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Abstract

Purpose: This study aims to identify a sutable sediment compartment for sediment quality monitoring by: (a)
studying the concentration of trace metals (Cd, Cu, NijElZn) in the bed, bank and suspended sediment compartments of the
Ravensbourne River testablishany differences in trace metal concentrations with compartr{&t detemining the
influence of sediment particle size fractions (<63 um and 63um - 2 mm), organic matter and mineralogy on any
differences, and €) examinng if metal concentration in each sediment compartment complies with the draft UK

sediment quality guidelines

M aterials and methods: Here we make a comparison of metal concentrations in the bed; bank and suspended
sediment compartments of the Ravensbourne River collected using different sampling techniques. We
distinguished between two particle size fractions i the <63 um fraction (suspended, bed and bank sediment) and
the 63 umi 2 mm fractions of bed and bank mateial with the aim of comparingconcentrations between the two
fractions.Particle size analysis, metal speciationprganic mattercontent by loss on ignition and mineralogy using

X-ray diffraction were also carried out on eachsediment compartment.

Results and discusgon: The resuts showed variations in tracemetals concentrations with sediment compartment
and with particle size. The mineralogical characteistics were comparable for all sediment compartments andthe
relationships betweenorganic matter content and metal concentrations were significant in the majority of the bank
sediment samples. There were no significant differences (p>0.05) in the concentrations of metds between the
suspended sediment and the <63 um bed sediment fraction, but there was a significant difference (p<0.05)
between the suspended sedimand the <63 um bank sediment fraction. There were also significant differences
betweenthe concentrations of metalsin the <63 pum and the 63 um i 2 mm fractions. Generally, the Ravensbourne

River did not comply with the draft UK sediment quality guidelines for the metals analysed

Conclusions: This study shows the importance of identifying a suitable sediment compartment to sample for
compliance with sedimentguality standardsThe bed and sugpended sedi ments are the most widely used sediment
compartments for sediment monitoring, but collecting sufficient mass of the <63 pum sediment fraction for
monitoring presents a challenge for urban gravel bed rivers like the Ravensbourne River. It seems appropiate to

establi sh individual monitoring regimesfor different rivers.

Keywords Sediment A dBrent compartments ATracemetals ASedimentuality
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1 Introduction

The environmental significance of contaminated sediment is a focus of concern under the European Water
Framework Direcive (WFD) (Bilotta and Brazier 2008; Bonnail et al. 2016Perks et al. 2017and widely
monitored using trace meta(Roig et al. 2016)River sdiments are used asenvironmental indicators in river
monitoring and assessment of river quality (Kuusisto-Hjort and Hjort 2013; Han et al. 2014; Isam et al. 2015

with higher levels of contaminants (trace metals often reported in sediment compared to the overlying water
column (Gasperi etal. 2009 Atibu et al.2013 Alves atal. 2014) Trace metalsare persistentbind easily to

river sediment andcould bea possible source of pollution when metals are released back into fluvial
systems Presently in the UK, there are no mandatory sediment quality guidelines, however, the
Environment Agency haveleveloped draft UK sediment quality guidelines using the Environment
Canada threshold effect level (TEL) amdobable effects level(PEL) sediment quality guidelines
(HudsonEdwards et al. 2008) There remain a number of challengesn sediment monitoring
including identifying the most suitable sampling technique anthe most appropriate sediment
compartment to sample (Hebank orsuspended sediméntor individual rivers (Crane2003). River
systemsare dynamic and the properties of their deposits are likely to vary with location and even

sediment compartment.

River bed, bank and suspended sediment canall be potentially usedo monitor sediment environmentabuality.
The question however is does it matter which sedimesbmpartmentbed, bank and suspended sedimeast)
monitored for sedimentquality monitoring and are there significant differences in the physical and chemical
characteistics of the bed, bank and suspended sediment sampled fromthe sameriver? Many studies have
focused on metal concentrations in the bed sediment (Jain et al. 2006; Fok et al. 2012 Islam et al. 2015 Hurley
et al. 2017, and / or in bed and suspended sediment (e.g. Jelodar et al. 2012 Kuudsto-Hjort and Hjort 2013;
Nazeeret al. 2014), and / or the bed and bank sediment (Grosbois et al. 2012) In fact, the bed sediment is
commonly used as a basis for monitoring trace metal concentrations in sediment and has beenused in setting
sediment quality guidelines (SQG/ sediment quality standards (SQS) in countries such as Canada, Australia, Italy
and the Netherlands (Burton 2002) The draft UK sediment quality guidelines are likely to be based on bed
sediment (Hudson-Edwards et al. 2008). However, the Faunhofer Inditute (2002 suggested that suspended
sediment should be measued and compared with environmental quality standards rather than bed or bank
sediment becaise sugpended sediment retains and trangports new contaminants whilst the residence time of
sediment in the river bed remains largely unknown. The Sediments in the RavensbourR&ver are likely to retain
historical contaminants from loAgsting English industrial activities and persistent secondary contamination

associated with the urban environment. It is possible that not all locations on any river bed are suitable for
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monitoring recent pollution as some locations are depositional, some are erosional and others will be stable
(Counihan et al. 2014); hence bed sediments were collected where deposition was observed to have occurred.
Significant differences in chemical compasit would be expectecbetween sites retaining only historical

pollutants and those with recently deposited sediments and these comparisons ta@ irefiue results section

Sediment particlesize, organic matter and clagnineralogyare key factorcommonly reported to affect metal
concentratios measuredn sediment(Horowitz 1991 Luoma and Rainbow 20084&bek et al. 2015 The
variations in particle sizes of fluvial sediment are widely documented (Babek et al. 2015; Matys Grygar and
Popelka 2016)Particle size accounts for more than 50% of the variation of trace metal concentration in river
sediment (Babek et al. 2015) with metal concentration reportedly to increase with decreasing particiasieé (

al. 2010;Yao et al. 2015Maity et al.2016; Yutong et al. 2036 For example, lay and silt tend to sequestegh
concentrations of metals duedccommensuraticrease in specific surface arétowever high conentrations of

heavy metalarealsoreported in sand fractions (>8n) (Lin et al. 2003 Organic matter substantially increases

the number of binding sites for metals and forms complexes with metal ion in sediment (Schumacher 2002; Luoma
and Rainbow 2008; Charriau et al. 201I)he lbss on ignition (LOI) is widely accepted astandard way of
measuringorganic carbon content iboth soils and sediments (De&f74; Heiri et al. 2001; Santisteban et al.
2004. Although clay minerals affecthe ability of sedimentto sequester trace metalsjs often in combination

