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Trace metal fractionation as a mean to improve onhe management of

contaminated sediments from runoff water infiltration basins

The management of stormwater sediment is a keg igsuocal authorities due to their
pollution load and important tonnages. In view efise, e.g. for embankment, the
environmental evaluation of these highly aggregaediments requires studying trace
metals fractionation and mobility. The distributiohtrace metals (Cd, Cr, Cu, Ni, Pb,
Zn) and their level of lability in three French stavater sediments was determined
using sequential and kinetic extractions (EDTA mdyassociated with mineralogical
analysis and SEM observations. Using microanalyssy data were acquired on the
evolution of aggregate state during extractions@mds significant role in trace metals
retention. Trace metals were, in particular, obsgnto be very stable in small
aggregates (10-50 um). The comparison of the &traeion methods pointed out that
EDTA extraction was not convenient to evaluate stable fraction of Cr, Ni and Zn.
Moreover, the results were relevant for basinsepriaisg similar trace metals sources,
whatever the physicochemical conditions in basifiBe results suggest that the
management of stormwater sediments could be impgog\sebetter knowledge of metal
mobility, as far as chemical extractions could hgitt the localisation of the mobile
trace metals fraction. Treatment could be theredw@ded or specific treatment could

be applied to a reduced volume of sediments.

Keywords: Urban stormwater sediment, Retentiortiation basins, Trace metal

fractionation, Microanalysis, Sediment management
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1. Introduction

Retention and infiltration basins are widely usediiban stormwater management to provide
protection from flooding, recharge of aquifers aimgprovement of downstream waters
quality. Runoff waters collected in these basinsy naatually carry significant loads of
pollutants, present as soluble or particulate sulests[1-3]. These basins are supposed to
accumulate large quantities of sediment over timedcantation and trap pollutants such as
trace metals, nutrients and PAIE§5]. After few years, clogging is frequently obget,
modifying the infiltration ability account would ppar necessary in order to maintain both
the hydraulic and depuration performance of thessdp. But the removal and disposal of
residue represent a key issue for local authordgesar as estimates and surveys show that
tonnages are important and represent each yeaaicé, several million tons of dry matter
and in an agglomeration scale, tens of thousandsnsi6]. Due to their low organic matter
content, their spreading on agricultural land i¢ recommended and landfill deposit or
incineration is very costly. Treatment and/or re(esg. for embankment) seem to be a right
compromise. Thus the underlying question is ableeitsediments quality towards the impact
on close environment, in particular towards the ratign of pollutants. Consequently, a
strong knowledge of the inherent characteristicshef materials is required. Among these
characteristics, the mobility of associated politgao solid phases is strongly related to their
speciation, defined as the distribution of an eleih@nongst different chemical species in a
system [7]. However, a direct determination of #peciation of an element is often not
attainable, but in many cases, fractionation caovide useful information on release
availability. Fractionation is defined as a proce$<lassification of an analyte or group of
analytes from a sample according to physical onuba properties [7;8]. Furthermore, the
knowledge of the pollutants mobility within solich@ses, could avoid treating the whole

sediment. As no legislation for stormwater sedimmahagement was produced until now, in
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particular standardized tests to verify the satdtthese sediments, it could be convenient to
use well known, referenced and fairly simple to lienpent methods to assess pollutants
mobility and improve the treatment of the sediments

Regarding metallic pollutants, sequential and knektractions are the most widely used
fractionation methods to assess the “operatiord@lined” distribution of metallic pollutants
in the different solid phases of a material andetaluate the potential mobility of these
metals, respectively. A few studies using sequkeetitraction methods were carried out on
basin sediments to study trace metal fractionaf@gn However, to our knowledge kinetic

extractions were never carried out on basin sedisnen

The objective of this study was to examine tracdatadractionation, in order to access to
their potential mobility within physical phases. eflmethodology used is based on the
comparison of sequential and kinetic extractionsriter to define the fractionation of trace
metals on the different solid phases of the sedim¢h0;11]. To support the results of
extractions, mineralogical analysis (XRD) and mscapic observations (SEM-EDX) were
performed to assess the nature of mineral phasie sediments and to ensure the validity of
the extraction protocols in terms of solid phasssdliution. The two chemical fractionation
methods are compared in terms of performance ofein@ntation and results, to provide
managers with valuable information on the most eoient method in view of an optimal

treatment of basin sediments.

2. Materials and methods

21  Fied sites and sediment sampling

The sediments were sampled in three stormwatdtration basins located in Nantes and
Lens (respectively in the West and North of Frantég first site selected for this study, i.e.

