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ABSTRACT

Sediments in combined sewer overflow treatmentesystmay exhibit elevated pollutant
concentrations. Concentrations measured in themssdi of a floating treatment wetland
ranged between 0.17-1.6 (Cd), 28-142 (Cu), 10-38 80-141 (Mn), 5-20 (Ni), 50-203
(Pb) and 185-804 (Zn) mg kg-1 DM and 7.4-17 (Fey® @otal nitrogen) and 1.3—4.4 (total
phosphorus) g ki DM. During overflow events the entering water ks can disturb the
sediments. A greenhouse experiment was set up duae the possible mobilisation of
pollutants through disturbation. The disturbati@eh bt result in an increased mobilisation of
Cd, Cu, Cr, Ni, Pb, Zn, N, P and organic carbonatials the pore and surface water. Calcium
concentrations in the surface water increased fosediments due to release from the
exchangeable sediment pool, and dissolution of aretes. Geochemical speciation
modelling indicated that in the pore water the fieform was the most abundant for Ca, Fe,

Mn, Cd and Ni, with its fraction increasing withmi.

Keywords: stormwater, wastewater treatment, Vis&8TEQ, mobility, metals, nitrogen,

phosphorus,



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

INTRODUCTION

The use of combined sewer systems has lead to troled discharges of (diluted)
wastewater during rain periods. When overflow esemcur large volumes of water, charged
with high concentrations of sediments, suspenddiissand dissolved and particulate-
associated contaminants such as metals, pestig@dds;yclic aromatic hydrocarbons and
nutrients, are released from the sewer systemth@aeceiving water (Karouna-Renier and
Sparling, 2001; Pontier et al., 2001). Both ponstesyns and constructed wetlands have been
used to store and treat these discharges. In FgnBelgium, a constructed floating wetland
(CFW), consisting of a sedimentation compartmentl @ compartment with floating
macrophyte mats, was installed for storage andnrea of combined sewer overflow water
in Bornem. In contrast with other surface and stase flow constructed wetlands,
vegetation in CFWs is not rooting in a bottom stdist but growing in a matrix floating on
the water surface. In addition, CFWs allow the ttreent of highly variable volumes of

overflow water, and less surface area is needédyasr water levels can be maintained.

Suspended solids present in stormwater and overfl@ater will be retained within the

treatment system together with their associatetujaoits, as flow velocity decreases. The
size of the solids determines the ease of entraihara transportation in the system. The <63
pm grain size fraction is the most easily transgabity runoff and is associated with higher
pollutant concentrations than larger grain sizesk@r and Montague, 1994). The major
retention mechanism for metals was reported todserption to particles that subsequently
settle down (Harlin et al., 1982; Carpenter anddendl986; Stevenson et al., 1988; Kadlec,
2000). Adequate removal of heavy metals in vegétatermwater systems is due to the

presence of the vegetation, which can reduce hiidrhow and thus increases the residence
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time in which sedimentation, filtration and bioacauation processes can occur (Hares and
Ward, 2004). In ponds, sedimentation rates arehipbest in deeper-water areas because
wind- and wave induced resuspension is reducede@@lg 1982; Dillon and Evans, 1982).
The floating vegetation mats in CFWs will act asoaer, screening off the water surface and
enhancing sedimentation. Also the collision of ikt with the roots followed by root
slough enhances removal of particulate-associatéidtants. Next to sedimentation, sorption
of pollutants onto the settling particles resuttsricreased concentrations of many pollutants
within the sediments and demonstrates its sinktfanqWeiss et al., 2006). Moreover, the
water depth influences the retention and distrdoubdf pollutants within constructed wetlands
as it can affect organic matter content, pH anaxeubtential of the sediments (Goulet and

Pick, 2001).

Next to the above mentioned parameters, also pdlysiisturbances may affect metal
mobility. When overflow water enters the systene #ediment layer can be turned over,
especially near the inlet. On a smaller scale,rsedis can also be mixed due to bioturbation
by macro-invertebrates. This may result in migmat@nd mobilisation of the pollutants

present in the sediment towards the pore watemater column.

The aim of this study was twofold. The distributiohheavy metals and nutrients within a
constructed floating wetland was studied by sangpfine sediments along the flow path of
the water entering the system. Furthermore, a g@ese experiment including the sediments
of Bornem was set up (i) to evaluate the potentiabilisation of pollutants and (ii) to

monitor the effect of disturbations on mobilisatmirpollutants.
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MATERIAL AND METHODS

Description of the CFW site and sediment sampling

Sediment was collected from a full scale treatnmmystem installed at Bornem, Flanders,
Belgium, consisting of a sedimentation compartmitiowed by a constructed floating
wetland (Figure 1) used for treatment of combinetves overflow water. The floating
macrophyte mats were mainly planted witts pseudacorus, Carex spp.,Typha latifolia and
Scirpus lacustris. This system was in use since 2001 and was daesign&tore a 2-yearly rain
event, corresponding with the storage of 2309 ra3fliw rate of 0.17 m3% The constructed
floating wetland was sealed with a HDPE-sheet wusnits storage capacity and to prevent
groundwater seepage. A concrete shoulder was cotstr to separate partly the
sedimentation compartment from the floating macyvghmats. Initially the wetland was
subdivided in three sub-compartments by stiffeneths to provide proper guidance of the
incoming water towards the outlet but over timetseappeared in the cloths. This may have
resulted in altered flow conditions as water cogiidmore easily from one sub-compartment
to another without following the intended flow paths such, plug flow conditions will
probably be less pronounced with ageing of theesysFurthermore, during large overflow
events water would flow over the concrete shouldiectly into the floating wetland

compartment.

Sediment samples were taken during a cleaningeobfierational system in October 2005.
For this purpose the water was pumped out of tls¢esy. When all water was removed,
sediment was collected from 5 to 20 cm below théingent surface at 5 different sampling
locations, two in the sedimentation compartment dhcke locations in the wetland
compartment with the floating mats. The upper sedimayer (to about 5 cm below the

surface) was removed with a spade to ensure teasdmples only contained sediment that
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was not yet oxidised through contact with air. Sgoently, a 250 mL airtight PE bottle was
filled with the sediment. The recipient was filledmpletely to prevent subsequent oxidation.
This sample was used for determination of the zoildtile sulphide content. Furthermore,
enough sediment at each location was sampled and piplastic bag and transported for use

in the green house experiment.

