour resources.
Different sampling methods have been developed in sediment finger-
printing investigations to overcome this problem, which may also
potentially deliver an increased understanding of the spatial evolution of
sediment sources through a catchment. For example, Hardy et al. (2010)
sampled sediment from the deltas of 11 tributary sub-catchments of the
large Romaine River, Canada, to identify variation in sediment source
composition throughout its basin. Alternatively, a confluence-based
tracing approach where sediment is retrieved from two streams up-
stream and downstream of their confluence represents an approach
where the relative contributions of sediment from each can be identified
(Collins et al., 1997; Vale et al., 2016; Blake et al., 2018). However, this
confluence-based approach still requires the deployment of a network of
sediment samplers and adequate sampling time which may limit the
number of points within a river network which can be sampled and may
present a barrier to work with limited resources or timescales. The
collection of channel bed sediment through resuspension methods rep-
resents an alternative instantaneous sampling method and does not
require in situ samplers (Lambert and Walling, 1988). However, this
approach relies on the sometimes-debatable assumption that the sedi-
ment deposited on a particular area of the bed is representative of the
suspended sediment load of its upstream catchment over a range of flow
conditions, and in large rivers deep water may limit the practicality of
sampling. Therefore, for a catchment manager with a limited budget,
adequately sampling a large river system is likely to be very challenging.

Recently deposited overbank sediment has been collected as target
sediment in source tracing work by the deployment of artificial grass
mats and the washing of sediment from the leaves of riparian vegetation
(Lambert and Walling, 1987; Owens and Walling, 2002). Overbank
deposits have also been used for geochemical mapping in large river
systems (Ottesen et al., 1989). Sampling overbank sediment deposits has
the advantage that they contain sediment transported during high flows
when most of a river’s sediment flux occurs (Wainwright et al., 2015).
They can also be easily sampled wherever found, which in some rivers
may be extensively along a river channel network, meaning that a large
database of sediment samples can theoretically be collected over a short
period of field work by a non-expert with no specialised equipment. This
will, however, depend upon both the presence of depositional locations
where sediment may be trapped and the time of year, as vegetation able
to trap sediment may not be present all year around. Vegetation growth
may also cover sediment deposits on the ground hiding them from view.
The alteration of sediment properties over its extended storage might
mean it no longer reflects its source, or rainfall may wash away loosely
deposited sediment. Despite these potential limitations, the ability to
trace the sources of a large number of sediment samples inexpensively
and quickly along the length of a river can potentially significantly
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improve our understanding of catchment erosion and sediment delivery
processes and the evolution of sediment provenance through large river
systems. Therefore, greater utilisation of this opportunity in sediment
research and catchment management should be further explored.

Difficulties when source tracing in large river systems are also
compounded by the high costs associated with tracer analysis and
analytical complexity of many tracing techniques (Collins et al., 2017).
To overcome these barriers, sediment colour has been increasingly used
as an inexpensive tracer (Krein et al., 2003; Martinez-Carreras et al.,
2010; Brosinsky et al., 2014; Barthod et al., 2015; Pulley and Rowntree,
2016; Pulley et al., 2018; Evrard et al., 2019; Garcia-Comendador et al.,
2020; Ramon et al., 2020; Amorim et al., 2021). When measured using a
conventional office document scanner, colour has been shown to have
some potential to deliver comparable sediment provenance information
to a composite fingerprint of many different tracer types without the
requirement for specialist analytical equipment (Pulley and Collins,
2021). However, overbank sediment deposits have a high probability of
being enriched in organic matter or having a particle size distribution
altered during deposition processes and any tracing methodology must
therefore account for these sources of uncertainty explicitly to produce
reliable results. Fractionation of sediment samples to a narrow particle
size range represents a simple, although time consuming, way of mini-
mising the risks of particle size related uncertainties (Laceby et al.,
2017). To mitigate organic matter enrichment, the use of hydrogen
peroxide has shown significant potential when using colour for sediment
source tracing, and it may also increase source discrimination based
upon catchment geology allowing for the refined spatial targeting of
sediment mitigation measures (Pulley et al., 2018; Pulley and Collins,
2022). However, as organic matter is likely to be a major cause of dif-
ferences in the colour of sediment generated from different land uses,
this treatment may also cause an unavoidable reduction in source
discrimination on this basis with its necessary application to overbank
sediment deposits.