with Fe, Mnamorphous oxides, and organic materials (Li et al. 2009; He et al. 2012; Chen et al.S20&63
studieshave examined the relationship between trace rnseatl clay minerals such as smectite and kaolinite in
sediment (Vega et al. 200Zhang et al. 204; Kim et al. 2007).For example, Chen et al. (201®und metal
content to significantlycorrelate with kaolinite and illite concentration in surface sedimenthe minerals
commonly found in most depositional environneiniclude dicates, carbonates and clay minerals suchllides,
montmorillonite and kaoliniteWWeaver1956).The association of trace metals with kaolinite and other clay minerals
is likely due to the presence of Waf amorphous oxides anfithe organic matter ifine aggregated sediment
fractions (Gilbert et al. 200%Bchaider et al. 20)4lt is widely documentethat irodmanganesexide and organic
material aggregates account for a significant proportion of metal sequestration in fluvialsigstemparisorto

clay minerals (Li et al. 2009; Wang and Li 2011; Schaider et al. 20atys Grygar and Popelka 201Gouture et

al. 2018).

The sampling devices used in sedimébed, bank and suspended sedimambnitoring vary depending on the
objective of the studyMudroch and Azcue 1995Yhe Ravensharne Riverin south LondonUK wasused to
explorechallenge®f sediment samplingndis located ina densely populated urban aré&ood sediment sampling

programms aim to collectsampla that are representative tticemetal concentrations at the sampling sitel



114  establish any variability in concentratiowithout disturbing the sediment (IAEA 2003; Simpson et al. 2005), even
115 duringchangesn environmental conditions such as storm ésen storm eventssampling the bed compartment
116  may be difficult orevenimpossibledepending on the storm event and catchment characteritment grabs are
117  commonly usedfor collecting bed sediments for chemical analysis (Liu et al. 2009, Liu etal. 2011, Ho etal. 2012
118 Palma et al. 2015) The grab sampler is efective where sediment coring is probematic or impossible due to a
119  gravel or sandy substrate(Mudroch and Azcue 1995) A stainless steel grab sampler such asthe Van Veen grab
120 is easy to use, portable, light weight and dfective in shallow rivers and in particular generally retains the finest
121  sediment fractiongdand scooping using a spoan or hand trowel is the most widely used method for sampling bank
122  sediment (Rotmanet al. 2008 Juracekand Ziegler 2009, but is ineffective in flowing water asa resut of losing
123 fine sediment. Severalmethods of sampling suspended sediment have beendevised over the yeas such aghe
124  integratedsampler (McDonald et al. 2010)andsediment traps (Hedrick et al. 2013). The Time Integrated Sedi ment
125  Tube Sampler (TISTS) described by Phillips et al. (2000), Rusll et al. (2000) and McDonald et al. (2010)
126  provides aninexpensive and practicalmethod of collecting representative suspended sediment samples. The TISTS
127  effectively samples acive suspended sediment without disturbing the overlying water, and is best usedwhere the
128  daily river flow is low. The deployment of multiple suspended samplers allows wllection of sufficient mass of
129  sediment for physical and chemical analysis, especialy where the river velocity and sediment concentrations ae
130 low (Simpson etal. 2005)

131

132  This study aims to identify a stitable sediment compartment to samplefor sediment quality monitoring by: (a)
133  studying the concentration of trace metals (Cd, Cu, Ni, Pb and Zn) in the bed, bank and suspended sediment
134  compartments of the Ravensbourne River ewiablishany differences in trace metal concentrations with
135 compartment(b) determiing the influerce of sediment particle size fractions (<63 um and 632nmm), organic
136 matter and mineralogy on any differences, and (c) examine if metal concentration in each sediment compartment
137  complies with the draft UK sediment quality guidelines

138

139

140 2 Materials and methods

141 2.1 Study area

142  The Ravensbourne River is a tributary of the River Thames locatedin the heavily built-up area of South East
143  London (Fig. 1) It rises asa Chalk spring in Caesar sdWell at Keston, and flows through London Boroughs of
144  Bromley, Greenwich and Lewisham before joining the River Thames at Deptford (Knight 1842 Lewisham

145  Council and Environment Agency 2010) The Ravensbourne Riveris about 174 km long and hasa cachment area

146  of 180 km2. The ngjor tributaries that feed into the Ravensbourne ae the Podl River, which joins the



147  Ravensbourne atCatford, and the River Quaggy which joins the Ravensbourne at Lewisham. There is a predictable
148 mix of historic and current industrial activity along the river e.g. breweries, chemical works (Barton 1992
149  Lewisham Council and Environment Agency 201Q Talling 2011) as well as magjor and minor road arteries
150 adjacet to, and crossng, the river. The bedrock of the Ravensbourne consists mainly of sedimentary rocks
151 (London Clay Formation i silt and gravel) and superficial alluvial deposits which consist of clay, silt, sand and
152  gravel. The Ravensbourne River and its tributaries are one of the most culvertedrivers in London flowing through
153 denslly populated areassuch asLewisham and Catford (Barton 1992 Copas 1997) Like many urban rivers,
154  more than 50% of the Ravensbourne cathment is heavily modified by flood defence structures to protect
155  surrounding residential and commercial properties from flood eyestdsham Council and Environment Agency
156  2010)

157

158 2.2 Sampling location, river velocity and discharge measurement

159  Sediment and water samples were collected from the Ravensbourne River at Ladywell Field (51.453793 N,

160 - 0.0186038 E, wherethe river was easily accesible) from January to December 2011 except for the months of
161 March and April (Fig. 1). The river discharge was measuredat a fixed cross sectioaof the riverusing an
162  electomagnetic current meter (SENSA) to measure velocity at a number of points across the stream. Computed
163 river dischargesangedbetween 83 and 490 L s exceptduring a storm event when dischargereached2370 L s™.
164  Further sediment samples were collectedin May 2012 after a major storm event whenthe discharge had reducedto
165 490 L s The Ravensbourne River at LadywEleld has a transect width &m with an average depth of O,
166 andthe river bed consists mainly of medium to fine gravels.