Experimental set-up

The fresh sediment samples were sieved wet ovemenGmesh sieve and the fraction larger
than 5 mm removed. After homogenisation, the fiegliments were distributed over 2
replicate polyethylene boxes (32 x 24 x 20 cm). Doxes were placed randomly in a
greenhouse located at the faculty campus in Geatth box was filled up with a sediment
layer of 4 cm. Deionised water was added up to v from the bottom of the box.
Evaporation was compensated for by regularly addeignised water. The experiment ran
from October 25, 2005 till January 17, 2006. Coretiplatina and gel reference electrodes
(HI 3090 B/5; HI 9025, Hanna Instruments, Ann Ardd6A) were permanently installed at a
depth of 2 cm forn situ measurement of the redoxpotential in each box.mbasured value
was converted with reference to the Standard Hyardglectrode by adding the difference
between the redox potential measured in a ZoBelidien (0.033 M kFe(CN)} and 0.033 M
K4Fe(CN)} in 0.1 M KCI) and the theoretical value of +428 mAWerage difference was
240 + 14 mV. Each box was fitted with 2 Rhizon swmibisture samplers (type MOM,
Rhizosphere Research Products, Wageningen, Theeifetts) to sample the pore water in
the sediment. These samplers filter the water avidter membrane with a pore diameter of
0.2 um by using a vacuum tube as driving force. Jdmaplers were installed horizontally in
the sediment on both sides of the boxes at a dd@hcm. To install them, holes were made

into the wall of the recipient. Silicone was usedrake all connections water tight. Samples
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of the surface water were taken at 3 different loeft, 5 and 8 cm below the water surface)
by means of a syringe and plastic sample colledtibe. Sampling was done at day 1, 8, 23,
29, 36, 43, 50, 57, 64, 71, 78, and 85 between @ct@5, 2005 and January 17, 2006.
Samples of pore water collected by both Rhizon sarmpf each treatment were pooled into
one composite sample. The same was done for tbe surface water samples collected at
different sampling depths. Sediment samples wéentérom each replicate at the beginning
(day 1) and end (day 85) of the experiment by meaing plastic core sampler. For

determination of the acid volatile sulphide contanhthe end, a 50 mL PE-bottle was filled

with sediment and analyses started within 15 meateer sampling.

The five collected sediment batches were subjdctédo treatments. Treatment A comprised
the undisrupted sediment whereas the sedimentaatifient B was turned over fortnightly,
simulating the disturbation of the sediment durivgrflow events. To achieve this, the redox
electrode was temporally removed and the sedimaststirred during 4 minutes with a rod,
at a speed of approximately 100-120 rgaringing all the sediment into suspension. Thalto
duration of the experiment was 85 days, but théudiation only started after an initial
stabilisation period of 24 days. Disturbation o thediment was done on day 24, 38, 52, 66
and 80. Accordingly, sampling occurred only 5 dajter disturbation of the sediment and

short term mobilisation effects were not taken icbasideration.

Sediment analysis

All sediment analyses were done in triplicate, @xder the acid volatile sulphide (AVS)
measurements that were performed in duplicate. Ad&tents were determined on fresh
sediment samples by transformation of sulphide t& ldnd absorption in a Zn-acetate

solution, followed by a iodometric back-titratiofack et al., 1997). Dry weight of the
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sediment was determined after drying at 105°C watiistant weight. Sediment for all other
analyses was sieved wet over a 5 mm mesh, drig®@D4 and ground. Measurements
included pH, organic matter content (OM), pseudattand exchangeable heavy metal and

Ca contents, total nitrogen content (Ntot) andlfotesphorous content (TP).

For determination of the pH an extract with wateH ((H,O)) and KCI (pH (KCI)) was
prepared. The pH (D) of the sediment was measured in a 1/5 soil/deralised water
suspension after equilibration during 18 h (Van Raet al., 1999). For determination of
pH (KCI), 10 g of soil was added to 25 mL 1M KCIfté&r 10 minutes of equilibration
pH (KCI) was measured with a pH electrode (Orio® 29 (Van Ranst et al., 1999). The
organic matter content was determined by measuhiegweight loss after incineration of
oven-dried samples (2 h at 550 °C). Pseudo-totala@& heavy metal contents in the
sediments were measured after destruction of ldgneat with aqua regia (2.5 mL HNO
and 7.5 mL HCI). After 16 h at room temperatures guspensions were heated to 150°C
during 2 h. Filtered samples were analysed for@@h,Cu, Cr, Fe, Mn, Ni, Pb and Zn by ICP-
OES (Varian Vista MPX, Varian, Palo Alto, CA). Fitre determination of the exchangeable
Ca and metal contents, 5 g of sediment was peszblaith 150 ml NHOAc (Van Ranst et
al., 1999). Exchangeable Ca, Cd, Cu, Cr, Fe, Mn, i and Zn in the percolate was
determined by GF-AAS (Varian SpectraAA-800/GTA-18&rian, Palo Alto, CA) and ICP-
OES. Standards were inserted for quality contradhatend of each analysed batch or after
every 20 samples. Results were only accepted wiendncentrations measured in a control
standard did not deviate more than 5% from thereefse standard concentration. Total
nitrogen (Ntot) content was determined after desibn with a mixture of HSO, and
salicylic acid, NaS,03;, H,SO; and a selenium mixture, at 380°C followed by steam

distillation (Kjeltec System 1002 Destilling Uniffhe formed NH was absorbed in a boric



183 acid solution and back titrated with 0.01 M HCI (VRanst et al., 1999). Total phosphorus
184 (TP) content of the sediment was determined by rookiry (Jenway 6500
185 spectrophotometer, Jenway, Essex, UK) using théaadedf Scheel after a destruction with
186 HCIO,4 (Van Ranst et al., 1999).

