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of trace elements in a dredged sediment deposit:
a greenhouse study
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59505 Douai, France

Agriculture and Environment

(Received 16 September 1999; revised 13 January 2000; accepted 27 January 2000)

Abstract — In France, high quantities of heavy metal contaminated sediments are dredged each year and deposited on
soils without any protection. Despite their high pollutant content, a vegetal cover generally appears spontaneously on
these deposits. However, the growth of plants on the sediments can have an impact on the heavy metal behaviour. In
order to evaluate this impact, a greenhouse experimentation was designed to measure the heavy metal (zinc, cadmium,
lead, copper) mobilisation during the growth of different vegetal species, and their absorption by vegetation. The results
indicate that high concentrations of heavy metals are absorbed by the plants. Moreover, the establishment of a vegetal
cover (maize, rape and rye grass) on dredged sediments is able to quantitatively modify the physico-chemical parame-
ters of the sediments, and to increase the mobility of the heavy metals inside.

heavy metal / revegetation / mobility / bioavailability / dredged sediment

Résumé — Impact de l'installation d’'un couvert végétal sur la mobilité de métaux présents dans des sédiments de

curage : Etude en serreEn France, des quantités importantes de sédiments contaminés par des polluants métalliques
sont curées chaque année, et déposées a méme le sol sans précautions particuliéres. En dépit de leurs concentrations €éle!
vées en métaux, ces dépbts se revégetalisent spontanément, ce qui peut entrainer, a travers une évolution différente des
caractéristiques physicochimiques du sédiment, des changements de mobilité et de biodisponibilité des métaux. Afin
d’évaluer cet impact, une étude a été conduite en serre pour mesurer la mobilisation des métaux lors de la culture de dif-
férentes espéces végétales ; mais, ray grass et colza. L'absorption des métaux par les différentes especes a également été
suivie. Les résultats présentés dans cette étude montrent que des quantités importantes de métaux sont absorbées par la
végétation. lIs indiquent également que linstallation d’'un couvert végétal influe sur les caractéristiques physico-chi-
miques de la matrice solide, induisant ainsi une augmentation de la mobilité des métaux.

métal / revégétation / mobilité / biodisponibilité / sédiment de curage
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1. Introduction redox conditions in the rhizosphere what can modi-
fy the heavy-metal mobility [10, 20]. Especially, in
the case of dredged sediments, changes induced by
the establishment of a vegetal cover can be much
more dramatic than for a soil matrix. In fact,
dredged sediments are initially typical anoxic mate-
rials. Once in an aerial deposit, they will be pro-
gressively oxygenated, thus inducing major
changes of the oxydo reduction potential, the pH,
the conductivity and the speciation of major and
trace elements [8, 24, 25]. As a consequence, vege-
tation may enhance or slow down the sediment evo-
lution, leading to differences in the behaviour of
heavy metals. For instance, root development can
result in sediment destructuration and de-hydrata-
tion and induce a better aeration of the sediment,
thus leading to an increase of Eh in the rhizosphere
area.

In the North of France, 450 00C®rof sediments
are dredged each year during maintenance opera-
tions of rivers and channels. A large part of this
dredged material (more than 1/3) can be considered
as contaminated by significant amounts of chemical
pollutants such as heavy metals [5]. Due to the large
amount of sludge generated and the cost of inciner-
ation and dumping, dredged materials are generally
deposited along streams or in deposit sites without
any specific protection. Depending on their mobili-
ty and biodisponibility, heavy metals can thus be
transferred to the soil, the groundwater and the veg-
etation and in this way enter the food chain.
Therefore, it is urgent to resolve the problems
issued from these deposits, specially about their
impact on the surrounding environment, including  In order to evaluate the effects of plant develop-
the flora, the fauna and consequently man. ment on the sediment matrix evolution, a green-

_ _ o house experiment was carried out. Distinct plant

The qbservatlon of ancient deposit sites, and the species (maize, rye grass and rape) have been cho-
monitoring (for two years) of a test deposit set Up sen according to their specific influence on the sub-
by the National Research Centre for Polluted Sites sirate. So, rape is able to excrete protons in its rhi-
and Soils [27] showed that, despite the high heavy zosphere in order to mobilise nutrients whereas rye
metal content, a vegetal cover naturally occurs on grass and maize are not [10]. The heavy metal con-
revegetation of heavy-metal contaminated sites may gnd in the roots and the shoots of the three species
reduce transport of heavy metals by the reduced 55 well as the evolution of the physico-chemical

runo_ff, the wind and water erosion, _and by limiting parameters in the leachates (pH, Eh, dissolved
hydric transfers throughout the soil profile. As a grganic carbon, etc.).

matter of fact, the establishment of a vegetation (i.e.

phytostabilisation) is one of the methods frequently

used for the reclamation of sites heavily polluted by 2 Materials and methods
mining or smelting activities [7, 22, 23, 28].