Boisbonne basin, is located in the East of Nanfé& drained runoff waters come from a
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16,000 m2 contribution area of the A1l highway. Hwerage daily flow is about 27,000
vehicles. The Boisbonne basin was built in 1992 laad never been dredged since this date
(figure 1(a)). The second basin, named Chevirénbasilocated South West of Nantes. It
receives runoff waters from a 19,000 m2 contributiwea of the southern part of the Cheviré
bridge which is a section of the Nantes ring-rofegli(e 1(b)). Opened in 1991, the Cheviré
bridge now carries an average daily flow of 90,0@8icles. The third basin (G08), located in
the industrial area of Lens, drains runoff wateosif a 14,000 m2 contribution area of the A21
highway and carries an average daily flow of 80,080icles (figure 1(c)). Since its opening
in 1971, the basin had never been dredged. Spexifies are identified within each basin,
based on both the uneven flow of water inside t&ns and the development of vegetation
(table 1). The entire surface of Cheviré and GOSinsais affected by infiltration of runoff
waters, whereas the Boisbonne basin has a zone) (BBiaining subaqueous (figure 1(a)).
All infiltration zones are prone to changing redmnditions.

The samplings were performed in June 2009 for Rwiek and Cheviré basins and in
December 2009 for GO8 basin. The sampled sedinager Ican be distinguished from the
underground soil by its black colour, its texturelats structure. The thickness of this layer
ranges from a few centimeters to 30 cm, dependinthe zones. The sediment sampling was
conducted on the whole thickness and on each Zathe ¢three basins (3 zones for Boisbonne
(figure 1(a)), 4 zones for Cheviré (figure 1(b))daa zones for G08 basin (figure 1(c))
according to the frequency and speed of floodinghm different areas (table 1). For each
zone, a representative sample was composed witlosiogeneous mixture of 6 to 13 shots
(depending on the size of each area) within a ggdtem distribution [12]. Only one

representative sample of each zone was then amialyze
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2.2  Chemical and mineralogical sample characterization

The pH value was measured in sediment/water sugpsnsolid/liquid: 1/5 (V/V); NF ISO
10390 [13]) and using a TIM 900 (Radiometer AnalgtiTitraLab®) titration system. Total
organic matter (TOM) content was determined byinaton at 550°C during 2 hours.

Total element contents, especially trace metal eotnations (Cd, Cr, Cu, Ni, Pb and Zn)
were determined on samples sieved to 2 mm and dtid@°C. The analyses were performed
after mineralization of the samples by use of atamexof HF and HCl@acids (NF X 31-147
[14]). Analyses on a certified reference materi@RB320 (river sediment) were carried out to
assess the quality of the analytical data. Deteatiin of chemical element contents was
performed by Inductively Coupled Plasma — Opticahig€sion Spectrometry (ICP-OES;
Varian 720-ES). The quantification limits for Cdr, ©Cu, Ni, Pb and Zn are respectively 0.5,
5, 2, 10, 10 andi®y.L™". In case of concentration under the limit of gifaration, the sample
was analyzed by Inductively Coupled Plasma — MagsscBometry (ICP-MS; Varian 820-
MS). The ICP-MS limit of quantification for tracdeenents is ranging from 0.02g.L™ to
0.3ug.L™* depending on the element.

A Briker "D8 Advance" powder diffractometer opengtiin Bragg-Brentano geometr§/20)
was used to identify the major crystalline phases Xaray diffraction (XRD). This
diffractometer is equipped with a copper anode aggrmanium monochromator (Gui =
1.540598 A) with a Vantec position sensitive detedDiffractometer settings were 40 kV, 40
mA, 3.500 - 67.992° @ step size 0.017°62and 1 s counting per step. The phase
identification was performed using EVA softwarecwnjunction with the Powder Diffraction
File (PDF) database. The sediment samples wergsathby scanning electron microscopy
(SEM) performed with a Hitachi S 570. Two obsematmodes are available: the imaging
mode collecting low-energy secondary electrons lbseove the surface topography of

particles (LaB tip, 30 kV maximum), and Energy Dispersive X-rgyestroscopy (EDX
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spectroscopy) analysis to get qualitative elemectatposition between 1 and 10 keV (limit

of quantification 1000 ppm).

2.3  Extraction procedures

The sequential and kinetic extraction proceduregewarried out on each zone of the three
basins, Boisbonne (BB1 to BB3), Cheviré (CH1 to Chidd G08 (G08z1 to G08z4). In order
to verify which minerals dissolved during the egtrans, XRD patterns were obtained prior
to and after each extraction step of the sequeaktitbction and after 72 h of contact for
kinetic extraction [15;16]. The same samples wdse aharacterized by SEM-observations.

Metal analyses were performed using an ICP-OEScat@P-MS as described above.