167

168 2.3 Sample collection and preparation

169  Saliment samples were collected monthly from the bed, bank andacively trangported suspended sediment.
170 Thetop 10 cm of sediment was collectetrh the bed andanks. Bed sedimens werecollected as composite
171  samplesfrom the left, right and middle section of the rivand compositesamples of the bank sediments were
172  collected from different sub samples of the baBlspended sediments were collected monthly in duplicate from
173  both sidesof the river (Fig. 2) using time integrated sedi ment tube samplers (TISTS) asdescribed by Phillips et al.
174  (2000)and Perks et al. (2017ach TISTS sampler wasingalled horizontally at appraximately 0.1 m above the
175  river bed at the sampling point, and fastened with cable tiesto the wooden revetment along the river bank. A 5 L
176 Van Veengrab was used to sample bed sediment (United Nation Environment Programme 2006, and the bank
177  sediment was collected using a stainless steel hand trowel (Sekabira et al. 20)0 All sediment samples were
178 transferred to labeled air-sealed trangparent polypropylene bags immediatdy after collection. External sources

179  of contamination were avoided by using sediment samplers made of stainless steel and/ or plastic mateial



180 (Mudrochand Madknight 1994) Sediment sampleswere collectedmonthly between Januaryand Decembefexcept
181 for the months of Februaryand March), and storm samples for the bed, bank and suspended sediment were
182  collectedin May 2012 Storm events were not commonduring the sampling yea so storm samples were collected
183 in the following yea in response to a major floodhe sediment samples were stored and trangported to the
184 laboratory in the dark at 4 °C in an ice box (Palmer1984 USEPA 2001) Prior to sieving,drge debris, including
185 plant and gravel-sized mateial were carefully handpicked andemoved from sediment samples. Sediment samples
186 wereovendriedto a @ngant mass at 105 °C using a Gallenkamp ovenand dry sievednto <63 pm and the 63 um
187 T 2 mm fraction usng stainless steel Endecotts laboratory test sieves(Tesser et al. 1979; Quevauviller 1998. The
188 sieves were thoroughly rinseaith distilled waterand oven driedo avoid contamination between sample
189 preparations.Generally, be amountof suspended sediment and the <63 um bed sediment fraction in the
190 RavensbourneRiver was low and sedimentmass obtained after drying and sieving were generally low in
191 comparison to sediment mass from the baklk sediment samples were stored at room temperature Htighir
192 plastic bags after drying and sieving asidanalyses were carried out within three monthcalfection for dry
193 sediment samples (USEPA 2001).

194

195 24 Analytical techniques

196  All glassware used for sample analysis was of grade ¢A Gstandard, and all reagents used were of analytical grade
197  (Aristar and AnalaR grade). High purity deionised water (183 MY) obtained from a Milli Q filtration unit was
198  usedthroughout. All equipment and apparatus were acid cleanedin 10% (v/v) nitric acid and rinsed with deionised
199  water prior to use. Working calibration solutions, blank calibration solutions, cetified reference materials and an
200  independent/check analytical quality control solution were prepared and analysed alongside digested sediment
201 samples. Analyses were repeatedon randomly selectedsamplesthroughout theexperiments. Analyses of blank and
202  triplicate samples were used for total metal content. The cdibration coefficient of the calibration line (linear fit)
203 was adways better than 0.999 for all the analyses, and the equipment drift was within 10%. Triplicate
204  analysis of different samples indicatedthat most analyses had a reproducibility of abou +10%. The certified
205  reference material LGC 6187 for trace metal analysis was also within £10% of the cetified value (Table 1),
206  which was an acceptable experimental limit for reference mateials (Holcombe 2009 Environment Agency
207  2016) The limits of quantification (LoQ) were 0.03ppm 0.02 ppm 0.02 ppm 0.05 ppmand 0.01 ppmfor Cd, Cu,
208 Ni, Pband Zn, respectively

209

210 2.41 Trace metal extractions and analysis

211  Tracemetals(Cd, Cu, Ni, Pb and Zn) were extractedfrom the bed (<63 um and 63 pm - 2 mm), bank (<63 pm and

212 63 um- 2 mm) and sugpended sediment using agua regia (1:3 v/v of concentrated HNO3 and concentratedHCI)



213  afterthe method of the Environment Agency (2006) Sediment (1 + 0.00L g) wasweighedin triplicateinto separate
214 50 mL Teflontubes, 2.5 mL of concentratedHNO; and 7.5 mL of concentratedHCl were aldedto sediment in each

215  Téeflon tube. The mixture was sheken and allowed to stand for 8 hours at room temperature. The solution was
216 placedin a heatng block and heatedat 60 °C for 10 minutes, 80 °C for 10 minutes, 100 °C for 10 minutesand

217 160 °C for 2 hours. The final solution was allowed to cool and made up to 50 mL with deionised water. The
218  solution was centrifuged at3000 rpm for 15 minutes and analysed for the selectedheary metals using a Varian
219 VISTA PRO Inductively Coupled Plasmas Atomic Emission Spectophotometer (ICP-AES). The resuts were
220  expresedin mg kg™ dry weight.

221

222  2.42Particlesize

223  Sediment samples were greated with 3@ (v/v) hydrogen peroxide for 24 hours at room temperature to remove
224  organic matter following the method of Gray et al. (201@xtiPle size was analysed withMalvern M S2000
225  (Hydro 2000MU) Laser Diffraction Particle Size Analyser (Sperazzaet al. 2004) The results werealculated on a
226  volume basis using the Mie theory and Malvern propriesafgwareMi e s t heory measures th
227  data obtained as light passes through or is being adsorbed by the particle. The theory is howeveisphsdadabn
228  propertiesThe obscuraon rate ranged from b 14% andthe ideal range set out in the Malvern Matersize manual
229 is between 3 and 20%he specific surface area sv@omputed with equivalent diameters to the volume of the
230 liguid displaced by theapticles.This happenfor every particlecountedin the entire distribution and adds taqthe
231 surface areaf 1 g of sediment with the same particle size distributidn assumegbarticle density is set at lagr

232 3 and he surface area is computed as4f3 where r is the particle radius

233

234  Appraximatdy 2 + 0.01 g of oven- dried sediment was weighed into 50 mL disposable centrifuge tubes and 20

235 mL of 30% (v/v) H,O, was added to eachtube. After the reacton was completed, the sediment residue (wet

236  sediment) was tansferred into the Malvern sample dispersion unit (Hydro 2000) containing 600 mL of

237  ultrapure water produced by a reverse osmosis plant. The particle size results were expresedin um for the d50

238  (the median particle size distribution), and m?g™ for the spedfic surface area (total sufaceareaof a sediment per

239  unit of mass).

240

241  2.43Organic matter content

242  The total organic matter content in the sediment samples was detemined by the percentage loss after
243  ignition (Donkin 1991, Heiri et al. 2001 Schumacher 2002 Porcelain crucibles were heatedin a Griffin furnace
244  at 550 °C for 20 minutesto completdy remove moisture. The aucibles were allowed to cod in desiccabrs.

