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Abstract: The understanding of the behaviour and fate of contaminants 
in soils, sediments and dredged materials is essential to deal with their 
management. In the present study, heavy-metal contaminated anoxic 
sediments originating from different locations in Flanders (Belgium) were 
exposed to oxidizing conditions during 20 weeks in order obtain a better 
insight in the release of elements during oxidation.  
Heavy metal release during oxidation was in accordance with the 
evolution of porewater pH, which was on its turn determined by the acid 
neutralizing capacity (ANC) of the sediments. Three categories of 
sediments could be distinguished based on the evolution of sediment and 
porewater composition during oxidation. Clay content was an important 
factor in determining the ANC, whereas the total metal load was not 
indicative for the potential release of heavy metals.  Moreover, the 
precipitation of Fe-(hydr)oxides or the formation of secondary minerals 
influenced heavy metal concentrations released into the porewater, 
pointing to the importance of mineralogical sediment characterisation in 
the environmental impact assessment. 

Keywords: acid neutralizing capacity, heavy metals, leaching, pH, 
porewater. 
 
Resumo: A compreensão do comportamento e destino dos contaminantes 
nos solos, sedimentos e materiais dragados é essencial na sua gestão. 
Neste estudo, sedimentos anóxicos contaminados com metais pesados 
originários de diferentes localizações da Flandres (Bélgica), foram 
expostos a condições oxidantes durante 20 semanas de modo a obter-se 
uma melhor compreensão da libertação de elementos durante o processo 
de oxidação. 
A libertação de metais pesados durante este processo esteve de acordo 
com a evolução do pH da água intersticial que, por sua vez, foi 
determinada pela capacidade de neutralização ácida (ANC) dos 
sedimentos. Com base na evolução da composição dos sedimentos e da 
água intersticial durante a oxidação distinguiram-se três categorias de 
sedimentos. O conteúdo em argilas foi um factor importante na 
determinação da ANC, ao passo que a carga total de metais não deu 
indicações sobre o potencial de libertação de metais pesados. Além disso, 
a precipitação de Fe-hidróxidos e a formação de minerais secundários 
influenciaram as concentrações de metais pesados libertados na água 
intersticial, relevando a importância da caracterização mineralógica dos 
sedimentos na avaliação do impacto ambiental. 

Palavras-chave: capacidade de neutralização ácida (ANC), metais 
pesados, lixiviação, pH, água intersticial. 
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1. Introduction 

Freshwater sediments can act as a sink for heavy metals in rivers 
and lakes, but the storage of heavy metals in sediments is not 
irreversible since changing environmental conditions can result in a 
release of heavy metals from these sediments or from sediment-
derived particles that are resuspended. The understanding of the 
behavior and fate of heavy metals and other contaminants in these 
sediments is essential to deal with their management. Especially in 
systems involving solid-solution interactions it is important to 
know how heavy metal mobility is influenced by geochemical and 
biological processes. Besides the information on actual heavy 
metal mobility, predictions about the long-term behavior of 
pollutants are necessary to perform a risk assessment. Even a small 
change in a chemical or physical property of the sediment substrate 
can reduce its capacity to adsorb (or keep adsorbed) heavy 
materials. With respect to dredged or resuspended sediments, the 
most important processes that can cause a release of heavy metals 
are the oxidation of anoxic sediments (e.g. Cappuyns et al., 2007, 
Piou et al., 2009). Additionally, alluvial soils and sediments with a 
low ANC are vulnerable for acidification (Kuyper, 1996). In 
general, a high organic matter-, calcium carbonate- and clay-
content of the sediments caused the pollutants to remain tightly 
bound to the sediments (Japenga & Salomons, 1993), but changes 
that reduce the organic matter or calcium carbonate content may 
enhance the bioavailability and leaching of pollutants. Changes in 
physico-chemical conditions (especially pH and redox potential) 
brought about, for example, by the oxidation of anoxic sediments 
during resuspension (caused by dredging operations and 
bioturbation) and disposal of sediments on land can lead to the 
release of associated trace metals. Increasing oxygen 
concentrations due to water quality improvements can enhance the 
mobility of trace metals which may result in the leaching of 
sediment-bound metals to overlying surface water, even in 
undisturbed watercourses (De Jonghe et al., 2012). Resuspended, 
particulate-bound contaminants are remobilized into the water 
column, not only altering surface water quality, but also becoming 
bioavailable and thus having a considerable ecological impact 
(Roberts, 2012). A more detailed knowledge and estimation of 
potential heavy metal release upon oxidation can be helpful to take 
adequate measures in sediment management or to restrict certain 
management options such as dredging and on-land disposal of 
sediments in vulnerable areas. 
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The risk for heavy metal release upon oxidation of sediments 
is often assessed by the determination of acid volatile sulfides and 
simultaneously extracted metals (AVS-SEM) (Kelderman and 
Osmann, 2007). However, this method suffers some operational 
drawbacks and a lack of sensitivity (Landner and Reuther, 2004). 
In a review of methods to predict metal toxicity in sediments, 
Simpson and Batley (2007) stated that careful measurement and 
reporting of sediment composition, metal partitioning between 
porewater and sediments, and porewater pH are considered as 
minimum data requirements to deduce sediments quality 
guidelines. 

