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ABSTRACT

The sediment budget is a key concept and tool aracterizing the mobilisation, transfer and
storage of fine sediment within a catchment. Caesi37 measurements can provide valuable
information on gross and net erosion rates assmtiaith sheet and rill erosion that can be used to
establish the slope component of a catchment sedimeglget. However, there is a need to validate
the use of!*'Cs measurements for this purpose, since theirbitifia has sometimes been
guestioned. The study reported focuses on a sthad ha) steepland (mean slope 37%) catchment
in Southern lItaly. It exploits the availability afformation on the medium-term sediment output
from the catchment provided by the constructionaofeservoir at its outlet in 1978 and the
existence of estimates of soil redistribution radesived from'*’Cs measurements made on 68
replicate soil cores collected from the slopes stilastantial proportion of the catchment, to vaéda
the use of*'Cs measurements to construct the slope componéhé afatchment sediment budget.
An additional 50 replicate soil cores were colldchk®m the catchment slopes f6fCs analysis, to
complement the data already available for constrg¢he slope component of the sediment budget.
Nine cores collected from the area occupied byékervoir were used to estimate the mean annual
sediment input to the reservoir. In the absenavmfence that the poorly developed channel system
in the catchment was either a significant sedinsmirce or sink, it was possible to directly
compare the estimate of net soil loss from thehra@nt slopes (7.33 Mg Hagr?t) with the estimate

of sediment output from the catchment provided by teservoir deposits (7.52 Mg har?).
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Taking account of the uncertainties involved, these agreement of the two values is seen as
providing a convincing validation of the use &YCs measurements to both estimate soil
redistribution rates and as a basis for constrgdtie slope component of the sediment budget of a

small catchment.
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1. INTRODUCTION

The catchment sediment budget is a valuable conaagt tool for characterizing the
mobilization, transfer and storage of fine sedimeithin a catchment (Walling & Collins, 2008;
Gellis & Walling, 2011; Navast al, 2014). From a geomorphological or hydrologicaispective,
it provides a valuable means of representing tleraction between the processes of sediment
mobilization, transfer and storage and the relathagnitude of the fluxes and stores involved.
From an agricultural perspective, it provides aidb&s viewing soil erosion and soil degradation
within a broader landscape context (Ceedaal, 2009; Zhacet al, 2013). From a management
perspective, it provides key information requireddevelop an effective sediment management or
control strategy for a catchment. Mitigation measuneed to target important sediment sources and
transfer pathways, in order to reduce sediment lmabon and transfer, and prediction of the
effects of controlling particular sources requigesound understanding of their connectivity to the
sediment output from a catchment and the potemtialremobilizing sediment from existing
sediment sinks. However, whilst valuable as a cph@nd synthesizing tool, establishing a
sediment budget can prove a difficult task dueh® wide range of processes involved and their
temporal and spatial variability. Most successftierapts to establish a sediment budget have
involved the integration of several different tecfues/methodologies that together provide the
required information on sediment mobilization, stdbution, transport, and storage within a

catchment (see Loughrat al, 1992; Wallinget al, 2001, 2002; Keesstet al., 2009; Porteet al,
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2009b, 2011; Gellis & Walling, 2011; Navas al, 2013, 2014, Minellat al, 2014). The use of
fallout radionuclides, particularly caesium-137'Cs), as a sediment tracer has been shown by
many of those studies to provide an effective asdable means to document the mobilization and
redistribution of soil and sediment on the slopés @atchment (Mekuriat al, 2012; Liet al,
2014).

Caesium-137 measurements are able to provide #imkpdistributed data on medium-term
(i.e. ca. 50 year) soil redistribution rates asstecl with sheet and rill erosion needed to chariaete
the slope component of a catchment sediment buigstever, the use df’Cs measurements to
document soil redistribution rates has traditiondcussed on individual fields or very small
watersheds where intensive sampling, commonly goid-transect- based, can be undertaken
(Ritchie & Ritchie, 2005). When larger areas areolmed, as will generally be the case when
establishing a sediment budget for a small or meésliate-sized catchment, alternative sampling
strategies will be required. Cost and other opemnati constraints on the number of samples that can
be collected and analysed necessitate new procedarapscale the approach traditionally applied
to small areas (see Wallirgg al, 2014). One procedure, developed and reporteBdio et al.
(2011), involves collecting soil cores f&6t'Cs measurement from representative sampling points
distributed across the slopes of a small or medimed catchment. The resulting dataset of soil
redistribution rates is assumed to be represeptadiv the catchment slopes and is used to
characterize the relative frequency of points elgpeing erosion and deposition and the frequency
distributions representing the magnitude of thesiero and deposition rates involved. This
information in turn provides the information reaqdrto derive the slope component of the sediment
budget for the study catchment.