At present, there is a need, therefore, for a greater understanding of
sediment source evolution through large river systems since this infor-
mation can be used to target catchment management efforts. A lack of
published data and the substantial barriers to obtaining catchment-
specific sediment provenance data using conventional costly methods
significantly limit current efforts to target management efforts effi-
ciently. However, the collection of overbank sediment deposits com-
bined with appropriate particle size fractionation, hydrogen peroxide
treatment, and its analysis using colour potentially represents a fast and
inexpensive method to address this evidence gap. Accordingly, this
study trialled this low-cost colour method in two large UK river basins,
with the aim of informing the mitigation of catchment-specific man-
agement problems. The first is the River Wye where post-flood fine
sediment deposits have caused significant damage to urban infrastruc-
ture and agricultural land with high clean-up costs. The second is the
River South Tyne where its high sediment load is causing increased
potable water extraction and treatment costs and the degradation of
salmonid spawning habitats. The study explored whether the proposed
fast and inexpensive source tracing approach can adequately determine
sediment source composition evolution throughout these river systems
necessary for the targeting of management measures.

2. Materials and methods
2.1. Study sites and sample collection

The River Wye is located along the England — Wales border and is the
fourth longest river in the UK with a total catchment area of 4136 km?
(Fig. 1; Fig. 2). It has a high mean annual rainfall in its headwaters of
1131 mm at Builth Wells. Downstream, rainfall is lower at 793 mm at
Hereford. Elevation ranges from 118 to 66 m.a.s.l. Catchment geology
consists of Devonian rocks in the southeast and older Llandovery group
deposits in the northwest, with Pridoli, Ludlow, Wenlock and Ashgill
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Fig. 1. The locations of the River South Tyne and River Wye catchments.

deposits in bands between them. Rock types in most of these groups are
primarily mudstones and siltstones, although the Devonian deposits
contain a greater proportion of sandstones. Soils over this Devonian
geology are a distinctive red colour. Land use in the catchment is pri-
marily permanent grassland in the higher altitude northwest with arable
fields becoming dominant over the Devonian deposits in the southeast.
The city of Hereford is a significant urbanised area in the southeast.

Flooding on the River Wye during the winter of 2020 left large
quantities of fine-grained overbank sediment on floodplains within
urban and agricultural areas. Much of the post-flood clear up costs
resulted from geomorphic processes of erosion and deposition of this
fine-grained sediment. In urban areas, insurance costs are often
increased due to muddy water damage, whilst in rural areas, overbank
deposits and erosion damage crops and infrastructure and render land
unavailable for production (Boardman et al., 2006). Similar inundations
are common in large unconfined lowland floodplains and especially in
urban environments where flows have been modified by infrastructure.
Tracing the sources of these sediment deposits represents a significant
challenge due to the scale of the catchments affected, meaning that
limited information is currently available when planning strategies
aimed at reducing the costs associated with post-flood fine sediment
deposits (Environment Agency, 2017).

The River South Tyne is an upland catchment with an area of 804
km? in the North Pennine hills in the northeast of England in the
counties of Northumberland and Cumbria (Fig. 1; Fig. 3). Its mean
annual rainfall at Haydon Bridge near the catchment outlet at an
elevation of 60 m.a.s.l is 949 mm, whilst in its upland headwaters it is
1032 mm at Allenheads with an elevation of 402 m.a.s.l. Catchment
geology is a mixture of peat on hilltops, limestone, siltstone sandstone
and mudstone on hillslopes and glacial till in valley bottoms. Land use is
a mixture of ungrazed heathland at high altitude and grassland for cattle
and sheep grazing in most of the remaining catchment. A small pro-
portion of its area is covered by woodland, which is primarily adjacent
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to the river channel. Channel banks are composed of glacial till which
can be observed to be actively eroding along much of the river length.
Larger landslips infrequently cause a significant quantity of subsurface
material to enter the river channel. The catchment has a history of
mining for lead and fluorite.