In the present study, the oxidation of sediments was 
investigated by monitoring porewater composition during sediment 
oxidation and by pHstat leaching tests on oxidized sediments. 
Therefore, sediments with a different composition (different CEC, 
organic matter content and grain size distribution) were selected to 
assess the influence of total metal load, CEC, organic matter 
content, grain size distribution and mineralogy on heavy metal 
release upon oxidation. Particular attention was paid to the 
mineralogical sediment composition and the formation of 
secondary minerals upon oxidation. 

2. Materials and methods 

2.1. Sampling locations 

Samples were taken from the Dijle river and some tributaries of the 
Nete river (Figure 1, Table 1). The Dijle river is a located in central 
Belgium and has a total length of 88 km, a flow rate between 5 and 
33 m3/s and a catchment area of approximately 1200 km2 
(Schneiders & Wils, 1993). The most important towns along the 
Dijle are (starting from the source): Ottignies, Wavre, Leuven and 
Mechelen. The main tributaries of the Dyle are the rivers Demer (in 
Werchter, Rotselaar municipality), and the Zenne at the Zennegat 
in Mechelen, where also the canal Leuven-Mechelen connects. One 
km further downstream, the Dijle flows into the Rupel river. The 
Dijle river has been polluted in the past by waste water discharge 
from small industries, agriculture and households. 

 
Fig.1. Map showing the 7 sampling locations. 
 
Fig.1. Mapa com a localização das 7 amostras. 

The Diepteloop, Kneutersloop and Steenhovenloop (Figure 1) 
are small rivers (< 5 km long) belonging to the Nete catchment. 
The Diepteloop flows through the municipality of Beerse, where 
the river has been polluted by the waste water discharge of two 
non-ferro metallurgical plants until 2005. As a consequence, river 

sediments are still moderately contaminated with Cd. Because of 
the high cost of the clean-up of the contaminated sediments, the 
remediation of the river has been postponed. 

The Kneutersloop and the Steenhovenloop flow through the 
(former) industrial terrain of a non-ferro metallurgical plant in the 
municipality of Olen. Some parts of these rivers have been 
straightened and in their most downstream part they flow under the 
Bocholt-Herentals Canal before ending up in the Kleine-Nete river. 
The river sediments are highly contaminated with Zn, Cd, Co, Ni 
and Cu. 

The sediments were sampled with a Van Veen grab and 
transported to the laboratory in a sealed container, whereafter 
experiments immediately started. 

Table 1. Overview of the sampling locations (ID = identification number). 

Tabela 1. Visão geral da localização das amostras (ID = número de identificação). 