187

188 Water analysis

189 The pH of the pore and surface water was determimeday 50. As mentioned previously,
190 pore water was filtered over a mesh size of 0.2dunng sampling. Samples of the surface
191 water were filtered over a 0.45 um mesh size (@& membrane filter, Machery-Nagel,
192 Diren, Germany) for analyses of heavy metals, G&d& Mg, NQ’, CI and SQ?, inorganic
193 (IC) and organic carbon (OC). Preceding analyseSapfCd, Cu, Cr, Fe, K, Mg, Mn, Na, Ni,
194 Pb and Zn by GF-AAS and ICP-OES, water samples werdified with a few drops of
195 concentrated HN@ Total organic carbon (TOC), inorganic carbon, ;NG and SQ*
196 contents were determined on non-acidified samplesal organic carbon and IC-contents
197 were measured with a TOC-analyser (TOC- 5000, S#wmnaTokyo Japan). A Metrohm
198 configuration consisting of a 761 Compact lon Chatmgraph equipped with a 788 IC
199 Filtration Sample Processor and an anion exchaoggnn (IC-AN-Column Metrosep A
200 supp 4, Metrohm lon Analysis, Switzerland) was ugaddetermination of N@, CI and
201 SO. Determination of total nitrogen (Ntot) and orthogphate (P) contents (expressed as P)
202 was carried out on the surface water samples drlg. same procedure for total nitrogen
203 analysis was used as described for the sedimetito@rosphate concentrations in the water
204 were determined according to the colorimetric mdtbbScheel (Van Ranst et al., 1999).

205

206

207
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Satistical analyses

The presence of equal sediment characteristicstim dieplicates at the start of the experiment
was tested by a non-parametric Wilcoxon test. Tigeificance of differences between the
compositions of the different sediments at the fi@gig of the experiment was assessed by
means of a one-way ANOVA analysis of variance. Hgemeous subgroups were determined

with a Tuckey post-hoc test.

Wilcoxon tests were also used to evaluate the effedisrupting the sediment by comparing
the concentrations present in the disrupted andswmed sediments at the end of the
experiment. In order to asses the effect of timehenmobilisation, initial and final sediment
conditions were compared by Wilcoxon tests. Peacsorelation coefficients were calculated
for the sediments at the beginning of the experirteevaluate the existence and significance
of correlations between measured parameters. Atisstal analyses were conductbg
means of the statistical package SPSS 15.0 (SP8&d0, IL, USA).A confidence level of

5% was adopted in all applied tests.

Geochemical modelling

The speciation of metals in the pore water wassasskeusing the geochemical speciation
programme Visual MINTEQ 2.61 (Gustafasson, 2009)né@ntrations of the anions (Cl
NOs, PQ*, and C@%) and cations (G4, K*, Mg®*, Na", Cd*, CP#*, Cu*, F€*, Mn?*, Ni**
PK*, and ZA*) were used as input. Because of the small volunfigmre water that were
sampled, K, Mg®*, Na" and PQ* measurements were not available. Data from thiair
water was used for these components. Other inpahpeters considered were the pH of the

pore water, measured after 50 days for each setinmatment, the respective
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redoxpotentials and a temperature of 15°C. Condtctwas calculated by the model.
Speciation was assessed for all 5 sediments aatneats on day 8, 29, 50 and 85.
RESULTS

Sediment analyses

Initial characteristics of the sediment were deiaed at day 1 (Table 1). Analyses of these
characteristics did not reveal any significantetié&nce between both replicates at the start of
the experiment. Homogeneous subgroups were assasdquesented in Table 1. Sediment 4
contained significantly higher amounts of organiatter, Ntot, Cd, Cu, Mn, Ni, Pb and Zn in
comparison with the other sediment samples. Elevadacentrations of sulphides, TP, Cr, Fe
and Mn were detected in both sediments 4 and 5. &heunt of organic matter was
positively correlated with the amount of total agen (R = 0.965; p = 0.008) and total
phosphorus (R = 0.958; p = 0.01). Significant datrens were also observed for pH.(®)
and pH (KCI) (R = 0.993; p< 0.01), pH 468) and Ca (R = 0.754; p= 0.001), pH (KCI) and
Ca (R=0.803; p> 0.01), and Ca and S (R=0.891; @30All heavy metals were significantly

inter-correlated with R values ranging from 0.58®1995 and p-values <0.05.

Comparison of treatment A and B at the end of ttpeement indicated no significant effect
of the fortnightly disturbation of the sediment.whver, the disturbation generally resulted in
lower concentrations at the end of the experimextept for sediment 4 for the considered
heavy metals, sediment 1 for TP, Ntot and S andrsad 2 for Ntot and S. A significant
effect of time on the sediment characteristics waly observed for pH ((0) (p = 0.043),
pH (KCI) (p = 0.038) and the sulphide content (p0#825) with lower pH-values and
sulphide-content (except for sediment 2) at the ehthe experiment for both treatments.
Furthermore, at the end of the experiment the tkdlebhomogenous subgroups contained

fewer elements compared to the composition of theg®ups at the beginning (Table 1),
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indicating that the difference between the indialdwsediments increased during the
experiment.

The redoxpotential declined during the first 11 glajthe experiment for all sediments, from
-160 -220 mV to -220 -260 mV. Between 36 and 72sdidne difference in redoxpotential
between the different sediments increased as dmaildeduced from the greater divergence
between the sediments. Sediment 5 showed on daysbarp increase of redox potential up
to -119 mV. For all other sediments redoxpotentsibilised between -246 and -226 mV. A
significant difference between the disrupted andismpted sediment was only observed for

sediment 1 (p = 0.012) with lower potentials in th&rupted sediment.

Ratios of the exchangeable metal fraction to theedo-)total amount of metals and the
exchangeable metal concentrations are present&dhle 2, both as absolute concentrations
and relative to the total metal content. The distion did not result in a significant increase
of the exchangeable metal fraction. The elementandrNi were not included because their
concentrations in the exchangeable fraction wetevwbéhe detection limits of 0.30 mg Rg
and 0.15 mg K, respectively. The percentage of Ca present iretithangeable fraction in
sediment 5 (34.2 + 2.1 %) was significantly lowempared to the other sediments (73.4 £
13.4 %) although both sediment 4 and 5 were chetigetl by similar elevated Ca-contents
(7.1 + 1.8 g k) in comparison with the other sediments (2.6 + §.Xg"). Elevated
concentrations and percentages of exchangeableeC¥n and Pb were found in sediment 4.
Although differences between the beginning and ¢nel of the experiment were not
significant, an increase was observed for the esn€d, Cu Fe and Zn whereas Ca

decreased.