However, several mechanisms occur for modify-
ing the chemical and the physical extent of rhizos- _ _ o
phere, in order to enhance the micronutrient 2.1. Sediment and Vegetatlon characteristics
bioavailability [20]. As a consequence, modifica-
tions can occur directly as a result of the root activ-  The sediments were collected in the Scarpe river
ity, or indirectly through the effects of the microbial in the North of France downstream from a zinc plat-
activity stimulated in rhizosphere by root exudates. ing plant. The sediments were kept for one month in
For instance, organic acids produced in the rhizos- open buckets before using for culture (in order to
phere, can increase the mobility and thus the aerate the matrix and reduce its water content to an
bioavailability of heavy metals as a result of acidi- acceptable level). They were prevently homo-
fication and complexation [3, 4]. Roots can also genised and mixed with sand to enhance their per-
induce changes in the ionic concentration and the meability (preliminary tests showed that this
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Table I. Heavy metal concentrations and main characteristics of the dredged material after one month aeration.

Zn Pb Cd Cu Mn P Fe Ti TOC  pH  Humidity
(%) (%)

Concentration
(mg/kg dry 5500 + 500 700 £ 80 270+ 20 104 +3 190 + 30 1300 + 100 13 000 + 2 000 1 000 + 200 6.5+0572+0.1 40+6
sediment)

mixing was necessary in order to ensure sufficient order to keep the same number of plants by pot: two
water infiltration and draining). Table | summarises for maize and four for rape. For rye grass, 2 g of
the heavy metal concentrations and the main char- seeds were sown in each pot without modification
acteristics of the sediment. They are typical anaero- during growing. Along the whole growth period

bic materials of a river bottom with low Eh, the (from the beginning of June to the end of October),
occurrence of sulphide minerals and a high organic plants were followed, representing a complete cycle
matter content. Complementary information is for maize and rape. The growing occurs without
given by Isaure et al. [12] and Tiffreau et al. [27].  artificial lighting. Pots were irrigated daily with

The species used in the study are maizea( deionised water and amended with nitrogen
mais DK 256 variety), rapeBrassica napusTanto (NaNQ;, 0.06 mg, three times a week).
variety) and rye grassL@lium perenng Niman

variety). 2.3. Analytical procedure
2.2. Experimental design (Fig. 1) 2.3.1 Leachates
Two kg of wet dredged sediments (40% mois-  EVery week, leachates were collected into plastic

ture) were mixed with 1 kg of sand and used to fill Pottles, installed under the pots. The aliquots
plastic pots in a greenhouse. Seeds were directly €Served for the metal analysis were acidified
hand sown in the sediments. The experiment was (HNO;, p.a.), stored at 2C until their analysis and

carried out with eight pots of each species and six filtered before analysis. The determination of Zn,

reference pots without vegetation. After one month, Mn, Fe and P was carried out by Inducted Coupled
the less developed seedlings were pulled out, in Plasma-Optical Emission Spectroscopy (ICP-AES
Jobin-Yvon, JY 138 ultrace), and the determination

of Pb, Cd and Cu by graphic furnace Atomic

Absorption Spectrophotometry (Varian SpectrAA).
Deionised water Maize The aliquots used for the dissolved organic carbon
m Rye grass, (DOC) measurement were poisoned with sodium
F Rape azide and stored at°C to prevent the development
of micro-organisms. The non purgeable organic
@ Dredged sediment + Sand carbon was determined with a TOC 5000A
Draining layer Shimatzu.
(polypropylene beads)
2.3.2 Plants
iis Half of the pots were harvested and dismantled
<«— Leachates after three months of growth, the others growing
two months more. Collected roots and shoots were
thoroughly washed with deionised water, dried at
60 °C for 48 h and ground with a waring blendor.

Figure 1. Experimental scheme used in the experimentation. ~ Plant analysis for major and trace elements were

Agriculture and Environment
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Table II. Zn, Pb, Cd, Cu, Mn, Fe and P concentrations (mean and standard deviations (n = 4) in mg/kg dry weight) in
roots and shoots of maize, rape and et rye grass after three months of growth [6].