Although®*’Cs measurements have now been successfully usednip areas of the world as
a means of estimating soil redistribution rate® (Béchie and Ritchie, 2005; Malat al, 2013),
some uncertainty exists regarding the reliabilityhe data obtained (see Parsons and Foster, 2011).

Many of the concerns highlighted by Parsons & Fo&611) have been addressed by Mabial.
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(2013), but there remains a need to provide engbivialidation of estimates of soil redistribution
rates derived from’Cs measurements. Attempts to provide such validatiecessarily face
important practical problems, since th&Cs approach is a retrospective approach and pvide
estimates of redistribution rates for the perioteeaing from the beginning of bomb fallout in the
mid 1950s or from the time of peak fallout in 1968,the time of sampling. It is clearly not
possible to now set up experiments to provide ieddpnt estimates of soil redistribution rates for
this period. Furthermore, since the potential faing *’Cs measurements to estimate soil
redistribution rates was not fully recognized urditer the main period of bomb fallout, no
contemporary validation experiments were estalbdisfiéere is therefore a need to seek out and
exploit other more adventitious sources of datactvican provide a basis for validation exercises.
The study reported in this contribution makes usthe independent information on net soil
loss provided by the amount of sediment depositedreservoir constructed at the outlet of a small
3.04 ha catchment in Southern ltaly, to comparartasured net soil loss with that estimated using
137Cs measurements. A sampling campaign undertak@®98 had provided®*'Cs measurements
and associated estimates of soil redistributioasrédr a substantial proportion of the catchmedt an
it was therefore not necessary to undertake aycostjor *'Cs sampling programme. It was only
necessary to sample the lower part of the catchménth had not been sampled previously. The
overall 2¥'Cs sampling programme was designed to implemenagimoach to establishing the
slope component of the sediment budget for the Isshadly catchment developed by Poetoal
(2011). The validation exercise therefore also gled an opportunity to validate both the estimates
of soil redistribution rates provided by th#Cs measurements and the use of a set of repraésentat

sampling points to establish the slope componetit@tediment budget for a small catchment.

2. THE STUDY AREA
In 1978, the National Research Council of Italy @Ninitiated a soil erosion monitoring

programme in Calabria (Southern lItaly), within lesearch framework of the ‘Soil Conservation
4



Project’. The primary aim of this long-term prograe was to monitor the effects of afforestation
on hydrological and erosion processes at the canhstale (Portet al, 2009a). As part of this

project, three small catchments (ca. 1.5 ha in)sihin the larger Crepacuore basin and located
near Crotone (35 m a.s.l., 39°09'02"N, 17°08'10"Rjre instrumented to provide records of

rainfall, runoff and sediment yieldFig. 1).
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Fig. 1— The study area

The catchments have never been cultivated andnatigisupported a rangeland vegetation cover
dominated byLygeum spartunioefl. andAtriplex halimusL.. In 1968, two of these catchments
(W2 and W3) were planted witkucalyptus occidentali€ngl., while the third (W1) was left
unmodified and under rangeland as a control (Catlaiet al, 1998). In 1978, a small earth dam
was constructed below a marshy area located dogamstof the W1 catchment outlet, with the aim

of creating a water storage reservoir. When fhk, reservoir upstream of this dam stores ca. 3000
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m?® of water that supplies the local farmer with wdterirrigation and other purposes during the dry
months of the year. The reservoir has no provitomverflow and retains all the runoff input from
the upstream catchment area. The water used fgation and other purposes is abstracted via a
pipe which passes through the dam. The reserveiatmurface area of ca. 0.18 ha during the rainy
seasons and it occasionally becomes dry in sunifherreservoir and the sediment deposits that it
contains have not been disturbed since the damcaastructed. The catchment of the reservoir
includes both catchment W1 (1.47 ha) and the auditiintervening area (1.57 ha) that supports the
same vegetation cover. This is designated ther&dot catchment which represents the focus of
this study.

The Corrado catchment (see Figs. 2 and 3) haseanoé 3.04 ha and ranges in altitude from
155 m a.s.l. at the highest point to 85 m a.sihatcatchment outlet where the dam is located. The
dominant soils are classified as regosols and éduibAp-C profile with a variable depth. Further
details of the topography and soil texture withue Corrado catchment are provided in Table 1.
The climate of the area is typically Mediterraneaith a mean annual rainfall for the period 1954-
2012 of ca. 670 mm, at Crotone (10 km distant). tMdsthe rainfall falls between October and
March. The annual potential evapotranspiratiorhia kbocation is estimated to be 1100 — 1200 mm
(based on the Penman-Monteith formula). Unlike loatents W2 and W3, no trees were planted in
this catchment and it retains its rangeland vemegtatover, comprising both grass and shrubs (see
Fig. 3). The dominant species darggeum spartum, Asteriscus spinosus, Atriplex hajnCarduus
pycnocephalus, Pistacia lentiscus, Spartium jungeberula communis and Arundo plinithe
rangeland is grazed by sheep. Sheet and rill eramie the dominant erosion processes within the
Corrado catchment, aftidCs measurements should therefore provide meaniagfimhates of gross

and net erosion rates.