Water analyses
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The pH of the surface water measured at day 5@v&as 0.3 for the sediments 1-3 and 5, but
lower for sediment 4 (7.1 £ 0.1). The same diffeeein pH was reflected in the pore water
(1-3 and 5: 8.3 £ 0.5; 4: 7.0 £ 0.1). Disturbatafrthe sediment did not result in a significant
mobilisation of N, P and metals towards the pore surface water, except for the element Ca
in all sediments, and Fe and Mn in sediment 5. iGadconcentrations in the pore water were
characterized by an initial decrease, followed hyirecrease after 29 days. In the surface
water, they started to increase from the beginmihghe experiment. This was especially
observed in sediment 5 (Figure 2). Mobilisatioriledf heavy metals towards the surface water
could not be detected for Cd, Cu, Cr, Ni, Pb, anda& the measured concentrations were
often lower than the detection limits. Average amtcations measured during the experiment
in the pore and surface water, respectively, wer€tl: 2 and <2 pgt; Cr: 5and <4 pgL

L Ccu:9and 8 ugt; Ni: 9 and 8 ug ; Pb: 14 and 9 pgt zn: 31 and 63 pgtFe: 11.5
and 0.1 mg *; Mn: 0.37 and 0.04 mgt In general, concentrations in the pore water were
slightly higher or equal to concentrations in theface water, except for Fe, Mn and Ca
which had much higher concentrations in the poreemand Zn, which was present in lower
concentrations in the pore water. The ratio of iréhe pore water to Fe in the surface water
was 100 whereas for Mn this ratio was only 10. $pamt of Mn from the pore water towards
the surface water seemed to be higher in compatsé®e. For Fe and Mn an increase with
time was observed in the pore water of sedimeriiGufe 2). This increase coincided with
the evolution of redoxpotential in sediment 5. Hoer it did not result in elevated Fe and
Mn concentrations in the surface water. The madtili; of Ca from the pore water towards
the surface water differed clearly for sedimentcbmpared to the other sediments and
compared to the increase of Ca in the surface watesharp increase after 58 days was
observed for the pore water of sediment 5 wheteasnobilisation of Ca in the surface water

kept for sediment 5 pace with the other sediments.
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Chloride, N@’, and SG* concentrations in the surface water were genehadfiyer above the
undisrupted sediments, although the difference avig significant for sediments 3, 4 and 5
for NOs, for sediments 1 and 3 for $Q and for sediments 2, 4 and 5 for.G\verage
concentrations of GINOs, and SG throughout the entire 85 days were 6.9 + 2.4+3%634,
and 82.2 + 39.2 mg't, respectively. The surface water of sediment 1 erasacterised by
high SQ* concentrations from the start onwards (FigureFdy. the other sediments, initial
SO,® concentrations were lower but they increased dutiegexperiment. Although sediment
4 and 5 had comparable S-contents (Table 1), sidptancentrations were much higher in
the surface water above sediment 5 (127 + 6 fgith. comparison to sediment 4 (78 + 3 mg
L) at the end of the experiment. The concentratidr® in the surface water on day 1 were
very high (25 + 6 mg P ) in comparison with the concentrations determifrech day 8
onwards (0.4 + 0.3 mg P (data not shown). Phosphorus removal was chaizeteby a
fast decrease within the first week and this waseoled for all sediments. Also Ntot
concentrations decreased during the 85 days exeetanperiod, however more slowly in
comparison to P (Figure 2). The higher Ntot andcdRcentrations in sediment 4 resulted in
higher initial N concentrations in the surface wdtay 1: 40 + 3 mg N 1) compared to the
other sediments (day 1: 17 + 4 mg N)Lbut not in higher concentrations of P. Nitrogen
concentrations dropped below 10 mg from day 29 for sediments 1-3 and 5, whereas this
was only reached from day 43 for sediment 4. Atltbginning of the experiment NI
concentrations in the surface water were low (<gLlil). Peak concentrations between 1.5
and 7.5 mg [* NOs-N however, occurred (data not shown) after 236al8ys for sediments

1-3 and 5 and around day 57 for sediment 4.
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Average concentrations of OC in the pore and sarfe@ter were 17 and 8 mg™L
respectively (Figure 3). Elevated concentration®©@f were observed on day 1 in the pore
water (40 + 20 mg 1) and the surface water (22 + 2 m{)Lof sediment 4. An initial
increase of OC concentrations in the surface wateall sediments (until day 22) was
followed by a decrease. As such, OC concentraticere below 10 mg T (surface water)
and 25 mg [* (pore water) for all sediments after 43 days. @igaarbon concentrations in
the surface water were not influenced by distudvatf the sediment, except for sediment 4.
For sediment 4, disturbation resulted in lower QiDaentrations in the surface water (p =
0.003). However, no difference between the diffesmdiments and treatments was observed
for OC concentrations in the pore water. Inorga@don concentrations were higher in the
pore water than in the surface water. Especialbgkpconcentrations of IC were observed in
sediment 4A and 2B. However, similar to the OC-esf concentrations of IC dropped

below 20 mg [* (surface water) and 50 mg'I(pore water) after 50 days.

Geochemical speciation

Metals present in water can occur in the form eéfmetal ions, complexed by organic and
inorganic ligands, and adsorbed or bound to organit inorganic particulate matter. The
chemical composition of the water, especially pldrdmess and dissolved organic matter

concentrations, strongly influences metal speamatfriyaraj and Shutes, 2001).