In the River South Tyne large quantities of sediment are causing
significantly increased costs of potable water abstraction and treatment.
In addition, the river is an important habitat for salmon and trout which
are threatened by excess fine sediment inputs much of which is polluted
with heavy metals from historical mining activities. As such, the local
water company and Tyne Rivers Trust NGO have identified the need for
a reconnaissance survey of sediment sources.

In both study catchments, the initial aim of the sampling was to
retrieve a database of overbank sediments along the length of their
stream networks to identify any downstream changes in sediment
source. The results were then used to guide the collection of additional
samples aimed at characterising the different sediment sources
contributing to the overbank deposits. In the River Wye catchment,
these additional samples were represented by the collection of overbank
deposits from individual tributaries representative of different geolog-
ical units of the catchment. In the River South Tyne catchment, a
representative database of topsoil and channel bank source samples
were retrieved in a small tributary sub-catchment judged to be repre-
sentative of the South Tyne as a whole based upon the initial analysis of
the overbank samples.

In the River Wye catchment, large overbank sediment deposits were
initially located along its floodplain using aerial photographs taken after
the large flood events in the late winter of 2020 (Fig. 2). These were the
target problem sediment deposits which were causing damage to urban
and rural land and high associated clean-up costs. A total of 40 large
fine-grained deposits were sampled using a trowel in September of 2020
and labelled in sequence from the headwaters of the river to downstream
of the town of Hereford. After locating the sampling locations using
aerial photographs the large deposits were clearly visible for sampling in
the field visits. To characterise the sediment originating from the major
tributaries in the catchment draining different geological groups, over-
bank samples of sediment were primarily washed from the leaves of
vegetation into polythene bags after a smaller high flow event in
September of 2020. These samples were necessary to collect as the target
former problem deposits mostly consisted of a mixture of sediment from
different geological units so could not characterise each individually.
The vegetation sampled was primarily the Common Nettle (Urtica dio-
ica) and common comfrey (Symphytum officinale). Where found, sedi-
ment was also retrieved from woody debris trapped elevated above the
ground in trees or fences. Between three and six replicate samples of
overbank sediment were retrieved from each tributary depending upon
the availability of suitable sampling locations. The mass of sample
retrieved was largely dictated by the amount available for collection in
each sampling location. Whilst it is only strictly necessary to collect an
amount of sediment which can be seen with the naked eye and therefore
captured in an image, larger masses of samples are preferable to ensure
that the deposits are a homogenised sample of the material transported
within a river.

In the River South Tyne, sampling took place in May of 2022 which
was approximately four months since the last high flows had receded.
Therefore, there were no recent deposits of sediment present on the
leaves of riparian vegetation. There were, however, abundant deposits
of woody debris elevated in trees along the river channel, most of which
contained large amounts of trapped sediment (Supplementary Fig. 1).
These deposits were sampled by hand into a polythene bag along the
major tributaries of the river as well as its trunk stream in the locations
shown in Fig. 4. The samples were grouped by the region of the river in
which they were sampled for interpretation purposes.

It was found that overbank samples alone were not sufficient to
characterise the major sediment sources in the River South Tyne due to a
continuous down-stream change in sediment source, meaning that the
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Fig. 2. Geology and sediment sampling locations in the River Wye catchment.

sediment at the catchment outlet was not solely a mixture of sediment
from the major tributaries. Instead, some sediment is clearly contributed
from land adjacent to the trunk stream of the Tyne downstream of the
confluence of the tributaries. To further investigate sediment prove-
nance in the context of this challenge, the River East Allen was selected
for study as this showed the same downstream change in sediment
source as the catchment as a whole and was sufficiently small in area for
practical sampling. As most of the higher elevations in the East Allen
catchment were covered by rough ungrazed moorland, which was un-
likely to be a major sediment source, most of the source sampling was
focused on the farmed land closer to stream channels (Fig. 5). Samples of
woodland and grassland topsoils were collected to a depth of approxi-
mately 2 cm using a stainless-steel knife. Channel bank samples were
collected from the lower and middle horizons of visibly eroding reaches
of the banks after scraping away surface material to minimise the
chances of sampling displaced topsoil material. Samples of three land-
slips where glacial till subsided close to stream channels were also
sampled after scraping away surface material.