245  Approximatdy 15 g of sediment was then placedinto duplicate porcelain cucibles. The weight of the



246  crucibles and sediment wasremrded andthe crucibles ®ntaining sediment wereplacedin the oven at 105 °C
247  for a minimum of 12 hours, allowed to cooin a desiccatoandreweighed (A). The sediment + crucibleswere
248  thenplacedin the furnace at 450 °C for 12 hours, allowed to cool and weighe®). The loss on ignition(LOI %)

249  was calculated usng the equation:

250
0 6
251 00'® 5 pTmT
252
253 A = weight of crucible + sample after 186 for 12 hours
254 B = weight of crucible + sample after 4%0for 12 hours
255

256 2.44Morphology and mineralogy

257  The Scanning Electron Microscope is widely used in the study of sediment morphology, structure and chemical
258  composition (Swapp 2013Bcanning electon microscopy was caried out using a Carl Zeiss Ultra Plus Field
259 Emission SEM. Appraximatdy 1 g of finely crushed selected bed, bank and suspended sediment samples
260  were mounted on analuminum stub, and the electon beam produced by the electon gun was focused on the
261 sample and selected images were downloaded. The final image was projected on a screen from the detecor.
262  Sediment mineralogy was analysed usihg Enraf Nonius Powder X-ray Diffracometer oupled to INEL CPS
263 120 position-senstive detecor (PSD). Appraximatdy 1 g of finely crushed and homogenised sediment sample
264  was caefully fixed onto the spedmen holder and rotated @aound a fixed axis and X-ray diffraction intensities
265 reoorded. Diffractograms were collected at 30 min (for phase identification) and 60 min (for quantitative
266  analysis). The X-ray diffraction data was calibrated usng silver behanate (NIST SRM 640b) for low angle, and
267  slicon for awider angle range. Clay mineral standards were run for named minerals that were identified as present
268 in initial data and the quantitative data was calculated from the modeled values of each mineral. The phase
269  identification was analysed using the STOE software which includesthe ICDD (The International Centre for
270  Diffraction Data) Powder Diffraction Files (PDF) and a seach- match programme for peak identification. The
271 quantitative data were expressed as weight percentage of the phase proportion of each clay mineral.

272

273 25 Satigtical analysis

274  All statistical analyses were carried out usng Microsoft Excel spreadsheds, SPSS 200 and GraphPad Prism 5.1
275  Software. The normality (Gaussian) distribution of the data obtained for heavy metal concentrations in sediment
276  was analysed using the Shapiro-Wilk and Kolmogorov-Smirnov normality test due to its gppropriateness for
277  smal sample sizes (<50) (Chen 1971 Field 2001) The Speamands rho test was used to measure correlations

278  betweenvariables (sediment spedfic sufaceareaand heavy metal concentrations, and heavy metal concentration
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between compartments). Univariate analysis was used to calculate the mean and standard deviation of repeated
measures for each sample, and the non-parametric Kruskal-Wallis one way analysis of variance was used to
compare the difference in heavy metal concentration between sediment compartments (bed, bank and suspended

sediment).

3 Results and Discussion

3.1 Particle shape, massand size

Saliment particles in the bed, bank and sugpended sediment were irregularly sheped, non-spherical and varied
stbstantially in compasition and size (Fig. 3). The bed sediment conggstmainly of gravel and the partictézes of
the bed sediment wergenerally larger than those of the bank and suspended sedsaraptes Suspended
sediment consisted mainly of silt, while the bank anddsztiment consisted mainly of silt/fine sand and silt/fine
coarse sand/ gravel, respectiveyenerally, he mass of sugpended sediment and the <63 um bed sediment
fraction werelow compared to the bank sedimefhe <63 pum sediment fraction constituted <1% (bed sediment)

and <10 % (bank sediment) thfe total mass afediment sampled monthly

Sediment particle sizes showed variationwith sampling time and sediment compartment (Table ESM_1 &
ESM_2). Patrticle size distribution ithe bed sedimemangedfrom 11 um i 221 pm, and 187 um - 570 um for

the <63 pum and 63 umi 2 mm, respectively The bank sediment ranged from 9 jir83 um, and 10@m7i 191 pum for

the <63 pm and 63 win2 mm Particle sizes in the suspended sediment were generally below <é&gph forthe LM2

April sample (77um). The resultindicatedt hat t he si eved <63 ¢cethsorbheeodrsesednient me nt
(>6 3 (Fabl¢ ESM 1 & ESM_2)Sieving defines the particle diameter of sediment as the length of the sidegpfdie

hole of the mesh sieve through which the sediment particles camvpistdaser diffraction analyses sediment particle as a
function of its crossectional area of a spheteat displaces aprquivalentvolume of liquid (Allen 1990; Konert and
Vandenberghe 1997; Di Stefano et al. 20D8crepancies results obtained for particle size analysis using dry sieving and
laser diffractionarealsowell documenteqPolakowski et al2014; Rasmussen and Dalsgaard 20l e sievingmethod

could have an effect on metal concentration fie <63 um bed sediment fractidy possibly diluthg metal
concentrationsbecauseof the large particle size (>63 pm)as higher concentrationof metalswere mainly
associatd with the <63 pum inhe sampling loation Wet sieving could be more effective in separating aggregates,
however, it is time consuming and there is a higher risk of sample contamination especially where large numbers of
samples are involved. Another possible reafwndifferencescould be he shape of sediment particles passing

through the sieve mesh (Konert and Vandenberghe 1997; Blott and PyeP2lil®wski et al. 2014)

The bank sediment had the highest spedfic surfaceareaof 1.31 m? g! compared to the bed (1.12 n? g*) and

f



312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344

sugpended sediment (1.02 m? g1) (Table ESM_1). These variatiors in particle sizes and SSA araportant for
sediment monitoringespecially if sediment qualitis to be based on a specific sediment fractidfor example,

using the <63 pum for sediment monitorimgould favour the use of bank sedimeniscause collecting sufficient

<63 um bed/suspended sediment mass for laboratory analysis poses a challenge in gravel bed rivers with low
sedimentation rates such as in the Ravensbourne River. Similarly, using fine -63 mm fraction for sediment
monitoring will tend to omit the significant contribution of heavy metals from the <63 um fraction (Lin et al. 2003).
It is not c¢clear what particle size has beeneverthed i n
commonly used particle sizes reported in the literature for sediment analysis are the <63 pm fraction (Rodrigues
and Formoso 2006; Simpson et al. 2011) and the <2 mm fraction (Karlsson et al. 2010; Bartoli et arh2042).

mm fraction is curratly promoted by environmental geochersistF r a n | -Bilipdki@awdiClikrov 2014; Palleiro

et al. 2016; Tiquio et al. 2017Perhaps the best option would be to delineate a fraction that incorporates particle

sizes from <63 um to 2 mm for analysis andisgtquality standards by sieving sediment throaghmm sieve.