Assessment of the geochemical speciation was datie Misual MINTEQ. Only the data
obtained for Ca, Fe and Mn are included in Tabks3or the other elements the measured
concentrations were generally low and data shoelahterpreted with caution. Data for all
sediments were pooled because no significant diffsg could be observed between the

individual sediments and treatments. The differhposition of sediment 4 in comparison
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to the other sediments (higher concentrations gamic matter and heavy metal content) did
not influence the speciation. For Ca, Fe and Ma,itlnic form was the most dominant one
(Table 3). Through time, the contribution of theiofraction increased. The binding with
carbonates was especially important for Mn, butresed in time. The formation of some
species was totally absent, e.g. Ca(QM)n(OH)" and complexes of DOM with Fe or Mn.
Only Ca showed a high initial affinity for DOM. Caxium and Ni mainly occurred as free
ions. The free ionic forms of those two metals afgweased as a function of time, from 68 to
91% for Cd and from 61 to 88% for Ni. Chromium walsost exclusively present in its
hydroxide form (> 99%). Carbonate complexes plagedmportant role in the speciation of
Cu (day 8: 76%, day 85: 59%) and Pb (day 8: 58%,8%a 48%). Zinc was mostly associated
with hydroxides (day 8: 46%, day 85: 55%) and pmnese its free ionic form (day 8: 30%,
day 85: 40%). Complexation of Cd, Cu, Cr, Ni, Pld @n by DOM varied between 9 and
29%. Formation of chloride and phosphate complewesdd be neglected for all metals. Their

contribution to the overall speciation was lessthéo.

DISCUSSION

The pollutant concentrations in the sediments ef @W in Bornem were compared with
those found in the literature for systems receiwiiferent types of runoff (Table 4). Also
sediment concentrations monitored in a surface fowstructed wetland used for treatment
of combined sewer overflows in Herent (FlanderdgiBien) were included. Although metal
concentrations in sediments are widely documerthemte is a lack of information on Fe, Mn,
N and P contents. Terms used for specifying theient source are mostly very general, e.g.
‘residential runoff’ and ‘urban runoff’. It was suscted that runoff originating from roads
would result in elevated metal concentrations ie #ediment. However, this was only

observed for Pb in one study (Legret et al., 1985]ifference based on the type of treatment
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system was also not observed. Both systems moditoreBelgium and used for CSO
treatment showed moderate to high pollutant comagonhs in the sediment.

Deposition of contaminants may depend on the flattepn, flow velocity and characteristics
of the sediment. In the surface flow system in HHerdéigher concentrations of Ntot, P,
organic matter, sulphides, Cd, Cr, Cu, Pb and Zreweesent near the inlet compared to the
outlet (data not published). In Bornem, no sigmific difference was observed between the
samples taken near the inlet (sediment 1-3) anduklet (sediment 5). Only the composition
of sediment 4 clearly differed from the other seelits in the higher concentrations of metals,
organic matter, sulphides and nutrients (N and e sediment originating from the
sedimentation compartment (sediment 1-2) contaloaer concentrations of nutrients and
heavy metals. Although both the system in Herewt Barnem were used for treatment of
combined sewer overflows, and as such receivecedaoldings, their design differed. The
flow path of the system in Herent was much longerthe system had a much higher L/W
ratio. Furthermore, flow velocity was probably mughicker reduced a@hragmites australis
covered the inlet area. Therefore, metals presenle influent could penetrate to a much
lower extent into the system. Elevated concentnativere present near the inlet and
decreased with distance. At the site of Bornemfling was much less retarded and water
entered further along the flow path into the syst&fso the wilting of the stiffened cloths
and accidental water passage over the shoulderhanag/ resulted in a deeper penetration of

the metals into the system.

Location 5 was situated near the end of the S-ghflipe/ path that was constructed in the
CFW-area. As the water entered the system andwetlothe S-shaped flow path, electron
acceptors such as dissolved oxygen, nitrates, Ifegihdd Mn(IV) were successively

consumed. When all these electron acceptors wenausked, sulphates were reduced to
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sulphides, which precipitated with heavy metalsseng in solution. Chromium and Ni were
documented not to react with sulphides (Salomoms. £1987). Furthermore, co-precipitation
of other metals together with the sulphide preaites occurred (Billon et al., 2001). This
caused an enrichment of heavy metals in the sedimsmmost of the metals were removed
when the water passed at location 4 due to reactith sulphides, no further metal

enrichment at location 5 was observed, except éoarkd Mn.

Iron and Mn were present in higher concentrationthe water compared to the other metals.
The concentrations of Fe and Mn present in the patter were lower than the concentrations
reported by Mayer et al. (2008). They found up @150 mg [* Fe and 1.5-4 mgtMn in

the pore water of sediments originating from a wol&@ pond receiving urban stormwater.
Furthermore, because the solubility of FeS and Nm&igher compared to other metal-
sulphide precipitates (Zumdahl, 1992), enrichmennthir along the flow path of Fe and Mn
can occur due to reaction with sulphides. Iron &Ml concentrations measured at both
location 4 and 5 were indeed higher. For the otetals, only sediment 4 contained elevated
concentrations. Next to reaction with sulphide® alse presence of organic matter enhanced
the retention of heavy metals. This was especagtigarent for location 4, which was also
characterized by elevated organic matter cont&gdiments 3, 4 and 5 originated from the
CFW-area but only for sediment 4 the organic mattgitent was clearly higher as the other
two sampling locations (3 and 5) were situated tigatborder of the CFW-area. Due to wind
dragging, the floating macrophyte mats could be edo{-2 m, although they were anchored
to the side. This may have resulted in the preseht@ver organic matter contents near the

borders of the CFW.
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Increasing Fe and Mn concentrations in the poreewat sediment 5 coincided with an
increase of redoxpotential in that particular sexhim As a result of increasing
redoxpotentials, FeS and MnS will become oxidis¢alvever, as the redoxpotential increase
was not strong enough to promote the formationeo&ird Mn-oxyhydroxide precipitates, the
concentration of Fe(ll) and Mn(ll) in the pore wateill increase. Gambrell et al. (1991)
reported that the oxidation of Fe(ll) and Mn(ll)cocred at respectively +100mV and +
200mV. Furthermore, also small pH-variations cdeafthe concentrations of Fe and Mn in

the pore water.

The effect of vegetation on the retention of hematals has been extensively discussed in
the literature. Some authors have reported no tef@ite et al., 1995; Cacadoet al., 1996;
Kahkonen et al., 1997; Mitsch and Wise, 1998 andil&@oand Pick, 2001) while others
mentioned a positive correlation between the preseh the vegetation and the heavy metal
retention (Kostka and Luther Ill, 1995; Doyle antte) 1997). The emergent vegetation in
CFWs is not rooted in the substrate, but grows iifoating matrix on the water surface.
Therefore, there will be no direct effects of thanps, e.g. associated with root oxygen release
(Wigand et al., 1997), on the biogeochemistry ofaisein the sediment. Current data suggest
that the distribution of heavy metals in the syst@Bornem was mainly influenced by the

sediment composition, in particular the sulphidd arganic matter contents.