 

2.2. Physico-chemical sediment characterization 

The water content of the sediment was calculated by weight 
difference before and after drying at 105°C. Grain size was 
determined by laser diffraction analysis (Malvern� Mastersizer 
S long bed) and cation exchange capacity (CEC) was analyzed 
applying the ‘silver thiourea method’ (Chhabra et al., 1975). 
Mineralogy was studied combining X-ray diffraction (XRD, 
Philips®, Co-target, λ=1.79 Å) and optical petrography. 
Diffractometer settings were 30 kV, 30 mA, 10–75° 2θ, step 
size 0.04° 2θ and 2 s counting per step. Preconcentration was 
achieved by separating different fractions of the waste material 
according to magnetic properties (Franz isodynamic separator, 
McAndrew, 1957) and grain size. Clay mineralogy was 
determined on orientated clay preparates. Although the Walkley 
and Black method (Nelson & Somers, 1986) was used to 
estimate the organic carbon content in the sediments, the results 
will not be discussed in this paper. Total element 
concentrations (As, Ca, Cd, Cr, Cu, Fe, Mg, Mn, K, Ni, Pb, and 
Zn) were determined in all the samples. The term ‘total’ is used 
here as the amount of metals dissolved according to the 3 acid 
dissolution method. Therefore, one gram of each sample was 
dissolved in a 3-acid mixture (4 mL HCl(conc), 2 mL 
HNO3(conc) and 2 mL HF(conc)) in a Teflon beaker. The 
mixture was gently heated on a hot plate until half dry and 
subsequently reattacked with the same three acids and heated 
until completely dry. The residue was redissolved with 20 mL 
HCl (2.5 mol/L) and filtered (Whatman 45). Finally, the 
solution was diluted to 50 mL with distilled water. These 
solutions were analyzed by AAS (Varian Techtron AA6) for 
Zn, Ca, Fe, K, Mg and Al and by ICP-MS (HP 4500 series) for 
As, Cd, Cr, Cu, Ni, Pb, and Mn. A certified reference material 
(GBW07411 Soil) and sample duplicates were used for quality 
control. Values (in mg/kg) obtained were for Cd:25.9 (certified 
value 28.2 ± 1.3), Zn: 3630 (certified value 3800 ± 300), Ni: 
22.3 (certified value: 24.2 ± 2.1), Cu: 62.9 (certified value 65.4 
± 4.7) and Pb: 2810 (certified value 2700 ± 100). All reagents 
used for analysis were of analytical grade. All glassware was 
acid rinsed with HNO3 0.2 mol/L before usage. 
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2.3. Ripening and oxidation of sediments 

Approximately 3 L of wet sediment sample was placed in a 
polyethylene container (dimensions 1 m x 0.5 m x 0.3 m) in 
which Rhizon Soil Moisture Samplers (Rhizon SMS, 
Eijkelkamp, The Netherlands) were inserted horizontally at a 
distance of 5 cm from the sediment surface. The Rhizon SMS, 
which causes minimal disturbance of the sediment, has the 
advantage that it can be left in place throughout the entire 
experiment. The oxidation of the sediments was followed for a 
period of 20 weeks. At regular time intervals, (1 to 2 times a 
week), porewater (approximately 10 mL) was extracted from 
the sediments and pH and element concentrations were 
measured in the porewater. Immediately after sampling, the 
porewater sample was acidified with a drop of concentrated 
HNO3 and kept in a refrigerator until analysis. Part of the 
porewater sample was put aside without addition of acid to 
analyse sulfate. After porewater sampling, the sediment was 
rewetted if necessary, in order to have a constant moisture 
content (field capacity) and to avoid the sediment to dry out. It 
was not the purpose of this study to investigate the influence of 
wetting and drying cycles, as this has already been done in 
several other studies (Du Laing et al., 2009, Hartley et al., 
2010). The permanent inundation of alluvial sediments and 
aquatic sediments on metal mobility has also been studied 
(Vink et al., 2010) to evaluated its feasibility as a management 
option, but it was concluded that reduction of alluvial 
sediments may not necessarily result in efficient metal trapping. 