Concentration Zn Fe Mn Pb Cd Cu P

(mg/kg)
Maize (shoots) 800 + 130 80 +21 150 + 27 3+x1 3+x1 15+8 2700 + 369
Rape (shoots) 1900 + 139 70 £ 16 200 + 24 2+1 10+2 13+1 4100 + 421
Rye grass (shoots) 1100 + 200 500 * 256 400 + 88 17+6 12+5 60 + 29 5400 + 323
Maize (roots) 1700 +174 700 + 276 190 + 56 30+12 34+6 40+10 1000 +474
Rape (roots) 3600 +373 5000 + 607 20049 200+34 120+26 80+14 21000+ 345

Rye grass (roots) 3000 +442 4000+1623 300114 140+57 80+36 80+10 22000=*5700

carried out after digestion of 1 g of ground sample 3, Results and discussion
in a mixture of HNQ (2.5 mL) and HCI (7.5 mL)

for 12 hours at room temperature and 2 hours under
reflux heating.

This digestion procedure has been chosen after a3.1. Heavy-metal content in vegetation
preliminary comparison of four digestion proce-
dures: (1) 4 hours calcination at 4%D and the use Trace and major element data in the roots and the
of hydrofluoric and perchloric acids for the diges- shoots of maize, rape and rye grass are summarised
tion, (2) no calcination and digestion of the sample in Table Il. These values are the average values
with hydrogen peroxide and nitric acid, (3) no cal- obtained in plants collected half-way through time
cination and digestion with hydrochloric and nitric  of growing.
acids at room temperature and (4) digestion with  zjnc concentrations in shoots range between
the same acids under reflux. These tests showedggg mg/kg (maize) and 1900 mg/kg (rape) on the
that the first and the fourth procedures were the qry weight basis. These concentrations are consid-

more efficient methods in terms of extraction rates erably higher than concentrations generally present-
and repeatability [6]. However, the fourth procedure g4 jn the literature. Indeed “normal” concentrations

has been preferred to the first one because this lat-3re mentioned to be smaller than 150 mg/kg, and
ter includes a calcination step and the use of hydro- eycessive or toxic concentrations range between
fluoric acid. The analyses were carried out in tripli- 100 and 400 mg/kg [2, 14]. Other heavy-metal con-
cate. The contents of Zn, Pb, Cu, Cd, Fe and Mn centrations in shoots (Cd, Cu, Pb, Fe) do not present
were determined by ICP-AES. such important differences compared to the litera-

ture data. The high concentrations of zinc in vege-

tation can be related to its large total concentration
2.4. Statistical study in the sediment (5500 mg/kg), cumulated with its

wide availability. As a matter of fact, zinc is usual-

For leachates, the graphical data is concerned ly considered to have a higher mobility in a soil

with the average of eight replicates for the June to than copper or lead [22].

September period, and four for the September to Moreover, the absorption of heavy metals by

November period. plants seems specific of the element [2]. For
These results were statistically tested in order to instance, the rate of copper, an essential plant micro
evidence significant differences between the three nutrient, is directly regulated inside the plants,
plant species and reference pots. The Kruskal- where its content tends to be constant and relative-
Wallis test (median comparison) has been used ly independent of the nature of the substrate.
because of the non-normality of the variables. Conversely lead, which is neither an essential nor
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beneficial element, is regulated outside the plants asto form stronger complexes with organic matter
it is usually precipitated very quickly in the rhizos- rather than zinc and cadmium.

phere, hence minimising its uptake. Finally, zinc,

which is also an essential element, is present in
large quantities in plants. Its concentration is high-
er than copper, around 100 mg/kg [14] and it can be ]
largely accumulated by the vegetation. The disper-  Figures 2 and 3 present the average and the stan-
sion of zinc concentration in shoots is very high and dard deviation of leachate measures of the pots of

concentrations of 1 000 mg/kg are not considered €ach plant and of the references pots. These graph-
uncommon. ical results are completed by a statistical study

. . (Tab. III), which allows the comparison of the mon-
In addition to these parameters, the absorption of ;5 eq parameters (pH, Eh, conductivity, DOC) and

metals is also dependent on the plant species. Rapgpe heayy metal concentrations, between the differ-
absorbs and transfers more specifically zinc and gp¢ plant species and the reference pots.

cadmium to its shoots. This specificity could be
linked to the ability of this species to acidify its rhi-
zosphere and thqs to Increase th'e Zn availability. rape leachates is slightly lower than the three other
However, this availability increase is not the lonely