2.2. Sample analysis

All target sediment samples were wet sieved to a narrow particle size
range before colour analysis to minimise the potential for particle size

related uncertainties (Laceby et al., 2017) and to conform to the
methods of Pulley and Collins (2022). The River Wye samples were
sieved to <25 pm as most overbank deposits were predominantly
silt-rather than sand-sized. In the River South Tyne, two particle sizes
were traced. First, the <25 pm fraction was isolated as it has the greatest
potential to act as a vector for pollutant transport and degrade salmonid
spawning habitats. The 63-250 pm fraction was also examined as most
of the sediment fouling water extraction from the river is in this size
range. Whilst broader particle size ranges can be used such as <63 pm or
2 mm-63 pm, doing so increases the probability that the selective
deposition of coarser or finer particles within the range can lead to
changes in sediment colour unrelated to its source.

After sieving, the fine sand fraction was washed with water to
remove any loosely bound organic matter leaving only mineral sediment
grains. All samples were then dried and disaggregated by hand using a
pestle and mortar. A subsample of each prepared sample was treated
using hydrogen peroxide to remove any sediment-associated organic
matter. 8 ml of 30% hydrogen peroxide was added to approximately 0.2
g of the fine silt or 1g of the fine sand, in a clean centrifuge tube, and was
left to stand overnight. The samples were then heated at 80 °C until dry.
The prepared samples were packed into transparent polythene bags and
an image of them was captured using a Ricoh MP office document
scanner. The red, green and blue values in the RGB colour space were
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captured on a scale of 0-255 in Gimp 2 open-source image editing
software (Krein et al., 2003; Pulley and Rowntree, 2016; Pulley and
Collins, 2021). Sediment source was interpreted using scatter plots of
two-colour parameters with each source and the sediment samples
appropriately colour coded and labelled. Whilst many colour parameters
have been calculated from the measured red, green and blue values (e.g.,
Viscarra Rossel et al., 2006) red, blue and green were used in this study
for their simplicity for use by non-experts, to maintain consistency with
previous studies using this approach, and because of previous experi-
ence of successful source discrimination using these two colours (e.g.,
Pulley and Collins, 2021, 2022). However, it was found through testing
different combinations of these three colours in scatter plots, that in the
River Wye, using the ratios of red/green and blue/green provided su-
perior discrimination based upon geology and therefore they were also
presented in a scatter plot.The method proposed can be summarised by
the following key methodological steps.

1 Collection and analysis of ‘target’ sediment samples deposited on
floodplains or in woody debris from along the trunk stream and
possibly the major tributaries of a large river system.

2 Collection of ‘source’ samples aimed at measuring the colour of
material originating from critical sediment source areas if the sam-
ples collected in step 1 are insufficient when used alone. These
samples may be tributary overbank samples draining only a specific
geology or distinctive zone of a catchment or the collection of
topsoil, channel bank and other potential sediment source types in a
small representative sub-catchment.

3 Fractionation of samples to an appropriate and narrow particle size
distribution; e.g., <25 pm.

4 Treatment of samples using hydrogen peroxide.

5 Measurement of treated sample colour and comparison of the ‘target’
sediment samples with the representative ‘source’ samples in a
scatter plot to identify key contributing sources.

3. Results
3.1. River Wye
In the River Wye catchment, sediment colour best discriminated

between the tributaries when the ratio of red/green was plotted against
blue/green (Fig. 6). The tributaries draining the red coloured soils over
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the lower Devonian rocks (catchments 1, 6 and 11) had a higher red/
green ratio than soils over other geologies. The urban samples have both
a high blue/green and low red/green ratio. There is also reasonable
discrimination between tributary sampling sites 2-5 with catchments
draining the Llandovery, Ludlow and Ashgill geologies when compared
to sites 7, 8 and 9 draining the Pridoli geology. The colour of the sedi-
ment from tributary site 10 falls between the Pridoli and Devonian
draining tributaries reflecting the mixed geology of its sub-catchment.
Replicate samples within tributaries generally have low variability in
their colour when compared to the differences between tributaries even
when they drain the same geological groups. The River Wye catchment
can be separated into the three distinct geological regions displayed in
Fig. 6 according to the colour of sediment originating from its tribu-
taries. Accordingly, these are used for the interpretation of sediment
sources.