2.4. Determination of acid neutralizing capacity and 
associated heavy metal release (pHstat experiment) 

The acid neutralizing capacity (ANC) of sediments after oxidation 
and ripening was measured by means of an automatic multititration 
system (Titro-Wico Multititrator®). The samples were dried at 
30°C, homogenized and sieved (< 2 mm). 80 g of the < 2 mm 
fraction was put in an Erlenmeyer flask together with 800 mL of 
distilled water and placed on a horizontal shaking device. A pH-
electrode (pH Hamilton Single pore electrode) and an automatic 
titration dispenser were attached to each flask and connected to a 
computer. The titration of the suspension was performed at setpoint 
pH 4 with a HNO3-solution (1 mol/L). Based on the amount of acid 
neutralized after 4 days (96 h), the acid neutralizing capacity of the 
sediments was calculated (Cappuyns et al., 2004). At regular time 
intervals (0, 0.5, 1, 3, 6, 12, 24, 48, 72, and 96 h), a sample of the 
suspension was taken over a filter (0.45 µm Acrodisc, Pall, East 
Hills, NY) by means of a syringe attached to a flexible tube (For 
more details see also Van Herreweghe et al., 2002). For 2 samples 
(#2 and #3), which already had an initial pH close to 4 or below 4 
after ripening, ANC and associated heavy metal release were 
determined at pH 3. 

2.5. Analysis 

In the porewater and the pHstat suspension samples, sulfate was 
measured by turbidimetry (Vogel, 1961). For the ICP-MS 
(HP4500) analysis, the samples were diluted with 5% HNO3 
(ultrapure). Standard series were made up starting from the '10ppm 
Multi-Element Calibration Standard-2A in 5% HNO3' (Hewlett 
Packard, Palo Alto, CA). An Indium (In) internal standard was 
applied to both samples and standards. The spectroscopic 
interference of ArCl, which has the same m/z as As (75) was 
corrected according to the recommendations of the EPA (method 
200.8, Brockhoff et al., 1999). Each ICP-MS measurement was 
carried out with three repetitions holding relative standard 
deviations below five percent. Standard deviation between 

triplicate extractions was less than 5 %. Accuracy was also checked 
by measuring standard solutions as unknown samples. 

In the final pHstat leachates, electrical conductivity (18.34 EC-
meter, Eijkelkamp) and redox potential (Mettler Toledo Pt 4805-
S7/165 Combination redox electrode) were also determined 

3. Results and discussion 

3.1. General sample characteristics 

Grain size distribution is variable in the different samples, going 
from clay-rich sediments (sample #7) to sandy sediments (e.g. 
samples #1, #2 and #4) (Table 2). The different grain size 
composition of the sediments is also reflected in considerable 
differences in CEC values, going from 24.4 cmol/kg in the most 
clay-rich sediment (sample #7) to 1 cmol/kg in the most sandy 
sediment (sample #2). A linear correlation was found between clay 
content and CEC (r2 = 0.97). The sediment with the highest clay 
content (sample #7) also contains the highest concentrations of Fe, 
Mg, Ca and K, which are constituents of clay-minerals. The major 
mineralogical phases found in the sediments were quartz, illite and 
chlorite (Table 2). 

Table 2. Concentrations of major elements, grain size, cation exchange capacity and 
mineralogy of the sediments (Q = quartz, chlo = chlorite, ill = illite). (ID = 

identification number). 

Tabela 2. Concentrações dos elementos maiores, tamanho do grão, capacidade de 
troca catiónica e mineralogia dos sedimentos (Q = quartzo, chlo = clorite, ill = ilite). 

(ID = número de identificação). 

 

All the sediments analysed in this study are contaminated with 
one or more heavy metals (As, Cd, Cr, Cu, Co, Ni, Pb, Zn) (Table 
3). Background values for heavy metals in river sediments are also 
provided as a reference. These values represent background 
concentrations for As, Cd, Cr, Cu, Co, Ni, Pb, and Zn in a 
reference sediment with a clay content of 11 % and an organic 
carbon content of 5% (De Cooman & Detemmerman, 2003). No 
background values are provided for Co. Nevertheless, attention will 
be paid to this element because of the very high concentrations 
measured in sample #3 (Table 3). 