In general, only a low percentage of the metals asly exchangeable. Only Cd and Mn
were for more than 10% present in this fractiorscADu Laing et al. (2008), Mayer et al.
(2008) and Hnatukova et al. (2009) found the exgkahle fraction to be up to 10% of total
Cd amounts. The source of the influent may infléenbe fractionation of metals in

sediments. Hnatuva et al. (2009) found a shiftGarand Zn towards more easily available
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fractions in sediments affected by the occurrerfa@mbined sewer overflows. Stead-Dexter
and Ward (2004) reported for all heavy metals ek&dp an increase towards more easily
available fractions when sediments were influerfmedrainage systems and stormwater. The
effect of the vegetation on the fractionation of\ne metals in a surface flow wetland was
assessed by Goulet and Pick (2001). They foundTyphta latifolia did not affect the metal

distribution over the different fractions.

For young systems (<10 years) sorption plays aifgignt role in the removal of
contaminants, and is especially influenced by argaobstrates (Machemer and Wildeman,
1992; Weiss et al., 2006). Elevated concentratanmd percentages of exchangeable metals
were found in sediment 4 for the elements Cu, Fe,add Pb in comparison with the other
ones, probably due to the elevated organic matteteat. With ageing of the system, sorption
sites become saturated and sulphate reduction gailh in importance (Machemer and
Wildeman, 1992). During the experiment a constaatease of sulphate concentrations in the
surface water was noted, probably originating froridation of the sulphides that were
initially present (Table 1). Apparently, oxidatiosf sulphides occurred although redox
potentials were in general lower than -200 mV,dorevalue at which Gambrell et al. (1991)

observed sulphate reduction.

Discrepancies between the sulphide content measurédsulphides actually present in the
sediment can occur due to partial oxidation betwssnpling and analysis (Du Laing et al.,
2008). However, analyses were done as quickly asilpe and contact between the air and
the sediment was as limited as possible. Therefbeedifference in sulphide content between
beginning and end of the experiment can not beagx@ll by partial oxidation solely as

sufficient precautionary measures were taken. Hh@fathe sediments also decreased (Table
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1), probably as the result of the acidification dige sulphide oxidation. Although no

significant sulphide oxidation was observed in segit 2 (Table 1), sulphate concentrations
in the surface water increased (Figure 2) and pth@ftoil decreased (Table 1). This indicates
that, next to the oxidation of sulphides, also pth@phate sources should be present within
the sediment. Sulphates can indeed also be reléasedlecomposing organic matter and/or
other mineral phases, such as pyrite, which areleisrmined in the AVS-procedure (Tack et
al., 1997; Du Laing et al., 2008). Although metalpdide precipitation is seen as a long-term
immobilization process, changing redox conditiors aemobilize the associated heavy
metals afterwards. The increase in redox potefdrakediment 5 from -220 mV to -

120 mV resulted in elevated Fe and Mn concentratiorthe pore water (Figure 2).

Filling the recipients with the respective sedinsanitially caused elevated concentrations of
both Ntot and P in the water column. However, P waickly removed from the water as
removal occurs mainly through adsorption and pretipn reactions which involve Ca, Mg,
Al and Fe present in the sediment (Arias et alQ120However, increasing levels of Fe, Mn
and Ca in the surface water did not result in @aneiase of P in the surface water. Removal of
nitrogen can occur through adsorption of AW algae uptake and microbial removal
reactions. The contribution of microbial removathyeays is supported by the observation of
peak concentrations of NON in the surface water. Microbial removal may accoore
slowly compared to sorption and precipitation reas. Furthermore, the addition of

demineralised water could have slowed down mictalmknisation of the water column.

Increasing Ca-concentrations, as was observed\cleahe pore water of sediment 5 and the
surface water for all sediments, can originate ftbe pool of exchangeable cations as Ca is

replaced by other cations. This is suggested byltltecase of the exchangeable Ca-pool with
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time (Table 2). A decrease of exchangeable Caalgth enhance the sorption of other metals.
Sulphide oxidation and the associated acid produactvill also promote Ca release from
CaCQ. Furthermore, C@produced upon decomposition of organic matter vafiult in a
solubilisation of CaC@ according to the following reaction: Cag3@ CQO, + HO [
Ca(HCQ), (van Den Berg and Loch, 2000). This results inremease of IC as was seen in
sediment 4. This sediment had peak concentratidnkC an the pore water as high as
307 mg *. Increased IC concentrations can also result fdeoomposition of organic
matter. Inorganic carbon concentrations up to 3@7Lthcorresponded with an OM decrease
of less than 1%. This amount of OM can not be dete@s it is masked by sediment
heterogeneity. However, metal chemistry in the paaiger can be highly affected by changing

OC concentrations.

The disturbation of the sediments during the greasl experiment did not result in a
significant mobilisation of heavy metals or nuttemtowards the pore and surface water. As
such, entering water volumes during overflow evewmi$ not cause a faster retention or
release of pollutants from the sediment. The mediilon observed during the greenhouse
experiment was due to ageing of the sediment, imnidgnt of the disruptions. Changing
redox conditions can result in a mobilisation ofayye metals due to sulphide oxidation.
However, reducing conditions in the sediment of GF#ve promoted by its continuously
flooding. Furthermore, the floating macrophyte mptesent in CFWs promote reducing
conditions of the water column and the underlyiadiment as they hamper oxygen diffusion
from the air to the water column. Probably the pneg of the vegetation will also promote
sulphide formation as the decomposing plant mdteaa deliver the necessary electron
acceptors. This was reflected by the elevated OMert of sediment 4 compared to the OM

contents of the sediments originating from the meditation compartment.
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CONCLUSIONS