2.3.1 Sequential extraction

Despite criticisms, sequential extractions havenldesquently used for trace metal location in
contaminated soils and in river and marine sedimf8jt The most widely applied method is
derived from that proposed by Tessier et al. (197%). The European Community Bureau of
Reference (BCR) has proposed an optimized thrgesstecedure, including an application
for sediment with the production of Certified Reflece Material [18;19]. According to this
procedure, the first extractable fraction, the exajeable fraction, is related to clay,
carbonates and amorphous phases, the second tre nsducible fraction related to metal
(hydr)oxides and the third one is the oxidisabbetiion related to organic matter. A fourth
step was added consisting of mineralization of fihal residue by use of a mixture of
concentrated HF/HCIQ This step is supposed to extract the residuatifra. The different

steps are summarized in TableThe extraction procedure was conducted on 2g amypte

(uncrushed and sieved to 2 mm). The liquid-solghsation was performed by centrifugation
and filtration of the supernatant on O Millipore filter. Metal analysis was performed by

ICP-OES and/or ICP-MS as described above (sectin 2
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Blank tests were introduced in each series. Cd,G0r,Ni, and Pb concentrations of blank
samples were always below ICP-OES and ICP-MS diiatton limits, Zn concentration is
lower than 0.01 mg.t which is negligible by comparison to Zn concendrain the extracted
samples (over 10 mgl). The quality of the analyses was assessed byzngla reference
sediment BCR-527 (lake sediment), using the sameepiure. A statistical test (two-sided
test), used for significant differences from thderence content, confirmed that the
experimental values are not significantly differémoim the certified values (P>0.05), except

for copper, which is over estimated in step 1.

2.3.2 Kinetic extraction

Kinetic extractions are also a widely used methodirtvestigate kinetic aspects that
characterize the stability of the various traceakeiil/sediment constituent association [20].
For a given agent, the kinetic extraction approgemerates two kinds of data: (i) the
proportion of metal extracted with respect to th&ltmetal content of sediment sample; (ii)
the kinetic behavior of metals. It has been suggktiat kinetic extractions can be modeled
by two different pools. Although chemical extradtansed for experiments do not perfectly
mimic natural conditions, the first pool of readéytracted metals, called “labile” [21], and

the second one of more slowly extracted metaldeacdhon labile”, might be reasonably

attributed to potentially “mobile” and/or “bioavable” metal pools [22]. In addition, the total

non-extractable fraction is defined as the diffeeebbetween the total amount of metal in
sediment and the two above mentioned pools [23]eis¢ reagents are used for the kinetic
extractions but EthyleneDiamineTetraacetic Acid TAD, a well known strong chelating

agent, has been often used in soil studies fomasitig the total extractable metal pool. As
EDTA is a non specific reagent, it was reportedetmove organically bound metals as well

as those in oxides or secondary clay minerals [2Bis procedure was applied on various
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soils and river sediments to mimic mobility aspeafthieavy metals but never on stormwater
infiltration pond sediments [11;21;23;24].

Kinetic extractions by EDTA were used on sedimesmmgles to study :i) the maximal
potential metal extraction capacity after 72 h; anthe extraction rates of metals released as
a function of time (between 0 and 72 h). The EDTidekic extraction was conducted on dry
sample of each zone for the three basins (11 safer each zone, a series of 12 x 1 g
samples was mixed with 50 mL of pH 7 solution of TZD(0.1 M) using a rotary stirrer for
12 mixing periods (5, 15 and 30 min; 1, 2, 4, 8, 28, 36, 48 and 72 h). The liquid-solid
separation was performed by centrifugation andafitbn of the supernatant on a 0.4
Millipore filter. A series of blank tests was addedthe samples. The analysis of metals was
performed by ICP spectrometry as described aboeeti@m 2.2). As for sequential
extractions, the blank concentrations for traceatsedre negligible.

The amount of each metal extracted for the mixitighe was at first calculated (example in
figure 2(a)). Then the amount of metal extracted quid weight unit (M) and the average
removal rate per time unit (At)) are calculated. The evolution of.&) can generally be
described by two distinct linear segments représgritvo distinct pools and reacting with
two different kinetics (figure 2(b)). Three compaents associated with the two reaction rates
were defined: (i) the labile compartment,@ssociated with a kinetic constant ki) the
non-labile compartment @, associated with a kinetic constany_kand (iii) the non-
extractable compartmenty@ obtained by subtracting .Gand Q. of total amount of metal
(QL + Qn. + Qne = total amount). Labanowski et al. (2008) [23] aié=ed in details the

general procedure of modeling and assessment s theee compartments.