Table 3. Concentrations of arsenic, heavy metals and manganese in the river 
sediments (ID = identification number). 

Tabela 3. Concentrações de arsénio, metais pesados e manganês nos sedimentos do 
rio (ID = número de identificação). 

 
Ref = reference values for background concentrations 
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3.2. Sediment pH before and after oxidation 

The pH of the sediments was measured in the porewater extracted 
with Rhizon Soil Moisture samplers. The composition of interstitial 
water is the most sensitive indicator of reactions that take place 
between pollutants, solid particles and the aqueous phase. 

Initially, all the sediments had a near neutral to slightly 
alkaline pH (pH porewater 7.2-8.0) (Table 4). Upon ripening, pH 
generally decreased, but this decrease was not equal for all 
sediments. In some samples (samples #4, #5, #6 and #7), no 
significant pH decrease of the porewater was observed during 
ripening.  

Contrary, in samples #2 and #3, the pH decrease was very 
pronounced, as a pH value of less than 5 was attained at the end of 
the ripening period (Table 4). Sediment #1 was characterized by an 
intermediate pH decrease, resulting in a final pH between 6.8 and 
5.5. 

After oxidation, most sediments still displayed a considerable 
acid neutralizing capacity (ANC, Table 4). Since pH is one of key 
parameters controlling heavy metal behaviour in the oxidized 
sediments and changes in pH upon addition of protons on their turn 
are determined by the acid neutralizing capacity of sediments, the 
assessment of ANC is necessary to make predictions on heavy 
metal mobility on the long term. The sediments with an important 
pH-decrease during oxidation (sediments #1, #2 and #3) are all 
characterized by a low ANC after the ripening period. Further 
addition of protons to these sediments (e.g. by acid deposition), 
will rapidly result in a further decrease of sediment pH and in the 
release of heavy metals (see 3.6). 

Table 4. Initial and final pH measured during ripening (ID = identification number). 

Tabela 4. pH inicial e final medido durante a maturação (ID = número de 
identificação). 

 
1ANCpH 4 for sediments #1, #4, #5, #6, #7 and ANCpH 3 for sediments #2 and #3 

3.3. Evolution of sediment pH during ripening 

The evolution of pH with time for sediments #1, #2 and #4 is 
presented in Figure 2 .In sediments #4 to #7 (only sediment #4 is 
presented in Figure 2), pH was more or less constant during 
oxidation and ripening and no significant fluctuations in pH were 
observed during the experimental period. In sediment #1, pH 
decreased gradually from 7.9 to 5.5. Towards the end of the 
ripening period, pH was more or less stable in all the sediments.  

In some sediments, different stages could be distinguished in 
the evolution of pH as a function of time: In sediment #1, pH was 
initially 7.5-7.8 and remained around 7 during the first 7-14 days.  
After this more or less constant stage, a decrease in pH was 
observed until more or less the fourth week, when a pH–value of 
around 6 was reached. Finally, pH remained almost constant or 
increased slowly during the following 2-3 weeks.  A similar 
evolution of pH with time was observed in a previous study of a 
sediment from the north-eastern part of Belgium (Cappuyns al., 
2007). 

In sediment #2, the initial constant stage was absent, as pH 
immediately started to decrease until day 20, where after only a 
minor decrease in pH was observed. This indicates that the acid 

neutralizing capacity of sediment #2 is lower compared to the other 
sediments and/or that more acidity is produced during oxidation. In 
sediment #4, porewater pH remained nearly constant around a pH 
value of 7, because of the high acid neutralizing capacity of this 
sediment and the lower release of protons into the porewater upon 
oxidation. 

 
Fig.2. Evolution of the pH of the porewater of sediments #1, #2 and #4 during ripening. 
 
Fig.2. Evolução do pH da água dos poros dos sedimentos #1, #2 e #4 durante a 
maturação. 