3.2 Organic matter

The suspended sediment had higbercentageof organic matter compared to the bed and bank sediment (Table
ESM_3). Organic matter in the bank sedimemas more thantwice and about 6 times greattyan that in the

bed sedimenfor the 63¢ m &8 Wi 2 mmsedimentraction respectivelyGenerally, he <63um particle
fraction mirrored higher organic matter content compared to the 63/ j2nmm fraction.Organic mattercontent
ranged from 0.6% (63 pm - 2 mm bed sediment) to 22.1% (sugpended sediment). There were significant
differences (p<0.0001) in organic matter content between eaclof the sediment compartments. There was a
statistically significantelationship between organic matter and metalcentration onlyn the bank sedimeriut

not in the other sediment compartmeffsg. 6). The number of binding sites produced by organic matter is
dependent on the type of organic acid. For examifolic organic materials have a larger binding surface
compared to lignin (Luoma and Rainbow 2008). However, in most sediment, the number of binding sites is not
only influenced by organic matter content, but digghe presence of iron oxidesd clay mineral(Schaider et al.

2014).

3.3Mineralogy

The most common minerals present in the sampledsediments were quartz, illite, muscovite, calcite kaolinite,
dolomite, montmorillonite and goethite. Clay mineral distributiosfollowed a similar patternfor eachsediment
compartment(Fig. 4) with only minor differencegTable 2). The dominant clay minerals in the nretorm
suspended sediments were iHgmectite (56 63%), muscovite (9 11%) and kaolinite 3 - 6%). The dominant

minerals in the bed sediment were ilgmectite (39%), muscovite (5%) and calcite (5%). The dominant nmsneral

N



345  in the bank sediment were illi@mectite (51%), Mucovite (5%¢alcite (4%) and kaolinite (3%lKaolinite appears
346 to be more isible in the suspended sediméhtg. 4), consisting up to 6% of the total miner@lable 3. Calcite
347  wasassociated more with the bed and bank sedimetit,up to 4% for the <63 um bed sediment and 3% for the
348 <63 um bank sediment. Muscovite was maiagsociated with the suspended sedim@limochlore (up to 3% in
349  suspended sedimerad goethite (0.2 %)were present in all sediment compartments (Taplaut were notvisible
350 in graplsfor X-ray diffraction(Fig. 4). This might bedueto their low content or poocrystallinity or a combination
351  of the two(Chen et al. 2016)

352

353  Clay minerals have different binding characteistics depending on suface areasand suface charges (Horowitz
354 1991 He et al. 2012) However, tracemetals tend tosorb mainly on nanecrystalline Feoxides (Plathe 2010
355 Fr an| iBijrskbet al.2014 and organic mattg{Charriau et al. 2091 The mineralogy(illite -smectite, muscovite,
356 calcite, kaolinite, dolomite and goethitef each sediment compartment aeommonly asociated with urban
357  environmers; consising of fine particks of natural origin from soiland dustmixed with trace metaldrom cars,
358 anticorrosive pigmentand car batteries However, he proportion of clayminerak in each sediment compartment
359 differed (Table 2).This suggestghat each sediment compartment could behave differariten it comes to metal
360 sequestratior-or exampleHeliosRybicka et al. (1995) investigat¢headsorption behavior of Cd, Cu, P and Nion
361 clay minerals including illite and omtmorillonite, the results indicatetat smectitediad the highest enrichment of all
362  metab except Pb ions which were enriched on illitethis studythe concentrations of Pb in baskdiment were hiy
363 compare to the bed and suspended sediment. However, the proportion efriitietite, were highest in the suspended
364  sediment (63%¢ompared tded (396) and bank (Fh). Particle size fraction could also be a contributory factor in high
365 Pb concentratianin bank sediment because the bank sediment had the highest specific surface area ®51.31 m
366  compared to the bed (1.1Z2gt) and suspended sediment (1.GZg.

367

368 3.4 Trace metal concertrationsin the diff erent sediment compartments

369 The concentratios of metals vaied with the tracemetal, particlesize (Table 3) sediment compartment and
370  sampling period (Fig. ESM_5Yinc had the highest concentration of all the metds in the bed, bank and
371  suspended sediment samples, whilst Cd was mainly detectedin the bank sediment and below the limit of
372  quantification in some of the bed and sugended sediment samples. The bank sediment retad higher
373  concentratios of metals compared to the bed and suspended sedikoeexampletheconcentrationof Pbin the <63
374  um bank sediment ranged fr@tdmgkgi 821 mg kg*, compared to the63 um bed and suspended (Left monthigdiiment
375  which rangedrom 150 mgkg? - 555mgkg?, and 92 mg kg' i 368 mg kg, respectivelyA similar patterrof metal distribution was
376  recordedior Zn andCd in the bed, bank drsuspended sedimetfowever Cutenced to be more associated withe bed and

377  suspended sedimewtilst Ni remairedlargely unchanged he larger concentrations of risk elements in banks could be a consequence
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of mare severdistoricalpollution nowexposed bpankerosion The Ravensbourtes historically served as a source of energy (e.g.
water mills) and also industrial production such as ship building, daiigoyies gas works, brewing and chemical wajRarton

1992;McCartneyand Wes1998;LewishamCouncil and Environment Agency 20T@jling 201).

The <63 um fraction was usectiomparing metaloncentration in different sediment compartmentsréudtsonly show significant
differences in Pb concentratibetweerthe bank and suspended sedinusitig the <63 um Pbin bank sediment could be
linked to historic anthropogenjmollution from sourcesuch as chemical works, construction works, erosion from
cultivated areas, atmospheric deposition and building ofifibefence structures thall could have contributed to
contaminated sedimendeposited on the river bankgylor and Owegs 2009; Lewisham Council and Environment
Agency 2010). The infiltration adbanks by polluted river waterould also have brought imore pollutionto the
bank(Matys Grygar et al2013).Whilst the differences in concentratiomay suggest that the bank sediment may
be unrepresentative of the sediments in the water citsedg that is the bed and suspendsddiment;polluted

bank sedimesstrepresenta potentialfuture threat andare also important for examining the pollution status of
fluvial system.If analyses of suspendaahd/or bed sediment reveal pollution, banks should be sampled to identify
possible pollutionsource(s)of sediment and associated heavy metal contaminants that could enter the river as a
result of bank erosignmigration of reactive risk element species, wansported to rivers during flood events
(Gellis and Noe 2013; Theuring et al. 2013)g#ably, in the caseof sampling pollution in the Ravensbourne
sediment it might be suggested that the bank sedimzmild be excluded from the sampling regiméhen
establishing compliance with any sediment standdfdsvever, sampling the bank sedimaenmdy be animportant
prelude to designing remediation techniques and controlling pollutant irfgpessources in very close proximity

to the channel and which are directly connected to the river at times of high discharge.