3. Results and discussion
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3.1 Mineralogical and chemical characteristics of the bulk sediments

SEM observations indicate that the three sedimar@snainly composed of single particles
(figure 3(a)) and aggregates (figure 3(b)). Theyleirparticles are mainly primary minerals
identified by XRD: quartz, albite (Na feldspar), aracline (K feldspar) and mica. Clay
mineral (peak at 14 A and 7 A) occurs as a min@sphin Cheviré and G08 sediments. The
XRD analysis revealed the presence of an additi@a@bonate phase (calcite) in G08
sediments (figure 4 — untreated sample). The poeseh these well crystallised mineral
phases is related to the nature of the soil bengmhbasins and to the local geological
context, which controls the nature of the minerattiples in runoff waters. Sand constitutes
the bottom of the Nantes basins, the parent rogkgbmicaschists. The GOS8 basin is located
in limestone formations. The aggregates have a rsimging from 10 to 300 um and are
composed of both the primary minerals and an ocgbimding phase. Such aggregates were
previously observed as dominant components in gugngent of an infiltration pond near
Lyon (France) [25].

The main chemical characteristics of the bulk sasphre presented in Table 3. The
characteristics (pH, TOM, chemical content) of ieeviré sediments are similar to those
reported in previous studies [26-28].

The higher concentrations of calcium (and probafmgignesium) in GO8 sediment by
comparison to Cheviré and Boisbonne sediments eleded to the presence of calcite as
mineral phase. This carbonated phase is also re#penfor the high pH value of GO08
samples. In spite of similar organic matter (OMntemts, pH values for Cheviré and
Boisbonne sediments are quite different. This tesulld be explained by the nature of the
organic matter present in the sediments. As de=ttrib previous studies [9;25,29], the
organic matter of stormwater sediments is attribute both natural and anthropogenic
contributions, related to the development of veymtaand to the nature of OM in runoff

waters. Anthropogenic organic matter may originfiem oil and fuels as well as from
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vehicle and infrastructure corrosion (tire and rdegments) [30]. Neutral pH values are
reported in the literature [6]. Otherwise, BoisberpH values are in the range of those of
organic natural soil (around 5). This is relevarthwhe lower contamination of Boisbonne
sediment, that should be related to a low amourntifiropogenic OM received. Unlike the
homogeneity in terms of mineralogical composititne total organic matter (TOM %)
contents are different from one area to anotheCloeviré and Boisbonne basins. For GO08,
the distribution is fairly similar for the four a®. The highest TOM content is found within
BB1, CH4 and G08-z3 zones located near the overflothet (figure 1). This observation is
consistent with the results of previous study Caonet al. (2010) [28]. This result could be
explained by the heterogeneity of the sedimentgirocess within the basins.

Trace metal contents are compared to the Dutchrveméon thresholds [31], used as
reference. The thresholds are applied to a starsardontaining 25% clay (< 2um) and 10%
organic matter. So for each type of soil (differady and/or organic matter content)
thresholds should be adjusted using two correcfmmmulas [32]. According to these
corrected thresholds, G0O8 basin is the most containl basin. It is polluted with Cd and Cr,
whereas Cu, Pb and Zn concentrations are abovat#r@ention value. Cheviré samples are
highly loaded with Cu, Pb and Zn, and concentratiare above the intervention thresholds
for Cu and Zn. Boisbhonne samples are the less tpdllwith trace metals. This basin is
polluted with Cd (only BB1), Cu, Ni and Zn but cemtrations never exceed the intervention
thresholds. The differences in trace metal contant be explained by the age of the basins
(GO08 is the older), the traffic, the atmospherintabution, the mineralogy and the pH values,
knowing that a low pH favors trace metal leachidg.trace metal (Zn or Pb) was detected by
EDX-spectroscopy within samples containing Pb andc@nhcentrations above 1000 mgtkg
This result may be attributed to the heterogendityace metal distribution within the sample

and to the high aggregation state.



222
223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

3.2  Sequential extraction

Results of trace metal fractionation obtained byusatial extractions for the three basins are
presented in figure 5. Results are expressed ineperof the total content, in the four
operationally defined fractions. For a given eleméhe mass balance was calculated by
dividing the sum of concentrations from the foutragtion steps by the total concentration
measured on bulk sediment. The balances were imaihge 78 to 100% (figure 5). The
recovery is over 82% for 83% of the trials. The éowecovery rates could be related to the
aqueous washing between two extraction steps aridsses of matter due to spattering
reaction of samples when adding®4 (step 3), leading to an under-estimate of tractaime
amounts bound to organic matter or very stable ralnghases.

Trace metal distributionThe results show that inside a same basin, théipaing of trace
metals between the different fractions is quite bgemeous with a standard deviation of less
than 20% in 70% of the cases. In order to syntkdhbis results thereafter, only data from one
representative area are presented for each baBid:f@ Boisbonne, CH4 for Cheviré and
G08z2 for GO8 (figure 5).