Within the sediments of a constructed floating tireant wetland, concentrations of heavy
metals and nutrients varied. Higher nutrient cotregions coincided with higher organic
matter contents. Elevated metal concentration$erother hand were associated with higher
sulphide and organic matter contents. The highesalmetention occurred at location 4 (all
metals) and 5 (Fe and Mn) due to sulphide forma#ienother electron acceptors became
depleted. The higher solubility of FeS and MnS Iteguin an enrichment of Fe and Mn
further along the flow path, opposite to the ratantof other heavy metals. The release of
heavy metals from the sediment towards the porenaatd surface water was very limited. It
was not affected by disturbation of the sedimentegjular intervals. After 7 weeks an
increase in redoxpotential was observed for théemssat closest to the outlet together with
increasing Ca, Fe and Mn concentrations in the patter. Calcium concentrations measured
in the surface water increased for all tested sedimmand was attributed to the release of Ca
from the exchangeable pool and to decalcificatioa tb organic matter decomposition and
sulphide oxidation. The free ion form in the porater was the most abundant one for Ca, Fe,
Mn, Cd and Ni, and its presence increased throumga. tinitially high concentrations of P
were quickly reduced (within 8 days) by sorptiorthe sediment, which was in contrast with

the removal of N which took around 41 days.
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Table 1 Characteristics of the different sediméhtS) at the beginning and end of the greenhoupererent for treatment A (no disruption) and B

(fortnightly disruption of the sediment). Smalltégs (a-e) denote homogeneous subsets.

pH (H0) (-)* pH (KCI) (-)* AVS (mg S kg DM)
Initial A B Initial A B Initial A B
1 6.91+0.17a 5.82+0.34a 503+026a  6.67ta  572+0.15a 550+0.12a  2386t176a 283 a 521t6la
2 7.01+0.05a 5.90+0.29 a 585+0.17a  6.8@8a  5540.12a 5.57 +0.09 a 71523 b 659 b 826+ 78D
3 711+ 023a  6.72+0.14b 6.15+0.12a  6.808a 594:0.18ab 58+0.15b 1212+87¢c 701043 c 761+38b
4 6.99+£0.19 a 6.71£0.13b 686+ 0.16b 6.8 a  6.28+023b 6.32+£0.07c  6480278d 522297d  2390+154c
5 7.42+0.35a 7.02+0.26 ¢ 7.25+£0.21b 7.1009a  6.87+0.08c 6.84+0.16d  6874+167e  $32b 712 +54b
Organic matter (%) TP (g kg' DM) Ntot (g kg’ DM)
Initial A B Initial A B Initial A B
1 6.7x27a 80x18a 88+0.6a 1.26+0.25a 1.13+0.18 a 1.56£0.42 a 2.58+0.56 a 1.40¥ @ 294 +0.68 a
2 11.2+09b 82+13a 83+19a 1.62+@32 1.45+0.27a 1.30+0.21 a 244 +041a 1.051% a 2.73+0.47 a
3 159+16¢C 16.7+0.8b 12.2+2.1b 1.42+ 31 2.39+0.27b 1.59+0.19a 2.09+0.65a 4.0B¥ b 2.25+0.38a
4 26.4+4.1d 274+18¢c 253+2.7¢c 4.42 802 5.10+0.33 ¢ 493+0.46Db 8.14+1.12b 5&40.45c 9.32+1.01b
5 8.0+07a 3.6+0.2d 6.4+09d  5171036¢ 157+043a 115+023a  3.258@ 3.65+ 065b 2.79+092a
Ca (g kg’ DM) Cd (mg kg) Cr (mg kg" DM)
Initial A B Initial A B Initial A B
1 3.89+045a 3.93+0.19a 2.85+0.14a 0.0838 a 0.16 £0.06 a 0.09+0.04 a,b 105+15a 1.7213a 11.1+1.2a
2 4.07+0.45a 4.01+0.24a,b 3.54+0.06b 4,075 a 0.53+0.05b 0.19+0.05b 11.8+0.2a 4.0%09b 11.7+0.8a
3 3.14+021a 449+0.20b 3.07+0.34ab @.0315 a 0.39+£0.07c 0.12+0.05a,b 10.0+al.2 156+14c 12.1+19a
4 104+1.4b 4.40+0.09 a,b 11.6+1.2c 1.9618 b 0.80+0.05d 1.66 £ 0.07 ¢ 33.0+£4.3b 140.24d 35.3+0.36b
5 16.9+3.2¢c 28.3+13.4c 16.2+1.3d 0.2128(G 0.15+0.06 e 0.04+0.01 a 19.5+2.2¢c 2B e 6.61+0.25¢C
Cu (mg kg DM) Fe (g kg' DM) Mn (mg kg' DM)
Initial A B Initial A B Initial A B
1 28.1+6.3a 352+24a 335+23a 8.398@.7 9.35+x1.6a 8.72+0.93a 62.8+x4.3a 73151 60.9+26a
2 395+20a 86.6+54b 40.0+3.40b 9.41 8HR6 9.22+1.02 a 9.01+1.10 a,c 60.3+2.7ab .863B.7a 58.1+3.7a
3 28.2+22a 59.8+35¢ 523+41c 7.42 #@6 9.87+0.58 a 8.16 +0.18 a 50.6+£25hb 6132%64a,b 499+26b
4 143 +5b 83.6+6.4d 163 +10d 17.7+1.40Db 53%0.38 b 21.6+0.3b 141 +5¢c 85.7+49c 148c
5 35.2+58a 274+12e 201+19e 16.9 #0.6 183*x1.1c 9.38 +0.06 a,c 98.8+6.1d 1®7dt 78.6+2.7d
Ni (mg kg’ DM) Pb (mg kg DM) Zn (mg kg' DM)
Initial A B Initial A B Initial A B
1 554 +0.77 a,b 7.51+0.12 a,b 6.41+0.19a 8®620.9 a,b 60.2+2.1a 546+3.6a 191+24 a 45 P15 a 196 £+ 21 a
2 6.72+0.35a,b 8.16+0.32a 6.73+0.18 a &L26® b 87.9+15b 726+18b 252+19b 2818+ 261 +13b
3 5.11+0.19a 9.20+0.30c 7.07+0.19a 4919%c 984 +16¢C 68.2+51¢c 186 +10 a 357 £23 255+15b
4 209+09c 13.9+0.3d 235+15b 203+6d 116 +14d 219+23d 805+30¢c 574 +5d 904ct 8
5 7.26+1.16b 6.89+0.23b 550+0.21c 52Pka,c 43.7+16e 36.1+11e 231 +22ab 90 e 166 +16d

pH determination with KD (pH (H,0)) and KCI (pH (KCI)) as an extracting agent



Table 2 Exchangeable metal concentrations and (&gjoof exchangeable metals to (pseudo-)
total metal concentrations for the sediments athkbginning and the end of the greenhouse
experiment