The overbank fine sediment deposits in the upper catchment at sites
1, 2 and 3 after the extreme flooding in the spring of 2020 had a colour
on the border of the Pridoli and Landovery, Ludlow and Ashgill geol-
ogies. Downstream at sites 4, 5, and 6 sediment colour was comparable
to the tributaries only draining the Landovery, Ludlow and Ashgill ge-
ologies. As these latter sampling locations are downstream of a major
tributary confluence, this indicates a significant change in the source of
the overbank deposits here. Overbank sediment at sites 7, 8, 9 and 10
exhibited a colour, on the border or within the values found in sediment
from the Pridoli geology, again indicating a significant change in sedi-
ment source takes place. This is especially important as at these sam-
pling points the Pridoli geology only covers a small proportion of the
upstream catchment suggesting much higher sediment inputs from this

area of the catchment in relation to upstream sources over the Land-
overy, Ludlow and Ashgill geologies. From site 10 to site 20, most
sediment samples have a colour that suggests a mixed contribution from
sources over all three geological groups, but with only a small contri-
bution from the Devonian geology. Downstream of site 20 where a large
tributary (River Lugg), which drains a significant area of the Devonian
geology, joins the River Wye’s main channel, the samples fall closer in
colour to the sediments from the Devonian group. At the most down-
stream sites 37, 38, 39 and 40, sediment colour falls closest to the
Devonian geology tributary samples indicating increasing contributions
of sediment from this source in a downstream direction. According to
the position of the overbank sediment on the plot in Fig. 6, it is
reasonable to assume a contribution of ~50% of overbank sediment
from the Devonian geology at these lowermost sampling locations.

To identify sediment contributions from urban areas, it was neces-
sary to produce a second plot of red against blue (Fig. 7). Here it is
apparent that there is no significant urban sediment contribution to any
of the overbank samples. Therefore, it can be concluded that the up-
stream area of the catchment over the Landovery, Ludlow and Ashgill
geologies is not a major sediment source to overbank deposits
throughout most of the study catchment. Far more sediment is
contributed from the Pridoli geology and even more from the red
Devonian geology in proportion to the areas of the catchment they
cover. Importantly, the downstream changes in the sources of the
overbank sediment, support the need for sediment management to take
explicit account of the scale-dependency of the sediment fingerprinting
data.
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3.2. River South Tyne

Both the fine silt and fine sand overbank samples collected from the
upper reaches of the three major tributaries of the River South Tyne
which drain headwater areas (sites labelled 1,2,3) were found to have
the darkest colour (Fig. 8). Sediment colour becomes lighter in a
downstream direction, being slightly darker upstream at site 5 than
downstream at site 6 and the overall outlet of the South Tyne study
catchment. Of particular note is site 4, which are samples retrieved from
four small tributaries in the west where the sediments have a lighter
colour when compared to most others, although the two samples taken
at the furthermost downstream extent of the River East Allen (site 2) also
have a light colour. These samples at site 4 have a dissimilar colour to
those on the main channel of the River South Tyne downstream of their
confluences suggesting that these sites do not contribute significantly to
the total sediment yield of the study area.

The colour of the source samples retrieved from the River East Allen
which was used as a representative tributary sub-catchment, provide
good discrimination between the grassland topsoils, which have a light
colour, and channel banks and landslip sources with a darker colour
(Fig. 9). Discrimination is stronger in the sand fraction than the fine silt.
Examination of the sand-sized sediment under a microscope indicates

that this difference in colour was caused by the hydrogen peroxide
treated topsoils mostly being composed of quartz whilst bank material
contained a range of darker minerals including iron oxides, metal sul-
phides, and abundant purple fluorite. The colour of the overbank fine silt
and fine sand retrieved from the River East Allen falls within the range of
values found in the channel bank and landslip source samples (Fig. 9).
There is little discrimination between the woodland and channel bank
samples using colour which may be due to most woodland samples being
retrieved close to the river channel where overbank sediments are
deposited meaning that the soils sampled here are displaced bank ma-
terial. In the context of these source samples, within the River South
Tyne as a whole, there is an increase in sediment contribution from
grassland topsoils in a downstream direction. However, subsurface
sources remain the dominant contributor to the sampled overbank
sediments.