Table 1Key characteristics of the study catchment

Drainage = Mean Mean Soil texture
area altitude slope
Sanc Silt  Clay
(ha (ma.s.l. (%) (%) (%) (%)
3.04 112 37 105 47.2 423
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Fig. 2 — The Corrado catchment, showing the area occupyecatchment W1 and the additional

contributing area above the dam, and the locatidheosampling points within the catchment.



Fig. 3- A view of the upper part of the Corrado catchmeaking from the north.

3. METHODS

3.1 Soil and sediment sampling

The 1¥'Cs measurements used to estimate rates of erostsealiment redistribution within the
Corrado catchment were based on four sampling cagmpandertaken at different times. The first
two sampling campaigns were undertaken within catsit W1 (see Portet al, 2004). The
remaining two focussed on documenting tR€s depth distribution in sediment cores collected
from the reservoir, in order to estimate the sediawton rate, and extending the sampling
undertaken within catchment W1 across the remaiofitre Corrado catchment. The first sampling
campaign was undertaken in 1999 and this focuseeglstablishing the local reference inventory
(Portoet al, 2001). An area of undisturbed rangeland, adfaiwethe W1 catchment, with minimal
slope and similar altitude was selected as a nefersite. One set of samples was collected from
this site using a scraper plate (cf. CampbeHll, 1988). The sampling frame isolated a surface area

of 652 cnt for sampling and depth incremental samples welleated at increments ranging from
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1 to 4 cm (progressively increasing with deptha epth of 50 cm. In addition, six 8.6 cm diameter
soil cores were collected from the reference sita tlepth of 50 cm and sectioned into 2 cm depth

increments, in order to assess the local spatiahitity of the*’Cs inventory and characterize its

Fig. 4 —The sediment deposits in the reservoir construatetie outlet of the Corrado catchment,

prior to sampling

depth distribution (Sutherland, 1994, 1996). Theectubes were driven into the soil using a
motorized percussion driver and subsequently etetlaosing a hand-operated winch. A second
field campaign was undertaken in 2001 and involttesl collection of 68 replicate bulk cores

within catchment W1 using a steel core tube (6.9deameter). The core tube was driven into the
soil using a motorized percussion driver to a degtba. 30 cm at most sampling points, but where

there was evidence of deposition the coring demh mcreased to ca.60 cm. The sampling points
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(seeFig. 2) were selected to provide a representative coeerdgcatchment W1. The replicate
cores were combined to provide a single bulked.core

In 2011, after a long dry period which caused rigervoir to become dry, a third field
campaign focussed on the sediment deposited irrabervoir (seeFig. 4). This involved the
collection of nine sectioned cores from locatioetested to provide a representative coverage of
the area covered by the reservoir (B&e 2). In this case sampling was undertaken using enil
diameter steel core tube driven into the resersediments to a depth of ca. 100 cm, using the
percussion driver. The resulting cores were seetlat depth increments of 2 cm, to a depth of 100
cm. In 2013, a fourth field campaign was organisedrder to cover the additional area of the
Corrado catchment that was not included in the iputsvsampling programmes. In this case, 50
replicate bulk coresHig. 2) were collected using a steel core tube (10 crméliar) driven into the
soil by a motorized percussion driver. As in th@2@8ampling campaign, the coring depth was ca.
30 cm in most locations and up to ca. 60 cm at sitkere there was evidence of deposition. The
replicate cores were combined to provide a singlkdal core. The sampling points were selected to
provide a representative coverage of the areamitte Corrado catchment not sampled previously.
A number of scraper plate profiles were also olet@difrom several representative sites within the
study catchment, using the same procedure as eetplay the reference site, in order to

characterize the depth distribution'dfCs.

3.2 Sample preparation and analysis fot®’Cs activity
Each soil or sediment sample was oven dried at D&r 48 h, disaggregated and dry sieved to
separate the <2 mm fraction. A representative smpte of this fraction (ranging from 0.1 to 1.2
kg) was packed into a plastic pot or a perspex Mdiii beaker for determination of itS'Cs
activity by gamma spectroscopy.