. . . ; types. This acidification is in good agreement with
hypothesis to explain the very high concentrations o jiseratyre data [10, 20] and as cited above, is

![n r?g?r’] a,PrdnCOUI?t arls?nbre relf;lte? t?hanh:gt}[ﬁr d?f?s:’- concordant with the high concentrations of zinc and
yo C fransporters in rape roots tha € OtMer - admium measured in rape roots and shoots.

sEemes St.u%'ed' (;\Iu_meLous r?.tUd'ei hlgr%%hteql that Despite some fluctuations, it could also be seen that
gagPLﬂgzcg;laurgenotlgblte?o re;f)(l)asiir)l t?]fhypgfgécu- the oxydo reduction potential is s_IightIy lower for_
mulation of zinc by this species [16. 21] f[he_ ref_ere_nce pots than the cultivated ones. Thls
Particularly, the comparison of the rhizo’spher'e |nd|c_at|on is shown by the curves and the statistical
characteris:[ics of a zinc hyperaccumulator species -StUdleS argue that th_e growth of t_he plants CO-UId
(T. caerulescens with zinc tolerant species !nduce; a better aeration of _the sediments. As cited
(T' ochroleucum. T. arvensaheat) grown on the in the mtrodl_Jcnon thls aeration can be generated by
sa-me soils did r;ot.show any difference in pH and the r_nechamcal action of the vegetal root system.
Zn availability [9, 17, 18] For_lr_ls_tance, the root development could modify
P R the initial structure, compact and clayey, of the sed-
Rye grass shoots present smaller zinc concentra-iment to form a more aerated structure. This
tions compared to rape but reveal higher concentra- hypothesis is in good agreement with visual obser-
tions of lead, iron and copper. Rye grass and maize, vations of the sediment structure after the pots have
as the other grass species, do not acidify their rhi- been dismantled. Especially, in the case of rape and
zosphere or change the redox potential in the caserye grass, a very dense root hair system was devel-
of nutrient deficiency. They opt for another strategy, oped, occupying the entire volume of the pots.
releasing organic ligands and particularly phy- Moreover, red traces in the vicinity of roots as
tosiderophores to complex Fe 1l [1, 10]. As a con- observed in several pots, indicated that an iron oxi-
sequence, the plant species using this mechanismdation occurred in the rhizosphere.
for nutrient mobilisation seem to absorb Fe with a
better efficiency than rape for instance. However, = The leachate conductivity measured for the refer-
phytosiderophores also form complexes with other ence pots are very stable and, for some points, are
metals such as zinc, copper and manganese, sawo to three times lower than for maize and rye
increasing their rate of uptake by enhancing the grass, indicating that the vegetation increases the
metal mobility in the rhizosphere. The high concen- mobility of ionic species. In the same way, COD
trations of copper and lead could thus be explained concentrations leached from pots without plants are
in the same way, by the property of these elements also lower than in the presence of vegetation. Thus,

3.2. Leachate study

Figure 2 and Table Il reveal that the pH of the

Agriculture and Environment
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Figure 2. Evolution, over four months of pH, Eh, conductivity and DOC concentrations in leachates sampled under sediments culti-
vated with maize, rape and rye grass and under bare sediments (test pots).
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Figure 3. Evolution, over four months of Zn, Cd, Cu and Pb concentrations in leachates sampled under sediments cultivated with

maize, rape and rye grass and under bare sediments (test pots).
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Table Ill. Results of the Kruskal-Wallis test on leachate characteristics and comparison of the median values for two
significantly different populations. Abbreviations used: T: test pots without plants; M: maize; RA: rape; Ry: rye grass;
= when the populations studied are not significantly different.

pH Eh Cond. DOC Zn Cd Cu Pb Mn Fe P Volume
Test pots/maize = T<M T<M T<M T<M T<M T<M T<M T<M = T<M M<T
Test pots/rape Ra<T T<Ra = T <Ra = = T<Ra T<Ra T<Ra = Ra<T Rax<T
Test pots/rye grass = T<R T<R T<R T<R = T<R T<R T<R = T<R R<T
Maize/rape Ra<M = Ra <M = = Ra<M = Ra<M Ra<M = Ra<M =
Maize/rye grass = = = Ry <M = = = Ry<M Ry<M = = =
Rape /rye grass Ra<Ry = Ra < Ry = = = = = = = = =