4. Discussion

In both study catchments, there was change in overbank sediment
source in a downstream direction. In the River Wye, the soils over the
Devonian geology contributed a disproportionally large amount of the
overbank sediment deposits near the catchment outlet in relation to the
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proportion of the catchment area they cover. Soils over the Landovery,
Ludlow and Ashgill geologies in contrast contribute little to the over-
bank deposits, and soils over the Pridoli geology soils contribute an in-
termediate proportion. This finding can be explained as the upland areas

over the Landovery, Ludlow and Ashgill geologies is primarily low
erosion risk grassland with some hilltop moorland. There is an
increasing proportion of high-risk arable land in a downstream direction
through the Pridoli geology area with arable land dominating over the
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Devonian geology furthest downstream. Stopps (2018) measured sedi-
ment yields on the River Lugg in the east of the Wye catchment which
has a high proportion of arable land and drains the Pridoli and Devonian
geologies. A downstream increase in sediment yield, to 173 tkm ™2 yr~!
upstream of the confluence with the Wye, was found as the river became
more incised and discharge increased (Stopps, 2018). A sediment yield
of 51 t km? yr~! was calculated for the River Wye as a whole, although
this estimate is classified as of low quality by Walling et al. (2008) and
was based on data collected in the past (1949-72) (Brookes, 1974).
These findings are broadly consistent with the increasing sediment
contributions from sources in a downstream direction estimated for the
overbank sediment deposits in this study. The small proportion of the
catchment covered by urban areas explains the low contribution of
overbank sediment from this source. Carter et al. (2003) found that in
the urbanised River Aire catchment in the north of the UK, road dusts
contributed 19-22% of its sediment load. However, this catchment of
1932 km? supporting a population of approximately two million people
is heavily urbanised when compared to the River Wye catchment.
Therefore, the ~0.6% of the River Wye catchment area which is covered
by the city of Hereford would not be expected to contribute significantly
to the overbank sediment deposits unless highly localised sediment
transport processes were operating. It is also probable a significant
proportion of the sediment yield of the River Wye is being deposited
overbank which may result in much of the sediment entering the river
from upstream sources being removed from the channel before reaching
the downstream sampling locations. For example, Walling and Owens
(2003) found that approximately 27% of the sediment entering the large
River Swale in North Yorkshire, UK, was sequestered onto the
floodplain.

In the River South Tyne catchment, much of the area is covered by
ungrazed moorland with thick well vegetated peat deposits which is
likely to be of little risk to erosion. Very little of the erosion which is
common in many drained and degraded UK peatlands was observed
within this catchment during sampling (Artz et al., 2019). The
remainder of the catchment is mostly covered by grassland for cattle and
sheep grazing which, like in the River Wye catchment, is generally of
low erosion risk. For example, a mean suspended sediment yield from
grassland fields at the North Wyke Farm Platform in the southwest of the
UK was calculated at 23 t km? yr’1 (Pulley and Collins, 2019). This
estimate is broadly in line with the sediment yield of 25 t km? yr ! which
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was calculated for the nearby River North Tyne from a reservoir sedi-
mentation study (Walling et al., 2008). Additionally, an unpublished
2010 study of the South Tyne catchment by Envirocentre, Glasgow, and
Newcastle University using discharge and SSC measurements generated
a sediment yield estimate of 40.6 t km? yr~! (Tyne Rivers Trust; Pers.
Comm). Given that many field boundaries here are stone walls which
present a significant barrier to field - river sediment connectivity, only a
small proportion of the eroded grassland sediment would be expected to
reach the river channel and contribute to this sediment yield. In addi-
tion, woodland is often adjacent to stream channels which was sug-
gested by Pulley and Collins (2021) to present a significant additional
barrier to sediment delivery in some other UK catchments. Therefore, a
low contribution of sediment from surface sources makes sense in the
context of the measured sediment yields. Eroding channel banks were
observed to be high (an average of approximately 1.2 m and up to >10
m) throughout most of the stream network of the River South Tyne, and
mostly unvegetated. These banks are commonly composed of erodible
glacial diamicton and fluvial deposits. A comparison of a present-day
map (Ordinance Survey Mastermap) of the catchment to one pub-
lished in 1980 (National Grid 1:10,000) shows a highly dynamic
meandering river channel which clearly has the potential to erode large
volumes of channel bank material (Supplementary Figs. 2 and 3).