The first and the second sets of samples collantd®99 and in 2001, which included both

the depth incremental samples collected using apscrplate from the reference area, the six cores
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collected from the reference site and the 68 bales from the catchment W1, were analysed using
a high resolution HPGe detector in the laboratdrhe Department of Geography at the University
of Exeter, UK. Count times were ca. 30000s, praxgch precision of ca. £10% at the 95% level of
confidence. The third and the fourth sets of sammellected in 2011 and in 2013, which included
the 9 sectioned cores from the reservoir and theud cores and scraper plate profiles collected
from the rest of the catchment, were analysed usigh resolution HPGe detectors in the
Department of Agraria at the University Mediterrareg Reggio Calabria. In both laboratories, the
gamma detectors were calibrated using standardduped by adding a measured amount of
certified liquid standard to a known amount of mgh soil/sediment with &£’Cs activity below the
level of detection and representative of the samfebe analysed. Because of the expected lower
activity of these samples, counting times weredased to ca. 80000s providing a precision of ca.
+10% at the 95% level of confidence. The total imeey or areal activity density (Bqf of each
bulk core was calculated as the product of the oreds$®’Cs activity (Bq kg) and the dry mass of
the <2 mm fraction of the bulk core (kg), dividegthe surface area of the core or cores associated

with the sample ().

3.3 Estimating soil redistribution rates from13"Cs measurements

The Corrado catchment is entirely uncultivated, antbnversion model based on a diffusion and
migration model (see Walling & He, 1999; Walliagal, 2002) was used to derive estimates of soil
erosion and redistribution rates within the catchimfeom the3’Cs measurements. This model
takes account of the temporal distribution of th#ofit input, the progressive post-depositional
downward diffusion and migration df’Cs in the soil profile and the contrast in the rattion
between fallout and soil loss associated with @sriof active fallout and later periods when fallout
had effectively ceased. Post fallout redistributmithin the soil profile is modelled using a
simplified one dimensional transport model chanmdotel by an effective diffusion coefficiem

(kg> m* yrY) and a migration rat&/ (kg m? yrl) (Walling & He, 1993). The two lumped
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parameter® andV reflect all active redistribution processes, inlohg physico-chemical processes
involving the adsorption and desorption '8fCs by soil particles, downward migration of clay
particles and soil mixing by faunal activity. Based these assumptions, and also assuming a
constant rate of lowering of the surface by erogidqkg nm?) and diffusional transport, the vertical
distribution of 1*’Cs within a soil, for any cumulative mass depth &nte t', can be expressed

(Portoet al, 2013) as:

©| (") 1 _[(X”E()W%Z [(X+E() y%z 1
C.(xt.t')=e H ap(t-t) L o 4D(t-t d 1
bty =e g) H ° © anD(-1)| @

where:
Ce(x,t,t') = the concentration 3f’Cs for any cumulative mass deptand timet’ (Bq kg?).
= the effective diffusion coefficient (kgnyr?);
= the relaxation depth of the initial distributiohfallout expressed as a mass depth (Ky;m
A = the decay constant f&t'Cs (0.023 yt);
= the mass depth from the soil surface downwakdsr(?);
t = the time since the first deposition’8fCs (yr);
I(t') = the annual fallout deposition flux (Bgayr?) at timet’.
Eq. (1) is integrated over a soil layer of variatiiecknessy (here expressed in kgfras a mass
length) assuming a diffusional transport in a wataturated porous medium (see Lindstrom &
Boersma, 1971; Pegoyev & Fridman, 1978).
The 3'Cs concentratiolC«(x,t) (Bg kg?) in the soil profile at timé can be obtained by integrating

Ce(x,t,t') over timet’:

C. (x,t) = }ce(x,t,t')dt (2)
0
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Integration ofCe(x,t) over mass depthk gives the total*’Cs inventoryA, (Bq m?) for an eroding

site at timd:

A = Ice (x,1) dx (3)

Assuming a constant value bf(5 kg m?), as suggested by Walling & He (1999), Egs. (1) €3)
can be solved simultaneously fBr(kg ni?), with A, (Bq n?) representing the measured inventory
at an eroding point. The erosion r&¢kg m?yrt) may then be estimated by dividing the quantity
E by the timet-to (yr) since the commencementdfCs fallout.

For a depositional site, the deposition rBie can be estimated from tHé'Cs concentration in
deposited sedimenty(t) and the exces$*’Cs inventory (defined as the total measutds

inventoryAy less the local reference inventadkys) using the following relationship:

(4)

D. = A\J - Aef
R ™ ¢
j C, (t') eVt

to

Assuming that thé®’Cs concentratiorCq(t) of deposited sediment can be represented by the
weighted mean of th€’Cs concentration of the sediment mobilised fromupslope contributing

area, C4(t) can be calculated as:

1

[ Rds

S

Cy(t') =+——=[C.(t') RS (5)
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where S (m?) is the upslope contributing area a@elt) (Bq kg?l) is the'*’Cs concentration of
sediment mobilised from an eroding point, which barcalculated from Eq. (1), assuming 0.