The results of sequential extractions clearly saggfeat the fractionation of trace metals in
Cheviré sediment was always more similar to tho6eG08 sediment than Boisbonne
sediment. Fractionation of elements such as Cdar@r Ni was close for the three basins:
exchangeable Cd accounted for 55 to 66% and langeuats of Cr and Ni (50-75%)
remained in the residual fraction, except for NiBoisbonne sediment which is equally
distributed among exchangeable and residual frastiGu and Pb of Cheviré and G08 basins
are predominantly bound to metallic hydr(oxides)l anganic matter, whereas most Zn was
released by step 1 and 2 (exchangeable Zn, weakiplexed Zn, Zn bound to hydr(oxides)).
The results for the Boisbonne sediment show thastamtial amounts of Cu, Pb and Zn (30 to
40%) remained also in residual fractions. The diffices between Cheviré/G08 and

Boisbonne sediments are attributed to the variatibtrace metals speciation in sediments
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due to the nature of organic matter, ratio betwggamchemical background and anthropogenic
contamination and low pH of the sediment.

The results of sequential extractions for the Oféegediment are consistent with previous
studies [9,33], except for lead which was moreasdel from the oxidisable fraction of the
sediment sampled in 2001 (40% against 27% (thidy}tuBefore 2000 in France, the main
sources of lead in road environment were leadedligas brake linings and deicing salts [34].
Since the removal of lead from fuels, the lead Esecontained in automobile exhausts
disappeared in runoff waters. It was shown tha{d®iginally labile in gas combustion) was
rapidly transformed into particulate and non-labdidems [30]. One can suggest that these
specific forms of lead, which don’t exist anymoregre released from oxidisable fraction
(step 3 of sequential extraction procedure) ofreedt sampled a few years around 2000.

Cr, Cu, Ni, Pb and Zn distribution was studies éguential extraction among lake sediments
[15], those materials being characterized by thmesanineralogical composition than the
sediments of the basins (except for calcite). Tistridution of Cu, Pb and Zn among the
operationally-defined fractions is very similar tbose observed for Cheviré, G08 and
especially Boisbonne. This underlines again theenmatural character of the organic matter
of the latter basin. On the other hand, the comsparpf our results with those of sediments
contaminated by Pb-Zn mining is much less easy.[16] this later study, Pb was
predominantly bound to (hydr)oxides (reducible fi@t) but remained also in the residual
fractions. Zn is partly in the exchangeable frattlout principally distributed among the
oxidisable and residual fractions. The speciatiédnheavy metals acquired during their
emission has therefore a very strong impact om thesr mobility.

XRD and SEM studythe XRD analyses and SEM observations of samfileseach step of
sequential extractions were very similar for théains. A representative diffractogram of

G08z2 sample illustrates the general XRD resuigui(@ 4). The XRD method used in this
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study does not allow quantitative analyses, thuis ibnly possible to conclude about the
presence or not of the crystallised minerals. Tte@nnmineral phases i.e., quartz, feldspar,
mica and clay were recovered in the samples olitaafeer each step of the sequential
extractions. This indicates that there is no or distinguishable (by this method) dissolution
of these primary minerals which could compromiseititerpretation of the results on metals
fractionation. Calcite (peak at 3A) is completeigslved within step 1 of the sequential
extractions. Therefore trace metals bound to thlisl phase are entirely solubilised. The first
three residues of sequential extraction were oleseby SEM. As for bulk samples, no trace
metal was analysed with EDX-spectroscopy. After fingt and the second steps of the
sequential extraction, single mineral particlesesppgo be damaged. This degradation could
result from the effect of the reagent or from thetibnal effects during stirring. By contrast,
the aggregates have the same morphology (sizeeplapm composition as before the
extraction procedure (figure 3(b)). However, afiiee third step, the aggregates are partly
destroyed or broken, leading to finer aggregatestimasized from 10 to 50 pum. This
observation is consistent with the work on stornawatfiltration sediment from Lyon [25],
which shows that kD, damages the larger aggregates of an infiltratmmdpsediment with a
resulting size decrease (%D50 from 55 to 10 pumis Weans that the removal of the organic
matter partly destroys the aggregates and that @¥s @ significant role as binding phase in
aggregates. Furthermore, small aggregates areobskrved after each step. It means that
these aggregates play a significant role in thentein of trace metals located in the
oxidisable (related to organic matter) and residradtions. Indeed, Cu and Pb were highly
released during step 3, as the aggregates welg dadtroyed by oxidation of the organic
matter. In the residual fraction, trace metals sa€lCr and Ni, which are not solubilised by
the reagents of the first three steps, are stromstgypilized in aggregates. Due to the

disaggregation of some of the aggregates duringss3eand 4, one could have expected to
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observe higher metal concentrations on solid ph@gdsast in the case of Zn). However, no
trace metal was analysed by EDX-spectroscopy, wuirfg that the trace metals are highly
concentrated on a few particles, which location afservation are difficult due to a

heterogeneous distribution in the sediments.