There were no significant diffemeesin trace metal concentratistbetween the bed (<63 um fraction) and the
suspended sedimesamples(Table 3. This however differs significantly with the 63 pm2 mm bed sediment
fractions. It may be useful when designing a sampling progranimnesediment monitoring using the <2 mm
sediment fraction to sample both suspended and bed sediment initially, with the aim of first confirming similarities
in metal concentration and ultimately reducing sampling to the bed or to samples obtained dgratedttube
samplers only. Significant differences in metal concentrations between suspended and bed sedimprabablyjd
require a continuation of samplindrom both compartments. However, the challenge of collecting sufficient
sediment mass for physil and chemical analysis favours sampling of the bed sediment instead of the suspended
sedimentin rivers like the Ravensbourn&he sampling of gravel bed rivers to ensure sufficient mass of the <63 um
sediment fraction for analysis is likely to requitee collection of a relatively large number of ssdmples from

different sections of the river be@ertainly, the bed and suspended sediment are the most widely used sediment
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compartments for sediment monitoring (Lee et al. 2003) and similar resutiterreeported for the concentration

of metals in both compartments (Davide et al. 2003). The argument that suspended sediment measoses the m
recent influx of metals i river (Fraunhofemstitute 2002) may be appropriate as part of the monitoring of water
quality but this might fail to establish the reality of potential exposure of benthic organisms. Suspended sediments
are effective for studying recent contaminant and shom ¢bemical variability but the bed sediment is the
sediment compartment that benthic organisms are likely be exposed to for longer periods of time (Horowitz 1995;

Crane 2003).

The concentrati@of trace metaih sediments a functionof particle size distributiofzhou et al2015)and netal concentrations in

this studywere highlycorrelated with particlsize(Fig. 5). The results shogignificantdifferences in metal concentrations between the
sedimentractions(<63 pm and63 umi 2 mm), including metatoncentrations between the suspended sedixéBtgim)and the

63 umi' 2 mmsediment fractionsf the bed and bank sediméFttis however varies witspecificmetalandhigher concentrations of
metalswereoften associated with tisend particles sizes (<63 PYn The <2 mmi(e. <63 pm + 63 um 2 mm) sediment fraction

maybe the most appropriate particle size fraction to sample for a standardized and widely applied sediment monitoringf@rogramme
determining compliance with E@®oth for gravel and nagravel bed sedime(alleiro et al. 2016; Tiquio et al. 201 Therewere

strong correlationbetween metslconcentrations and SSA in all sediment compartments (except for Cu and Ni in the suspended
sediment) possiblyindicating that other factors coulé significantin controllingthesemetal concentratis in suspended sediment

(Fig. 5). Metal concentrationarealsoknown to banfluenced byfactors such asediment source, mineralodiye presence @bn
oxides,clay minerals weathering anthe geochemical characteristicstiof sediment soursgBabek et al. 20)5The correlatiorof

LOI % with metal concentratiowas onlysignificant in the bankedimentKig. 6). The unknown concentrations of common reference
elements such as Al, Fe, and Ti considerably limit evaluation of risk element concentrations in individual comparartientayim p

evaluation of graiisize effects.

Clearly, sediments in the Ravensbuel River at the sampling site do not comply with the UK draft sediment
quality guidelines (Table 3-he concentrations ahetalsin all sediment compartmentsflecta combination of the
natural geochemical background, anthropogenic impacts, pogsilsipg effects of contaminant sourcesd
erosion of topsoilvithin the Ravensbourne catchmexst often reported in literatu(euoma andRainbow 2008)
Similarly, dataobtained fronthe BritishGeological SurveyBGS)showed similar levels of metabncentratiosain

the <2 mmtopsoil fractionin local soils(BGS Personal Communicationd2/12/12) (Fig. ESM_4)Although,the
characteristicef the togsoil differs fromtheriver sediment;a similar pattern of metal concentratioras observed

in both.The dominant metals (Zn, Pb and)Cetainedn all sediment compartments were also the dominant metals

found inlocaltopsoils by the BGSndrelatively abundant in nature.



444 3.5 Variations in metal concentratiorsin the integrated tube samples

445  The concentrations of metals in each of the integrated tube samplers positioned differently along the river did
446  not differ significantly (p>0.05) It appears that for a shallow river with low flow like the Ravensbourne, and
447  providing the samptig area is in a straight stretch of river, the positioning of the integrated tube samplers makes no
448  significant differenceto the physical and chemical characteristidsthe suspended sedimenbllected Similar

449  resultwasalso reported by Perks et al0@) forthe Esk catchment in Northern England, UK, where the location
450 of integrated tube sampkewas not significant in the determination of organic matter content and particle size.
451  This maybe different if the sampling location was on a bend and the velecity washigher on the outside of the

452  bend than the inside of the beadwhere the riveincreasedvas extremely wideThe most important factor for

453  sediment monitoring is the conceniom of suspended sediment in the river which determines if sufficient
454  suspended sediment mass can be sampled for analysis. Low concentrations (small mass) of sediment could result in
455  inhomogeneity, where one grain of sediment sample could result in maliedences in the sediment

456 characteristics (Horowitz 1995). The variatiohmetal concentratioin replicate sediment samples is clearly seen
457  in the results obtained for metal concentrations in the suspended and bed settimlend.(Low concentratios of

458 suspended sediment may not be unusual in urban rivers such as the RaverRbeursaggesting that multiple

459  deployments of tube samplers may be necessary in order to obtain sufficient material for analyaisthe

460 samplers should remain in sifor longer periods of timeThe low concentration of suspended sediment trapped in
461 the time integrated tube sam@eamnuld also have been a consequence of the sampling frequamdydorowitz

462  (2003) suggested that hydrologidmised sampling instead of eatlarbased sampling could reduce error

463 associated with estimating sediment concentrations. Monthly sampling of a shallow low flow river such as the
464  Ravensbourne may often provide insufficient sediment mass for reliable metal analysis. Sampling annually or
465  biannually might allow enough time to collect sufficient sediment (Simpson et al. 2005). However, this may not
466 reflect the variation of metal concentratianssedimentover shorter periodsf time, and of the potentialpulsed

467  levels ofmetalexposureo biota.