The model can be further refined to take accoungrain size selectivity associated with soil
mobilisation and deposition processes, which vedlult in the enrichment of mobilized sediment in
137Cs relative to the parent soil or depletion of dsteal sediment if®’Cs relative to the mobilised

(transported) sediment (see Walligigal, 2011).

4. RESULTS

4.113Cs inventories

Figure 5 presents examples of the depth distributic*’Cs in the study area representative of the
reference siteHig. 58), and sampling points characterized by eroskig. (5b) and depositionHig.

5¢). These depth distributions conform to those etqueof uncultivated areas (e.g. Walling &
Quine, 1995). All demonstrate the expected expaaledecline of activity with depth, with the
eroding site demonstrating progressive loss of fwim the surface of the profile and the
depositional site providing evidence of progressageretion. Because of the greater surface area
associated with the samples collected from thereatee site in 1999 using a scraper plate, the
inventory indicated by these samples, rather thathe cores collected from the site, was used to
establish thé*’Cs reference inventory for the study area. Therittiy measured in 1999 was
adjusted by taking account of radioactive decasefmesent the value at the end of 2001 when the
samples were collected from catchment W1. Thisevalas calculated to be 2492 B¢t ifsee Porto

et al, 2004). In order to estimate the soil redistribntrates for the set of samples (collected in
2013), this value was decay corrected to the y€aB2and was calculated to be 1849 Bd.m
Existing work by the authors in the local regiodigated that Chernobyl fallout was of very limited
importance in this part of Italy. It has been assdrthat all the reference inventory was contributed

by bomb fallout, when using tHé’Cs measurements to estimate soil redistributiceesrat
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Fig. 5. The depth distribution 0f’Cs at the reference site (a), and sites experigraiosion (b)

and deposition (c)

The values of**Cs inventory associated with the 68 sampling poinithin the W1
catchment sampled in 2001 ranged from 4.1 to 4ap&B with a mean value of 1395 BginThe
values associated with the 50 additional pointspdadhwithin the Corrado catchment in 2013
ranged from 238 to 3164 Bgwith a mean value of 1284 Bq4riThe mean inventory associated
with the samples collected in 2013 is significatiwer than would be expected if the difference
between the two sets of values reflected only fifects of radioactive decay. The lower mean
inventory for the 2013 samples also reflects that faat those samples were collected from the
lower part of the Corrado catchment, where the nsadbued topography results in lower erosion
rates. The mean values BfCs inventory associated with both the 2001 and2B&3 campaigns
are lower than the appropriate reference inventorg indicate that soil erosion was dominant
during the period following the commencement of bdadlout in 1954. However, the presence of
a small number of inventory values greater than riference value in the combined dataset

indicates that some deposition had occurred irifit areas of the catchment.
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4.2 Soil redistribution rates on the catchment slogs

Estimates of the soil redistribution rates assediatith the individual sampling points for the two
sampling campaigns were derived using Eqgs. (1),af8 (4), and the appropriate reference
inventory values for 2001 and 2013. In the cas¢hef2001 sampling campaign, these estimates
relate to the catchment W1 and the period 19540 2where 1954 is assumed to represent the
onset of bomb fallout. For the 2013 sampling campaihe estimates relate to the additional area
not covered by the previous sampling campaign arttid period 1954 to 2013. Existing evidence
provided by a comparison of the grain size distrdyu of surface soil within the catchment and
suspended sediment collected at the outlet of cegoh W1 (seéig. 6) suggests that size-selective
erosion and deposition are of limited importancéhinithe study area. No particle size correction

was therefore applied to the conversion model.

100+
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Fig. 6 A comparison of the range of the measured graie gistributions for sediment mobilised
from the W1 catchment with the range of the graze slistributions of surface solil collected from

the catchment
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Following Portoet al. (2011), the estimates of mean annual soil retligion rate obtained using
the 1¥'Cs measurements undertaken on the samples collesteccatchment W1 in 2001 and from
the remaining unsampled area of the larger Correaichment in 2013 can be treated as
representative random samples of point values ibfedistribution rate within the two parts of the
study catchment. The mean annual net soil loss thenW1 sub-catchment was estimated to be 8.6
Mg ha! yr!, whereas that from the remaining area of the @oratchment was estimated to be
5.0 Mg hat yrl. The lower mean annual net soil loss from theetadrea is seen to be primarily a
reflection of its more subdued topography. Howebw&tause the estimates of soil redistribution
rate obtained for the two parts of the Corrado lvaent reflect different time periods (i.e. 1954-
2001 for catchment W1 and 1954-2013 for the reghefcatchment) they should not be seen as
directly comparable. Recent work in an adjacenthzaent involving a resampling investigation
reported by Portet al. (2014) has, however, indicated that there is ndezxe of a significant shift