3.3 Kinetic extraction

Results of trace metal fractionation obtained hyekic extractions for the three basins are
presented in figure 5. Results are expressed ineperof the total content, in the three
compartments (Q Qu. and Qg) of the kinetic extractions. The sum of ® Qu. +Qne is
normally 100%. In figure 5, some recoveries arer dM@0%, particularly for Cu, the main
explanation is that Qcompartment is overestimated by the method.

Trace metal distributionAs for sequential extraction procedure, insideame basin, the
partitioning of trace metals between the differeatmpartments is homogeneous (standard
deviation less than 30% in 86% of the cases, exaju@d and Qs compartment). As for
sequential extraction, only data from one reprege@ area are presented for each basin
(BB2, CH4 and G08z2) (figure 5).

The distribution of trace metals between labilen tebile and non extractable compartments
could be summarized as follows: Cd, Cu, Pb anddny(for Boisbonne basin) are highly
labile; Cr and Ni (for Cheviré and G08 basins) alearly non extractable; and Zn from
Cheviré and GO08 basins is fairly distributed betwebe three compartments. Kinetic
extractions have never been achieved on sedimemtsriinoff water infiltration basins. The
comparison of our results with weakly contaminatedr sediments [11] does not show the
same behavior of Cd, Cu, Pb and Zn between@, and Qe compartments. On the other
hand, Cd, Pb and Zn distributions between the thomeapartments in a contaminated soil

mimic our results [23].
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XRD and SEM studys for sequential extractions, the XRD analyses 8BM observations
of samples after kinetic extractions were very Emfor the 3 basins. The XRD pattern of the
residue after 72 h of contact with EDTA for zon&@m GO08 basin (G08z2) is presented in
figure 4. The main mineral phases (quartz, feldspaca and clay) were detected indicating
that there is no or few dissolution of minerals.fésthe sequential extraction residue, calcite
(peak at 3A) is almost completely dissolved thersblubilising trace metals bound to this
phase. No trace metal was detected by EDX-specpgswithin the residues after 72h of
contact with EDTA. The SEM observations highlighttt the residues are similar to the
untreated samples, with a slight damage to the nalédsingle particles). We can deduce
from these latest observations that the damagbeminerals, observed for the residues after
sequential extraction steps, was mainly due tor¢lagent effects and not to stirring effects.
Moreover, as for sequential extraction steps, agges (10 to 300 um) are still observed after
72 h of contact with EDTA. This result confirmedetimportant role of aggregates belonging
to the non-extractable compartment, in the retentibtrace metals. Trace metals in the non-
extractable compartment were not solubilised by EDfdicating a strong stabilization in

aggregates.

3.4  Comparison of trace metal fractionation

The comparison of the two extraction proceduresediat highlighting the complementarity

of the two methods in describing trace metal frawtion. Indeed, despite the shortcomings
of the sequential extraction method including inptete dissolution of target phases,

incomplete removal of dissolved species due tos@gqdion or reprecipitation, (according to

trace metals adsorption/desorption properties), dmparison of both the fractionations

allows to draw some trends.

The comparison of the two extraction methods hggits that:
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- Cd from exchangeable and reducible fractions aggp® be labile, whereas Cd contained in
the residual and oxidisable fractions (for GO8)a® labile. The fractionation of chromium is
homogenous throughout all the sediments: residudlcxidisable fractions are the bearing-
phases of the non extractable chromium.

- Regarding copper, results of sequential and kinettractions are hardly compared. The
high complexation capacity of Cu with EDTA could iesponsible for its strong lability and
explain the discrepancy between both extractions.

- a large part of nickel is labile (52%) and thenaéning is largely non extractable (57%).
However, the comparison between sequential andtikirextractions leads to the same
comment for the three basins, i.e., nickel from th&hangeable fraction is labile, the
reducible fraction is non labile and Ni from theidigable and residual fractions is non
extractable.

- Lead from the exchangeable and reducible frastishabile, Pb from the oxidisable fraction
is non labile and Pb from the residual fractionaes extractable.

- and that Zn from the exchangeable fraction iddalthat from the reducible fraction is non
labile and that from the oxidisable and residuatfions is non extractable.

Thus it can be drawn that: i) trace metals fromdkehangeable fractions are always labile,
whereas those from the residual fraction are noimaetable; ii) the reducible fraction
corresponds to labile or non labile compartmenis;and the oxidisable or organic matter
fraction seems to correspond to the non labilearr extractable compartments. In terms of
bounding strength between trace metals and solfdcs, trace metals are strongly adsorbed
on organic phases (oxidisable fraction) or tigltigiuded in the residual fraction as revealed
by the level of extraction from the non labile bethon extractable compartments. Cd, Cr, Cu
and Pb are weakly adsorbed on metal oxides (relduéiaaction), whereas Ni and Zn are

strongly adsorbed on metal oxides. Complexatiora dadbm the literature indicate the
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following order of affinity between EDTA and meiallions: Cu>Ni>Pb>Zn. Trace metals,
such as Cu, Pb and Zn are in fact quantified inah#e compartment but it is not the case for
Ni. As Ni was largely non-extractible, one can m#l the main role of the speciation
(chemical form) of trace metals in runoff waters their mobility capacity within the

sediment.