468

469 3.6 Storm effecton metal concertration in the bed, bank and suspended sedment

470  Stornsaffect sediment characteristics for quality monitori8grm events reportedly increase the transportation of
471 sediment and remobilization of trace metalsaim urbanriver system (Smith et al. 2008,alanques et al. 2006;

472 Horowitz et al. 2 0 0 8Ramd3 &trah BOkS; Giszewskz ance Grygaa ROI6 hidt@ridady

473  polluted rivers, storms may enhance pollutant fluxes; however, in rivers polluted rather recently the storms may
474  have the opposite impahe effects of storm on the concentration of metals in all sediment compartments varied
475 in this stuly (Table 4) The resuts indicatedCd was enriched in both suspended and bank sedifrt@atmight imply

476 that Cd was a significant contaminant washeftom urban surfaceduringthe storm The likely sources o€d in



477  rivers with storm events aren-off from road deposited sediment from matkridetached from brake linings and
478  cigarette butt{McKenzie et al. 2009; Zafra et al. 201The bank sediment constitutesa pathway for sediment
479  trangortation to rivers espedally during storm events, with sediment deposition increasing as run-off velocity
480 deaeases. In swch cases, sampling the bed sediment only might result in the neglectingcontaminants in other
481  sediment compartments. Therefore, sampling only the bed sediment or bed/suspended sedimertftenisiondn
482  monitoring campaignsmight miss outimportant routes fosediment transport to rivers during stoavents It
483  might be appropriate to sample the suspended and possibly the bardediment in addition to bed sediment
484  compartment after storm events as part of any sediment monitoring regime.

485

486  Another possble reason for the lack ofCd enrichment in bed sediment coulde that the first flush of contaminants
487 had been transported beyorbde sample point and had not penetrated the grawetrix as it was already full of
488  sedimen{Quekand Forster 1993; Taylor and Owens 2009 Kellagher 2012) or due teedimentilution effectfrom
489  overlying waters(Dawson and Macklin 1998)it is often reported that storm events after a dry period are
490  significant sourcesof heavy metds in the aguatic environment (Quek and Forster 1993 Ramos et al. 2015} this
491  howevertends to reduce whenthe storm event is preceded by days of low rainfall as isthe case of the storm sample
492  collectedfor this study.

493

494 4 Conclusions

495  This study clealy shows that the concentrations of metds varied with sediment particle size and sediment
496  compartment sampledand that the selection of thesediment compartment to use in any samplingdepends on the
497  aim of the monitoring program. The bed and sugpended sediment are the most widely used sediment compartments
498 for sediment monitoring, but collecting sufficient mass of the <63 pum sediment fraction for monitoring
499 poseda challenge for urban gravel bed rivers like the Ravensbourne with very low sediment concentratioriBhe
500  wider particle size range of <2 mm appears to be the most suitable sediment fraction for tratal monitoring
501 purposesas it gives enough sample mass for analysiés study alsoshowed that sampling the bed sediment has
502 more advantages compared to sampling the suspended or bank sediment although the bed samples did not appear
503 to retain the high Cd concentration found in suspended and bank sedinfiergsthe sediment compartment that
504  not only provideshabitat for benthic organisms but also has the advantage providing sufficient mass of sediment
505 from gravelbed and low-flow rivers in a shorter time period than sugpended sediment. Revising the
506  sampling frequency from the commonly used monthly sampling to either annually or biannually might be helpful
507 in collecting sufficient mass of suspended sediment from rivers with low velocity using the time integrated
508  suspended sediment sampler. This, however, will miss any fluctuations in metal concentrations with time in

509 sediment and the effects of long term sediment storage of sediment in the tube samplers has yet to be fully
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investigated Sampling bed sediment is likely to provide amore time focused asessment of fluctuations in metal
concentrations and allow identification of concentrations that exceedenvironmental quality standard&@Ss)

over short time frames.

The concentration of heavy metds in the bed, bank and suspended sediment of the Ravensbourne River excealed
the draft UK sediment quality guidelines for most of the sampling periods. It is likely that many urban rivers
exceed these guidelines. Inevitably, any guidelines should reflect the vulnerability of benthic organisms to
sediment bound metals but will have to confront the reality of existing sediment metal concentrations. Further
study would also be required tmmparethe chemical and physical properties of the bed, bank and suspended

sediment in other urban rivensth that obtained in thRavensbourn®iver.
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surrounding soils

Tables

Table 1 The average(+ standard deviation) concertrationsof metals in the sediment compartmentgn=10) and

Sediment Cd, mgkg? | Cu, mg kg* Ni, mg kg? | Pb, mg kg* Zn, mg kg*
LOQ 0.03 0.02 0.02 0.05 0.01

Bed <63um 20+1.3 187.0+55.9 | 31.3+8.1 2750+ 1140 | 4440+ 1360
63 um-2mm | 0.8+0.2 30.3+1.9 10.6 +1.9 85.0 £55.0 127.0 +33.4

Bank <63um 46+1.3 180.7+24.2 | 41.2+ 3.8 | 637.0+87.0 7180+ 77.8
63 um-2mm | 2.1+0.7 67.0 £ 85 17.2+1.2 2590+ 33.9 293.6 £ 26.7

Suspended LM1 2.7+1.8 1810+ 1030 | 36.6 +5.9 211.0+99.7 5350+ 2690
LM2 29+19 167.0+79.3 | 34.8+9.7 2060 £ 1010 | 487.0+ 2720
RM1 23+x14 1470 +66.8 | 35.1+11.9 | 1610+ 76.1 3090+ 1170
RM2 26+17 160.0+52.9 | 35.6+9.7 2010+ 66.5 4240 +1380

UK TEL 2 0.6 36.7 18.0 35.0 1230

UK PELP® 3.5 197.0 35.9 91.3 3150

Concentration|

in top soils® 0.8 86.4 30.0 398.0 331.0

Certified

reference

value 2.7 83.6 34.7 77.2 439.0

Experimental

value 25+0.2 80.8+11.4 32.3+£3.7 771.0+5.3 428.4+52.4

Certified

recovery (%) 91.5 96.6 93.2 91.9 97.6

(Saurce for sediment qudlity guiddines: Hudson-Edwards et al., 2008)

a TEL: Threshold effect leve; draft freshwater sediment quality guiddiines, b PEL: Probable effects leveldraft freshwater sediment quality
¢ Source from the British Geological Survey (Personal Communication)