in erosion rates between the periods 1954-1998 1889-2013. Furthermore, the longer-term
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record of annual precipitation totals covering pegiod 1954 to 2013 presentedRigy. 7 provides

no clear evidence of a significant change in theuahrainfall totals after 2001. The mean annual
precipitation totals for 1954-2001 and 1954-2018 mery similar at 659 mm and 669 mm,
respectively. The data obtained from catchment Wflttie period 1954-2001 and the rest of the
catchment for the period 1954-2013 have therefagenbtreated as belonging to the same
population. Further details of the range of sailis&ibution rates documented by the data generated

by the two sampling campaigns are presentddaliie 2and inFigs. 8and9.

Table 2 Information on the magnitude of the onslope emsiod deposition rates associated with
the Corrado study catchment.

Sub-Catchment Total soil erosion Total deposition Net soil loss
(Mg het year?) (Mg helyear?) (Mg het year?)
Equation (1) and (3) Equation (4) Equation (1) é3id
W1 (19542001 8.84 0.1¢ 8.€
Additional area (195-2013 6.16 1.1¢4 5.C
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Fig. 8 - The spatial distribution of soil redistributioates within the study catchment
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Fig. 9 - The frequency distribution of soil redistributioates within the Corrado catchment based

on the consolidated dataset of estimates provigetid*’Cs measurements.

Figure 8 indicates that appreciable rates of sediment nsaltibn are widely distributed across the

catchment, although the highest values are gepeladlated within the higher parts of the

catchment where the terrain is steepest. In cdnttas sampling points characterized by deposition
are preferentially located in the lower parts of tatchment, where the potential for deposition is
greatest. The pattern of sediment mobilisation asdistribution on the slopes of the study
catchment demonstrated by tHéCs measurements and depictedrigs. 8and9 can be usefully

summarised by the sediment budget for the catchsiepés presented Fig. 10
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Gross erosion
7.87 Mg ha' yr-'

Onslope
deposition
0.54 Mg ha' yr-

(6.8%)

Net erosion
7.33 Mg ha' yr-
(93.2%)

Fig. 10 A schematic sediment budget for the slopes oCimeado catchment

In constructing the sediment budget depictedrigm 10, an estimate of the gross erosion
(Mg yrY) from the catchment slopes was derived as theugtoof the mean erosion rate for the
points indicated by thé*’Cs measurements to be characterized by erosiorth@ndrea of the
catchment (ha) subject to erosion. The latter vetisnated as the product of the proportion of the
sampled points that documented erosion and thkatiea of the catchment above the reservoir. The
same approach was applied to deposition withinciitehment and the total deposition (t)yon
the slopes of the catchment has been estimatdiegsrdduct of the mean deposition rate for the
sampled points evidencing deposition and the afetheo catchment subject to deposition (ha).
Subtraction of the total deposition within the ¢eent from the gross erosion provides an estimate
of the net erosion, which is here interpreted toeleivalent to the sediment delivered to the
reservoir. This assumes that the ephemeral charetelork in the catchment is of very limited
importance as either a sediment source or sinks Bssumption is supported by the poorly
developed nature of the channel network with vemytéd incision and by field observations which
indicated very little sediment storage within theacnel system. The values of gross erosion,

deposition and net erosion as derived above haee devided by the total catchment area to
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generate the area specific values (Md lya?) presented irFig. 10. The relatively high value of
gross erosion (7.87 Mg Hayr!) shown inFig. 10reflects the fact that erosion occurs over 86% of
the catchment surfacBig. 10 emphasizes that deposition is of very limited imgace in the study
catchment and accounts for only 6.8% of the gressien. The sediment delivery ratio for the
catchment slopes, which represents the ratio ointiteerosion to the gross erosion (i.e. 93.2%),
must be seen as relatively high. This high valdkects an efficient conveyance system across the
catchment slopes which can be linked to the sndl af the catchment, the relatively steep slopes

and the limited area with reduced gradients wheposdlition is likely to occur.

4.3 Sediment storage in the reservoir

The sediment budget based on /€s measaurements summariseéigure 10 indicates that the
sediment output from the study catchment accoumts/ 33 Mg ha yr! (ca. 93% of the gross
erosion). In order to validate this estimate, aerapt has been made to quantify the sediment
accumulated in the reservoir at the catchment putiethe absence of a detailed survey of the
reservoir basin prior to impoundment and fillinge £3'Cs measurements undertaken on the nine
sectioned cores collected from the reservoir dutifeg2011 sampling campaign were used for this
purpose.