3.5 Findings summary

Aggregation and extraction efficiency.Decidedly, the most unexpected result of this study
is the documentation of the evolution of aggregaste within the extraction steps and their
role in the retention of trace metals. Previouslistsihave suggested that sequential extraction
procedures are not perfectly selective with resgecimineral dissolution, and without
quantitative XRD, the minerals that dissolve wititle successive extraction are operationally
defined [15]. In this study, we showed that notyoidolated mineral phases but also
aggregates (depending on their disintegration )stadatribute to trace metal mobilization.
SEM observations gave essential information thatccoot be obtained by XRD. However, it
would be necessary to use complementary techniguassess the dissolution of amorphous
or poorly crystallised metallic oxides and hydraesd

Moreover, this study underlines that a part ofdracetals is really stabilized in aggregates
(small aggregates (10-50 um)). Therefore, if thetige@ning of the stable aggregates from the
instable and single particles could be achievedoild be possible to reuse the sediments
after the sole treatment of the non aggregatedidraend thus reduce the treatment costs.

Is kinetic extraction a convenient method to quanfy heavy metal potential mobility?
One of the objectives of this study was to assesgdlevance of a simple method such as
EDTA extraction to optimize sediment treatment. Tésults showed that metallic pollutants
are distributed among two categories: i) coppedngam and lead, which have a low EDTA

non extractable fraction; ii) chromium, nickel amohc present in oxidizable and residual
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fractions which are non EDTA extractable. For Cu &b, the use of EDTA extraction
appears to be relevant. It will give a rough unestiimate of stable amounts of metals. For
Cd, it is difficult to conclude from the results tfis study. For Cr, Ni and Zn, the use of
EDTA extraction over estimates the very stable ifedation, as the oxidizable fraction was
included. As the degradation of OM, a major coustit of sediment aggregates which can be
strongly modified by drying, remoisting or biologicdegradation is likely to release trace
metals, the EDTA extraction could not be considexe@ convenient method to evaluate the
stable fraction of Cr, Ni and Zn.

It would be interesting, in the case of stormwagediments, to compare these kinetic
extractions results with leaching tests represemtatf natural conditions. This will assess the
relevance of: i) the kinetic extractions method @hdhe extractant used. Such comparisons
were conducted on contaminated soils [23]. Theitfigsl of the study indicate that EDTA
extractions provide an indication for the maximuotgmtial metal extractability, helpful for
the prediction of long-term risks.

Can these conclusions be applied to all stormwatesediments?This study shows that
metals have a rather similar behaviour from onenb&s the other, indicating that the
chemical extraction used seems to overcome physgroical conditions such as pH or redox
conditions (for BB1 subaqueous area). However, atumal conditions, pH and redox
conditions are recognized to highly influence metdpéciation and stability. It raises the
question of trace metal sources. For these thiae vasins, the sources are quite similar.
How can these conclusions guide manager’'s decisi@nsThe comparison between
sequential and kinetic extractions has providedrmftion on trace metals fractionation and
stability within stormwater sediments. The couplofgthese procedures with XRD analyses
and SEM observations has highlighted that orgarattan plays a significant role as binding

phase in aggregates and underlined the influenaga@egates in the retention of trace metals.



421 As this approach is new for stormwater sedimentsligation of these results is necessary.
422 Kinetic extraction results should be confrontedlgaching tests representative of natural
423 conditions to predict long-term risks and trace ah&tactionation could be compared to the
424  distribution of these same trace metals in fractiobtained by physical fractionation of
425 sediment solid phases, as density fractionatioterAfalidation, these methods will allow to
426 access quickly and easily to information on traegaindistribution and their stability within
427 stormwater sediments. The localization of the nsetall permit to treat only the fractions
428 containing the labile trace metals. Informationt@te metals stability will allow the reuse of
429 the whole or the non-treated part of the sedimenthis case, additional physicochemical
430 characteristics should be known i) pH and redoxddanms and ii) TOM contents (to evaluate
431 aggregation state).

432

433 4. Conclusion

434 In this paper we used several indirect and direchrtiques to characterize the trace metal
435 fractionation in sediments from runoff water infition basins. Our objective was to access to
436 trace metal potential mobility within physical pkasas a mean to improve the management
437 of stormwater sediments.