the establishment of a vegetal cover induces a large hardly extractable forms, are progressively evolving
increase of organic compounds in solution which to more exchangeable forms. As a consequence, the
could be produced either by the plants themselves oxidation of reduced dredged sediments is cited to
(root exudates) or by the micro organisms activity. be one of the primary mechanisms leading to a
This activity can be enhanced by the release of higher mobility of heavy metals.
some labile carbon by the plant and the better aera- o gpservation can be made concerning the
tion of the matrix (better development conditions). behaviour of copper and lead. These two elements
Figure 3 shows the evolution of heavy metal con- show higher concentrations in leachates between
centrations from June to October. Differences the beginning of August and the end of September,
appear between the concentrations of heavy metalswhich coincide with high concentrations of DOC.
leached from contaminated sediments with and Copper and lead are well known to exhibit a great
without vegetation. For zinc, lead, cadmium and affinity for the organic matter [22]. In sediments [8]
copper the concentrations of heavy metal leached and in soil solution [13], a large part of lead and
from the pots with plants are higher than for the ref- copper is associated with organic matter. Thus, two
erence pots. These results reveal the impact of possible explanations can be given for the evolution
plants on the physico-chemical characteristics of of these elements: (1) Cu and Pb are complexed and
the sediment, which so seem to induce an evolution maintained in solution by the labile organic carbon
of the trace element contents in solution. produced in solution by vegetal and microbial activ-
ity; (2) the higher aeration of the sediment matrix
and the production of labile organic carbon by the
vegetation (root exudates) may lead to an increase

At this stage, different mechanisms can be
inferred from these observations to explain the

enhanced mobility of the metallic pollutants. . . - . i
Firstly, as cited above, it seems that the root system OT m|crob|al_act|V|ty and to t_he increase of ae_:roblc
biodegradation of the organic matter present in sed-

development induces a maodification of the sedi- . i »
ment structure, leading to an oxidation of the iment [20]. Enhanced degradation and solubilisa-

matrix. The consequences of such a dredged sedi-tion of organic matter in the presence of a veggtal
ment oxidation on metal speciation and mobility cover may thus Increase the releasg of metal ions
were studied by many authors [8, 15, 24]. During which are associated _to organic substrates.
this process, the sulphide minerals contained in the D€gradation of the organic matter has been report-
anaerobic sediments are oxidised, so liberating pro- ed by Maass and_ .M'e.h“Ch [19] as the process gov-
tons and sulphates in solution. As a consequence,em'ng the SQIUb'“Sat'On.Of copper an_d lead from
the leaching waters generally exhibit a conductivity dredged s_edlmer_1t deposits. _However, in the absence
increase. Moreover, one of the most important con- of vegetation, this process IS su_pposed to be very
sequences of the sediment oxidation lies in the fact SIOW and to last over geological time-scales.

that the heavy metal speciation is greatly affected  An evolution with time is equally obvious for all
by this process. In most cases, the heavy metal the plants studied and for reference pots. At the end
chemical forms, initially present as sulphide and of the monitoring, a slight decrease in the pH of the
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sediment solution is measured. This coincides with However, the changes in pH induced by rape
the increase in the mobilisation of zinc, cadmium, seem to have little effect on heavy metals mobility
iron and copper. Since the acidification is also compared to the other species. Conversely, the
observed for reference pots, it cannot be due to the increase of DOC and ionic species concentrations
growth of the vegetation. It can thus be concluded in solution show a larger impact on heavy metal
that the oxidation-acidification is, instead due to the mobility.

oxidation of the sediment by the incoming water.  Nevertheless, in order to evaluate the total impact
Such a behaviour has already been observed on arpf these sediment deposits on their environment,
experimental deposit, set up in order to evaluate the these primary results have to be completed by a
impact of polluted dredged sediments on an agri- field study to take into account the physical para-
cultural soil [24]. meters, as the decrease of hydric transfer through-
out the profile due to evapotranspiration and the

However, the pH decrease measured in leachatesye reaqe of runoff due to hydric and eolian erosion.

is not confirmed by an evolution of the sediment )
matrix pH which stays at 7.4 from the beginning to Temg:ngl‘vvtlﬁggaegn:iiﬂlttslj\:\é? mgr?ks?h C?()?"(’)'}?ngﬁg?‘m'e
the e_nd of the monitoring perlt_)d. This can be_ (Douai) and M. Pavageot of the “Voies Navigables de
explained by the fact that the sediments used in this £ ance” for their technical help.

study contain an important quantity of calcite [11].

Hence, the evolution of the pH of the matrix is very

weak because the calcite dissolution acts as a buffer5 References
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