Exchangeable metal concentration (mg % of total metal concentration

kg™)
Mean + SD Range Mean + SD Range

Ca Before 4394 + 2640 2463 8360 65.6 +20.8 34.6 - 88

After 3641 + 2318 1544~ 7632 50.8+12.4 31.4 72.2
Cd Before 0.04+0.01 0.02 0.05 17.6+150 3.30 - 38.0

After 0.15 +0.03 0.12- 0.22 425+31.2 8.53 83.3
Cu Before 0.76 + 0.64 0.30 1.48 1.1+0.1 1.04 - 1.23

After 1.09+0.74 0.27- 2.03 23+23 0.33 - 7.44
Fe Before 2.56 +3.64 0.73 9.07 0.02 £0.02 0.01- 0.05

After 3.33+4.57 0.82- 12.9 0.02 £ 0.02 0.01- 0.07
Mn Before 15.1+9.1 7.91- 29.7 17.4+2.6 142 - 210

After 14.7+7.3 8.97- 29.8 189+65 118 - 348
Pb  Before 86.7 £ 65.5 49.9 203 1.3+04 0.84- 1.77

After 85.7 £53.0 36.1- 219 1.9+1.0 0.24- 3.26
Zn  Before 13.9+6.1 7.5 23.8 49+17 2.96 - 6.82

After 29.9+19.3 10.9- 74.2 89+25 546 - 12.9




Table 3 Geochemically modelled speciation of Caaie Mn present in the pore water of the sedim@nf

Ca (%) Fe (%) Mn (%)
Species Day Mean + SD Range Mean + SD Range Mean =+ SD Range
Me™* 8 83 £ 9 71 - 96 94 =5 83 97 70 £ 22 24 - 94
85 98 + 2 92 - 99 95 +5 83 99 92 + 8 73 - 97
carbonate 8 2627 0.37 - 8.9 1.2%£0.8 0.20 2.6 29 £ 22 56 - 76
85 045 x 0.29 0.17 - 11 0.19 £ 0.11 0.11 0.44 76+ 74 22 - 25
hydroxy 8 - - 43 47 0.50 15 0.16 + 0.11 0.026 - 0.37
85 - 41 £ 4.9 0.50 16 0.38 + 0.62 0.029 - 1.9
DOM 8 14 + 10 3.1- 27 - - -
85 1.8 + 2.3 0.45 - 7.37 - - -




Table 4 Total Cd, Cu, Cr, Mn, Ni, Pb, Zn (mg'a\), Fe, total Kjeldahl nitrogen (TKN), Ntot and(§ kg*) concentrations in the sediment of the
CFW in Bornem, Flanders, compared with literatus&ad

Ref Type of water Type of Cd . Cu . Cr . Mn N Ni . Pb . Zn N Fe_l TKI\_Il Nto_tl P .
n° treatment system mg kg mg kg mg kg mg kg mg kg mg kg mg kg g kg g kg g kg g kg
13 CSO CFW 0.17-1.6 28-142 10-33 50-141 5.1-20 50-203185-804 7.4-17 0.83-7.1 %ll 1.3-44
1 CsoO SFCW 0.10-1.5 11-146 17-33 187-282 12-20 z-1 49-681 12-28 0.97-7.0 0.46-3.5
2 stormwater SFCW 50 15 2.5
3 road runoff SFCW + pond 31 232-252
4 urban runoff SFCW 3-10 17-178 3-169 17-319 33-39 31-1035
5 urban stormwater detention pond 4.1 107 91 465
6 stormwater detention pond <5 18-341 18-252 1p-26 9-116 53-1155
7 urban runoff detention pond 0.05-0.10 0.45-0.78.9741..01 0.21-0.53 15 3.71-3.81 0.2-0.8

stormwater detention pond 0.08-0.39 0.54-12.6 3172- 0.30-1.9 1.6-8.9 1.69-93.4 0.2-49.2

urban runoff detention pond 0.08-0.60 0.94-14.3 804.6 0.37-1.8 2.1-7.3 16.7-21.3  0.48-4.6
g foadand pond 1144 5841 9.7-95  48.46-239

agricultural runoff
9 road runoff pond 7.9-56 76-286 23-112 256-888

pond 28-68 147-426 65-160  320-1337
10 road runoff pond 1.2-3.7 84-208 39-80 20-30 -299  683-1980
11 residential runoff SFCW 0.7 39 16 11 45 397
12 residential runoff awralsurface - o, 21 18 12 31 286 1.4 0.29
flow wetland
residential runoff SFCW 1.8 0.89

(1) data not published, site of Herent, Belgium);G@ulet and Pick (2001); (3) Pontier et al. (20@4) Scholes et al. (1999) (5) Mayer et al. (20@8) Casey et al. (2005); (7) Mallin
et al. (2002); (8) Sriyaraj and Shutes (2001);H8)es and Ward (2004); (10) Legret et al (1995)) (@arsalek et al (2006); (12) Bishop et al (20@Q3R) this study.
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CAPTIONS

Figure 1 Lay-out of the combined sewer overflovatneent system in Bornem, Flanders. Codes 1
to 5 indicate the location of the 5 sediment sangpdiites.

Figure 2 Evolution of concentrations of Fe, Mn, Qgt and SGF in the sediment pore water
and/or surface water for the different sedimentS)(with (B, dotted line) and without (A, full
line) disruption during the greenhouse experiment

Figure 3 Evolution of concentrations of OC and mGhe pore water and surface water for the
different sediments (1-5) with (B, dotted line) amidhout (A, full line) disruption during the
greenhouse experiment



14 Figure 1
15

A ;E > Ctlet

50m

55m

15m 2

5 1
| v

»
|

A

20m
[] Sedimentation compartment

Constructed floating wetland (CFW) compartment



16

17

Figure 2
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