Table 2 The percentage phase proportion of minerals in July 2011 and May 2012 (storm) samples2)

N = X S
g 2 8 g g g
Bl .38 8 5 2 = £ <
© o @ 2} o ° e} o )
S = E = c < QS o S o o
JU'yZOll O =0 = X L:)g ©) ¥ X a s )
Left monthly 1(LM1) 21.3 62.0 104 3.1 0.6 4.5 0.5 0.2
Left monthly 2(LM2) 20.6 56.1 10.7 3.2 1.3 6.1 1.9 0.2
Right monthly 1(RM1) 21.7 63.4 8.5 1.6 0.6 3.0 1.0 0.2
Bed <63 pm 48.1 39.2 4.8 14 4.5 1.4 04 0.2
Bed 63 um2 mm 82.4 9.4 4.4 1.3 1.1 1.3 0.0 0.2
Bank <63 um 34.5 51.2 5.1 15 3.6 2.9 0.9 0.2
Bank 63 pm2 mm 67.7 25.5 0.9 14 2.8 1.3 0.3 0.2
May 2012
(storm sample)
Left after storm1 21.0 68.9 3.3 1.6 1.9 1.6 1.0 0.7
Left after storm 2 19.8 70.3 3.3 1.6 1.9 1.6 1.0 0.5
Right after storm 1 13.4 71.3 3.3 3.3 3.3 1.6 3.0 0.8
Right after storm 2 135 69.8 3.4 3.3 4.6 1.6 3.0 0.8
Bed <63 pm 41.1 36.6 13.3 2.8 2.2 2.7 0.9 0.4
Bed 63 pm2 mm 62.1 23.4 1.8 0.3 1.6 25 8.0 0.4
Bank <63 um 39.3 44.7 6.1 3.0 3.0 2.9 0.6 0.5
Bank 63 um2 mm 68.4 20.2 1.8 2.6 1.3 25 3.2 0.0

(See figure 2 for tube sampler deployment).




§98 Table 3 The Kruskal-Wallis test (two-way ANOVA using the Bonferroni method) for metal concertration

gié in the bed, bank and suspended sediment compartments of the Ravensbourne River
Sadiment compartments Cd Cu Ni Pb Zn
LM1vs LM2 ns ns ns ns ns
LM1vs RM1 ns ns ns ns ns
LM1vs. RM2 ns ns ns ns ns
LM1vs. <63 umbed ns ns ns ns ns
LM1vs. <63 pum bank ns ns ns * ns
LM2vs. RM1 ns ns ns ns ns
LM2vs. RM2 ns ns ns ns ns
LM2 vs. <63 um bed ns ns ns ns ns
LM2 vs. <63 pm bank ns ns ns * ns
RM1vs.RM2 ns ns ns ns ns
RM1vs. <63 umbed ns ns ns ns ns
RM1 vs. <63 um bank ns ns ns *ok *x
RM2 vs. <63 um bed ns ns ns ns ns
RM2 vs. <63 pum bank ns ns ns ** ns
<63 umbedvs. <63 um bank ns ns ns ns ns
LM1vs 63pum- 2 mmbed ns el ol ns el
LM1vs. 63 um- 2 mmbank ns ns * ns ns
LM2vs. 63um- 2 mmbed * *x K *ok ns *x
LM2vs. 63 um- 2 mm bank ns ns ns ns ns
RM1vs. 63 um- 2 mmbed ns *x *x ns ns
RM1vs. 63um- 2 mmbank ns ns ns ns ns
RM2vs. 63 um- 2 mmbed ns ** ** ns **
RM2 vs. 63 um- 2 mmbank ns ns ns ns ns
<63 umbedvs. bed63 um- 2 mm ns *x K * *x *x
<63 umbedvs. 63 um- 2 mm bank ns * ns ns ns
63 um- 2 mm bedvs. <63 um bank *xk *kx *xk *xk *hx
63 um- 2 mmbedvs. 63 um- 2 mmbank | ns ns ns *x ns
<63 um bank vs. 63 um- 2 mm bank * * *xk ns *x
g%é * Significant at p<0.05, ** significant at p<0.01, *** significant at p<0.001, ns- not significant, LM - Left monthly, RM - Right monthly (see

816 figure 2 for tube sampler deployment).
817



Table 4 The mean (+ standard deviation) concertrationsof metalsin storm samples(n=3)

Stor m samples Cd Cu Ni Pb Zn
LOQ 0.03 0.02 0.02 0.05 0.01
<63 umbed < 1619+7.9 26.0+ 1.4 1784+6.9 3247+ 6.7
63 um - 2 mmbed < 38.1% 14.5 12.3+ 0.0 70.0+ 14.3 108.0+ 12.0
<63 pum bank 33.8£ 0.8 1708+ 2.7 43.6+ 1.0 6173+6.9 6794 +5.8
63um-2 mmbank| 13.8+0.5 63.3+2.1 17.2+ 13 2430+ 4.5 2653+ 1.7
LM1 15.2+ 1.6 2159+ 196 34.5+ 35 2579+ 252 6237 + 56.8
LM2 20.1+ 0.6 2814+4.3 43.5+ 0.5 3482+ 3.1 8790+ 8.6
RM1 20.8+ 0.6 2759+ 6.3 43.0+ 1.1 3274+6.0 8307+ 7.7
RM2 19.2+21 2600+ 3.4 40.9+0.8 3321+2.3 7403+ 7.4

LOQii Limit of quantification, LM - Left monthly suspended tube sampler, RM - Right monthly suspended tube sampler (see Figure 2)
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Figure 1 The Ravensbourne River in London, (a) Catchment area (b) Sampling location
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Figure 2 Layout of the time integrated suspended ediment tube samplers placed on opposite sides of

the RavensbourneRiver
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Figure 3 The shape and arrangement of particlesin the 63 um - 2 mm bed, 63 um - 2 mm bank and suspended sediment for January 2011 and April 2011 (a)

Bed January 2011 (b) Bank January 2011 (c) Suspended sediment January 2011 (d) Bed sediment April 2011 (e) Bank sediment April 2011 (f) Suspended

sediment April 2011
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Figure 4 Mineral compositionsby X-ray diffraction of thebed, bank and suspendeedimentompartmentsfor the month of July 2011