The results of this study indicate the potential for the use of recently
deposited overbank sediment, combined with measurement of its
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colour, to rapidly investigate sediment source evolution through large
river catchments. In both study catchments it was, however, necessary
to collect a database of sediment samples representative of different
source areas for the interpretation of the changing sediment colour
which added to the resource requirements of the studies. The numerous
large tributaries present and heterogenous geology of the River Wye
catchment allowed for overbank samples from each tributary to be used
to characterise sediment originating from different geologies in a similar
way to confluence-based sampling approaches used with suspended
sediment or bed sediment samples (Caitcheon, 1993; Collins et al., 1997;
Vale et al., 2016; Blake et al., 2018). This has the advantage over sam-
pling soils and subsurface material in a catchment as the sediment has
already been eroded and transported to the river leaving less scope for
particle size related tracer non-conservatism (Laceby et al., 2017).

In the River South Tyne catchment, however, a more homogenous
geology removed the possibility of using a similar confluence-based
sampling approach. Instead, the overbank samples were able to iden-
tify the River East Allen as a smaller representative sub-catchment with
a similar downstream change in sediment provenance as the River South
Tyne as a whole. Within this representative sub-catchment, the collec-
tion of a representative database of source samples was able to firmly
identify channel banks as the dominant source of sampled overbank
sediment as well as a downstream increase in contributions from top-
soils. This sampling significantly increased the cost and labour re-
quirements of the study using a framework closer to a conventional
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sediment source fingerprinting study (e.g., Collins et al., 1997). It did,
however, add substantial value to the work at lesser cost than a full-scale
investigation of the entire River South Tyne catchment, and the use of
overbank sediment and colour further reduced cost and time
requirements.

In both study catchments, the hydrogen peroxide sample treatment
appears to have successfully removed organic matter enrichment as a
source of uncertainty. However, it meant that it was not possible to
discriminate between different land uses. Fortunately, in the River Wye
increasing arable land use corresponded with changing geology, which
is a condition not uncommon in large river catchments in the UK.
Nevertheless, an ability to discriminate between channel banks, grass-
land and arable land could have further refined critical areas of the
catchment for management. In the River South Tyne catchment,
discriminating between land uses was of little importance due to a ho-
mogenous use of the catchment as grassland. Instead, it was critical to
discriminate between surface and subsurface sources, which the
different mineralogical composition of the two allowed for. The use of
hydrogen peroxide does, however, increase the labour requirements of
sediment source tracing studies and necessitate the use of a laboratory
facility. The sieving of samples to a specific particle size fraction also
requires a significant investment of labour. However, the use of over-
bank sediment, especially in a tributary-based sampling approach, as
used here in the River Wye catchment, reduces the number of samples
which must be processed when compared to a conventional sediment
source tracing study linking soil source samples and target sediment
samples.

In the River Wye catchment, the Devonian geology is responsible for
a disproportionately high contribution to the sampled overbank sedi-
ment, reflecting the more extensive arable land in these areas. Here, it is
important for mitigation measures to reduce the exposure of bare tilled
soils to effective rainfall and options supported by current agri-policy
include early harvesting and establishment of arable crops in the
autumn, establishing cover crops in the autumn and cultivating land for
arable crops in the spring rather than the autumn. In addition to
ensuring that vegetation cover is better developed at high-risk times, it is
also important to manage compacted arable soils both in the inter-
wheeling and wheeling portions of fields. In this regard, managing any
compaction in over-winter wheelings can be especially important. In
addition to maximising vegetation cover and reducing soil compaction,
additional interventions can target delivery pathways in, and from,
arable fields, including in-field buffer strips, riparian buffer strips, re-
siting gateways away from high-risk areas and establishing new hed-
ges. To maximise the benefits of any mitigation, so-called ‘treatment-
trains’ can be used, whereby combinations of the measures appropriate
for arable land are deployed to target both sediment mobilisation and
subsequent delivery towards the river channel.