438 The comparison of sequential and kinetic extrastishows that trace metals from the
439 exchangeable fraction are always labile, whereasetffrom the residual fraction are non
440 extractable. Trace metals associated to the reldutdction are labile or non labile, whereas
441 those bound to organic matter (oxidisable fractiarg non labile or non extractable. The
442  coupling of these procedures with XRD analyses 8B observations has allowed: i) to
443 ensure the slight or non-dissolution of mineral ggsa(except calcite); ii) to highlight that

444  organic matter plays a significant role as bindahgise in aggregates and iii) to underline the
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influence of aggregates in the retention of traetats, especially a remaining fraction of very
stable small aggregates was observed.

One single method is not sufficient to explain frectionation and the mobility of trace
metals in the different fractions and this studghtighted the complementarity of the two
extraction methods for a better understandingasfetrmetal distribution among solid phases.
This methodology could serve as a tool for a bettmessment of trace metal behaviour for
the management of sediment from stormwater infiirabasins. Several methods have been
proposed for the treatment of stormwater sedimertgng the recent ones sieving coupled
with attrition has proved quite efficient. The daon to treat sediment is based on bulk
concentration determination; however, a better kadge of metal mobility, as proposed in
this study, might be useful. In case the metalcaicern appear not to be mobile (e.qg.

localized in the residual fraction), treatment cbié avoided, hence saving money.
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FIGURES CAPTIONS

Figure 1 Schemes of a) Boishonne, b) Cheviré and c) GOigdbas

Figure 2 Evolution in time of Ni: a) extracted amount, @nroval rate for G08z2
sample
Figure 3 SEM observations: Cheviré zone 4 (CH 4): a) madige (x 800) ;b) an

aggregate (x 1100) - GO8 zone 2 (G08z2)

Figure 4 XRD analysis of a GO8 sample (zone 2) after tffedint sequential
extraction steps and 72h of contact with EDTA. GzycM= mica, F= feldspar, Q=
guartz and Cal. = calcite.

Figure 5 Distribution of trace metals between sequenti@ilaexion fractions (left) and
between kinetic extractions compartments (rightHoisbonne (B-SE and B-KE),
Cheviré (C-SE and C-KE) and G08 (G-SE and G-KE)nsas) Cd, b) Cr, ¢) Cu, d)

Ni, e) Pb and f) Zn



Table 1 Characteristics of the basin zones

Basin Zone Flow Vegetation
Boisbonne g1 Perennially subaqueous Floating plants
BB2 Permanent water supply with variable flow (dagja and surface runoff) Herbaceous
BB3 Intermittent, related to rain events (only roadoff) Herbaceous and reeds
Cheviré CH1 Turbulence zone Only brumbles
CH2 Major flood zone Herbaceous
CH3 Raised zone Herbaceous and shurbs
CH4 Slow sedimentation zone Herbaceous and rush

G08 Z1toZ4 Same flow conditions across the whaléase Herbaceous




Table 2 Sequential extraction procedure

Step Reagent Operating conditions
1 80 mL of 0.11 M acetic acid Stirred 16h at ambtemperature Exchangeab¥eid-soluble and exch
2 80 mL of 0.1 M hydroxylamine Stirred 16h at ambimperature Fe and Mn oxidt

hydrochloride (pH 2)

3 2 x 20 ml of 8.8 M H202 1h at ambient tempemtmd 1h at 85°C
100 mL of 1M ammonium acetate (pH 2) Stirred 16hrabient temperature

4 Concentrated HF/HCIO4 After calcination at 450°C

Organic matter




Table 3Main physicochemical characteristics of the thsediments

TOM* pH Ca Mg Trace metals contents (mg-Rg
(%) (inwater (g.kg") (g.kg’) Cd Cr Cu Ni Pb  Zn
Boisbonne
BB1 17 5.2 3.8 5.3 1.2 54 59 75 41 480
BB2 9 4.4 2.2 3.3 0.4 43 27 34 32 132
BB3 16 4.8 35 4.7 0.4 54 30 39 31 139
Cheviré
CH1 7 7.5 18.0 6.0 0.5 48 190 20 70 784
CH2 11 6.9 10.0 7.1 0.8 74 335 30 152 1274
CH3 12 6.7 9.7 7.8 0.9 79 320 32 250 1714
CH4 16 6.3 10.0 8.9 1.2 92 366 37 368 1863
GO08
G08_z1 17 8.0 42.5 9.4 9.3 120 498 56 1130 2574
G08 z2 17 8.2 48.7 9.5 9.6 111 489 54 1064 2587
G08_z3 18 7.8 52.9 9.3 9.1 129 514 53 1099 2508
G08 z4 16 7.8 46.0 9.3 9.2 112 457 54 1235 2595
Dutch standard (reference)
Polluted soif" 0.8 100 36 35 85 140
Intervention thresholt 12 380 190 210 530 720

* Total organic matter’) Value at which a soil is considered contaminaf@dalue at which intervention is
necessary35]