The depth distributions df’Cs associated with the nine sectioned cores Kgge2) are
illustrated inFig. 11 Since the impoundment of the reservoir postddtednset of bomb fallout in
the mid 1950s and the period of peak fallout in3,96is not possible to identify the 1963 peak in
137Cs activity and to use this as a marker horizogniicant 13'Cs activity is found to the base of
the sediment cores. However, in all cases, theegigence of a minor peak 6fCs activity in the
upper ca. 500 mm of the core which can be linke@hernobyl fallout in 1986 (see Belyaetal,
2013; Du and Walling, 2012; Golosov and Walling12 The peak represents the surface of the

sediment deposit in 1986.
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Fig. 11 The depth distribution of*’Cs documented for the nine sampling points withia t

reservoir

The current depth of this peak provides a basiestimating the sedimentation rate between 1986
and the time of sampling at the point where the seas collected (see Walling and He, 1993). In

using 1¥'Cs measurements undertaken on the cores colleciedthe study area to estimate soil
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redistributioon rates it was assumed that'#@s inventories of the cores were dominated by bomb
fallout and that the contribution of Chernobyl éait was negligible. The validity of this assumption
is confirmed by the sediment cores collected fromreservoir and more particularly by two lines
of evidence. The first is the lack of clear evident a significant increase in th&Cs activity of
the sediment deposit above the 1986 peak. An iseremuld be expected if the Chernobyl fallout
input was substantial, since it would have causeiie@rease in th&€'Cs activity of the surface soils
in the catchment in 1986, which would be reflectadan increase in thé*'Cs activity soil
mobilized from the catchment surface and depositetie reservoir after 1986. The second is the
limited magnitude of th&*’Cs peaks in the sediment cores ascribed to Chelrfailmut. These are
estimated to contribute no more than ca. 75 Bedatal inventories of the cores, which represents
about 4% of the reference inventory. The pédEs concentrations asssociated with Chernobyl
fallout occur at mass depths ranging from 216.4vigfor profile 9 to 463.5 kg rf for profile 2
(seeTable 3for details).

The sedimentation rate can be estimated from ép¢hdof sediment above th&¥Cs peak,

which denotes the reservoir surface in 1986 i.e:.

=M
R== (6)

where

R’ = deposition rate (kg myr?);

M = cumulative mass depth of the 1986 peak (Kg;m

T = period elapsed between 1986 and the time of Eagnfyr).

The nine estimates of deposition rate obtainedhercores collected from the reservoir are listed i

Table 3.
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Table 3 Deposition rates calculated within the reservbthe Corrado catchment

Cumulative mass depth Deposition
Sectioned core  '¥’Cs inventory of the 1986 peak rate
(Bq nm?) (kg n1?) (kg m* year?)
SITE1 2531.6 317.0 12.7
SITE 2 2968.8 463.5 18.5
SITE 3 2782.7 434.0 17.4
SITE4 2398.8 279.7 11.2
SITES 2303.2 306.3 12.3
SITE 6 2807.2 297.3 11.9
SITE7 2504.3 2441 9.8
SITE 8 2416.3 301.5 12.1
SITE9 2212.9 216.4 8.7

The mean deposition rate for the nine cores wasileded to be 12.7 kg fyr?. This value was
combined with an estimate of the surface area®fstdiment deposit (0.18 ha) derived from field
surveys to provide an estimate of the mean annpat iof sediment to the reservoir of 22.86 Mg yr
1 This is equivalent to a soil loss from the catehirslopes of 7.52 Mg Hayr?, which is in close
agreement with the estimate of net soil loss frtwn surface of the study area derived from the
137Cs measurements of 7.33 Mg'har!. Since the sides of the reservoir basin occupiedhe
sediment deposit were steep and the base of the was relatively flat, the estimate of surface
area represented the surface area of the sediraposit, assuming vertical sides. The reservoir had
no spillway and had not overflowed since its cargton and its trap efficiency was therefore

assumed to be 100%.

5. DISCUSSION

As indicated above, the estimate of mean annuanssd input to the reservoir of 7.52 Mghgr

1 based on the information provided by the coresniclose agreement with the estimate of the
mean annual net soil loss from the slopes of thehazent derived from th&®’Cs measurements of
7.33 Mg hat yrl. This agreement could be seen as clearly confgrttie validity of the sediment

budget for the catchment slopes derived from f#€s measurements and depictedFig. 10
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However it is important to review the various s@scof uncertainty associated with this
comparison. These are discussed below.