In the River South Tyne, river bank erosion sediment sources need to
be targeted by mitigation measures. Here, in the absence of substantial
resources for hard engineering solutions, alternative so-called ‘green’ or
‘green-grey’ measures can be applied. The former are based on the use of
vegetation and include encouragement of aquatic vegetation, coir rolls,
bank stakes, faggots and brushwood, willow spiling and insertion of
coarse woody material adjacent to river banks. In the case of aquatic
vegetation, native plants are used to protect the toe of river banks. Coir
rolls are typically sausage-shaped coconut fibre rolls installed to protect
the river bank. Bank stakes are used to protect the bank toes from scour.
Faggots are bundles of untreated brushwood such willow or hazel,
bound together by biodegradable fibres. Willow spiling involves the
insertion of willow fencing to provide physical protection of the river
bank face. Coarse woody material is used to deflect eroding flows away
from the river bank and can include complete trees or just the trunks.
‘Green-grey’ measures include, amongst others, vegetated rock rolls,
reinforced mattresses, ripraps, gabions or concrete blocks. Rock rolls
comprise netting filled with cobbles and established vegetation. These
are commonly used to protect the river bank toe. Reinforced mattresses
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are flexible mats made from natural or synthetic materials which are
used to protect the river bank face. Ripraps comprise layers of boulders
which are vegetated using live-staking or growth poles. Gabions are wire
mesh baskets filled with stone and soil in situ to promote vegetation
growth. These can be used to protect just the river bank toe, or stacked
up to buffer the entire bank face from erosive flows. Concrete blocks are
typically vegetated using grass plugs or the insertion of live cuttings.
Where river bank erosion rates are high, the above measures can be
applied in combination to help maximise benefits.

5. Conclusions

The method presented allows for a more rapid and inexpensive
investigation of sediment sources in large river catchments when
compared to conventional sediment source fingerprinting approaches.
Much of the work associated with this method could potentially be
carried out by catchment managers or non-experts with the hydrogen
peroxide treatment being the only part of the method which requires
specialist facilities. Unfortunately, this treatment is likely to be essential
to ensure that sediment colour and therefore, the interpretation of
sediment source contributions, is not affected by the enrichment in
organic matter typically observed in deposited sediments.

The method used was able to identify key sediment sources for
mitigation in each study catchment. For example, in the River Wye
catchment, measures aimed at reducing overbank fine sediment deposits
after flooding would best be focused on mitigating sediment losses from
sources over the Devonian geology including channel banks, grassland
and arable land. Although depending upon the location of the overbank
samples being targeted for mitigation with upstream sources contrib-
uting more to upstream deposits. Given the higher erosion rates typically
expected on arable land, as well as the downstream tendency of more
sediment to be contributed from the part of the catchment where arable
land is most abundant the preferential targeting of this source is logical.
In the River South Tyne measures to reduce channel bank erosion are
clearly critical to reducing the fouling of extracted potable water by fine
sand as well as harm to biota by fine silt. Comparing the position of the
river channel in historical and contemporary maps was able to further
refine some critical areas for mitigation based upon the results of the
sediment source tracing exercise. Mitigating this source of sediment may
be especially important as there is a high potential for sediment eroded
from this source to be enriched in heavy metals such as lead and zinc
from the mining legacy of the catchment.

The understanding of sediment source evolution at different scales
throughout a catchment is also essential for improving current knowl-
edge of geomorphic processes. Given the paucity of data currently
available with which to develop this understanding and the significant
logistical challenges associated with gaining such data in larger river
catchments, the method reported herein could have significant benefits
for future catchment-based research. For example, the results of this
study have highlighted the significant effects of catchment land use and
channel bank erosion on sediment sources.
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