1) The comparison involves estimates of net soil loesn the surface of the Corrado
catchment derived fron¥’Cs measurements which relate to two different pleri(1 954-
2001 and 1954-2013). Furthermore, the estimatekepbsition rate for the reservoir relate
to a shorter period (1986-2011). The comparisometbee necessarily assumes that the
erosional response of the Corrado catchment has dssentially stationary over the period
1954 to 2013 and that the time base of the indali@stimates is sufficiently long to ensure
that the resulting estimates of mean annual rdtssibloss from the catchment surface and
the sediment input to the reservoir are reliabld aan therefore be directly compared.
Recent work in an adjacent catchment reported hyoRa al. (2014) used &*'Cs re-
sampling approach to demonstrate that the estinohte®an annual soil loss for the periods
1954-1998 and 1999-2013 showed no evidence of aifis@nt change in erosional
response. In addition, consideration of the meawalnprecipitation totals for the periods
1954-2001, 1954-2013 and 1986 to 2011 providesegahi 659 mm, 669 mm, and 639 mm,
respectively. These again show little variabilitydeare consistent with the assumption of a
stationary response of the study catchment ovepehed 1954 to 2013. Estimates of mean
annual soil loss and sediment yield based on permfddifferent length, will also be
influenced by the inherent variability of the anhtadals, as reflected by the standard error
of the mean. This issue was addressed by considren available data on annual sediment
yield for the W1 sub-catchment. An estimate of ¢befficient of variation of the record of
annual sediment yield from this catchment of ~10@%»n also be assumed to be
representative of the local environment and empgbkasthe potential influence of inter-
annual variation in the magnitude of erosion ardinsent yield on estimates of mean annual
sediment flux. However, since the estimates of naarual net soil loss from the slopes of

the Corrado catchment and mean annual sedimenttmple reservoir are based on periods
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2)

3)

of 47 and 59 years and 25 years, respectively, dheyudged to provide meaningful values
of mean annual sediment flux which can be directijpared.

The comparison also involves the assumption thatmél erosion does not contribute to the
estimate of sediment flux at the catchment outletived from the sediment deposit in the
reservoir. This is compared directly with the estienof net soil loss from the surface of the
Corrado catchment provided by the sediment budgsed on'*’Cs measurements. As
indicated previously, the ephemeral channel netwiarkhe study catchment is poorly
developed and field observations suggest that shahnels are of very limited importance
as a sediment source. Furthermore, field obsenstfailed to provide any evidence of
significant sediment storage in the ephemeral cblanetwork, which could represent a
conveyance loss associated with sediment deliverthé catchment outlet and therefore
preclude direct comparison of the estimate of negti@ss from the surface of the catchment
with the estimate of sediment output based ondkervoir deposits.

It is difficult to provide precise estimates of thecertainty associated with the estimate of
net soil loss provided by th€’Cs measurements and with the estimate of sedinxgoirte
based on the amount of sediment deposited in teerveir. However, the sources of
uncertainty associated with the latter are judgeblet limited and a precision of ca.x 20% at
the 95% level of confidence in suggested. In tree @d the estimate of net soil loss from the
catchment surface, the consistency of the estinadtssil redistribution rates provided by
the two independent sampling campaigns in diffeneatts of the Corrado catchment
undertaken at different times add confidence tovtiiees obtained. Furthermore Pogtaal.
(2014) have suggested from work in an adjacenhoatat that the estimate of mean annual
net soil loss derived frort’Cs measurements using similar procedures to theese in the
current study are characterized by a precisionaott80% at the 95% level of confidence.

Uncertainty associated with the estimates of ngét@ss from the surface of the catchment
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and sediment output from the catchment is therefateseen as introducing significant
problems in terms of the results presented.
Overall, the uncertainty considerations discusdeav@ are not seen as adversely influencing the
conclusion that the close agreement between thmast of mean annual net soil loss from the
slopes of the Corrado catchment derived from!f¥%@s measurements and the estimate of mean
annual sediment yield at the catchment outlet pleiby the sediment deposits in the reservoir
provides a convincing validation of the estimatésail loss derived from th&’Cs measurements

and the associated sediment budget for the sldgee study catchment.

6. CONCLUSIONS

The results presented from this investigation @ensas providing a convincing validation of the
use of'3'Cs measurements to estimate soil redistributiomsrand to generate the data needed to
construct a sediment budget for the slopes of dl sa@hment. As such they confirm the potential
for using 1*'Cs measurements as a key component of sedimentetbimigestigations. These
findings are consistent with the findings of praiscstudies in southern Italy aimed at validatirg th
use of'3'Cs measurements to provide estimates of soil rdalision rates resulting from sheet and

rill erosion (see Portet al, 2003; 2004).
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