3.4. Element release into the porewater upon oxidation 

For ecological considerations, the concentrations of heavy metals 
in the porewater are of primary importance because metal mobility 
and availability are related closely to the composition of the liquid 
phase (Brummer et al., 1986). Although the Flemish legislation on 
soil remediation does not include intervention values for heavy 
metals in porewater, intervention values for heavy metals in 
groundwater (OVAM, 1995) can give an indication of the extent of 
the contamination. Therefore, a comparison with Intervention 
values for As (20 µg/L), Cd (5 µg/L), Zn (500 µg/L), Ni (40 µg/L), 
Cd (5 µg/L), Cu (100 µg/L, Pb (20 µg/L), and Cr (50 µg/L) was 
made. 

In samples #4 to #7, the pH of the porewater was rather 
constant during the ripening period (Table 4) and the 
concentrations of heavy metals released into the porewater (Table 
5) was generally below intervention values for groundwater 
contamination. Compared to the sediments #1, #2 and #3, the 
release of heavy metals into the porewater is one or two orders of 
magnitude lower. 

Intervention values for heavy metals in groundwater were 
exceeded for almost all previously mentioned elements in the 
porewater of sediments #1, #2 and #3. Alarming concentrations of 
at least two heavy metals are measured in the porewater of each of 
these sediments, pointing to the severe potential environmental 
impact of these sediments upon oxidation. Especially sediments #2 
and #3 seem of concern because of the extremely high 
concentrations of Cd, Cu, Ni, Zn and Co that are released into the 
porewater (Table 5). In sediments #2 and #3, the elevated heavy 
metal concentrations were even visible as the color of the 
porewater turned green (sediment #2) or pink (sediment #3). This 
can be explained by the formation of colored aqua complexes of Ni 
(Ni(H2O)6

2+ complex ion, green) (sediment #2), Co (Co(H20)6
2+, 

pink) (sediment #3) and Cu (Cu(H20)6
2+, red). 

Table 5. Concentrations of Ca, Fe, SO4
2-, heavy metals and As in the porewater at 

the end of the ripening period. 

Tabela 5. Concentrações de Ca, Fe, SO4
2-, metais pesados e As da água dos poros dos 

sedimentos durante a maturação. 

 



Element release during sediment oxidation 45 
 

According to themodynamic calculations with VisualMinteq 
(Allison et al., 1999; Gustafsson, 2007), Co mainly occurs as 
hydrated complexes in the porewater of sediments #2 and #3, 
whereas for Cu and Ni, hydrated sulfates are dominant. 

In Figure 3, the evolution of Zn-concentrations in the 
porewater of two sediments with a total Zn-concentration of 
respectively 138 mg/kg (sediment #1) and 498 mg/kg in the solid 
phase (sediment #7) is presented. In sediment #7, porewater pH 
remained almost constant during the 20 weeks oxidation period. 
The porewater pH of sediment #1, however, significantly 
decreased to a value of 5.5. This considerable pH-decrease was 
accompanied by a significant release of heavy metals and sulfate 
into the porewater. Surprisingly, when comparing sediments #1 
and #7, the most important release of Zn was measured in the 
sediment with the lowest total Zn-concentration in the solid phase 
(i.e. sediment #1). This can be explained by the more important pH 
decrease, resulting in a release of Zn adsorbed on sediment 
components. In general, for all the sediments studied, porewater pH 
was a more important factor than the total element content in the 
solid phase to explain heavy metal release into the porewater 
during oxidation. 

 
Fig.3. Evolution of Zn-concentrations and pH in porewater of  sediments #1 (a) and #7 
(b) with time. Mind the different unit for Zn-concentrations in sediment #1 (mg/L) and 
#7 (µg/L). 
 
Fig.3. Evolução das concentrações de Zn e pH da água dos poros dos sedimentos #1 (a) 
e #7 (b) ao longo do tempo. As concentrações de Zn apresentam diferentes unidades 
nas amostras #1 (mg/L) e #7 (µg/L). 

Besides heavy metals, concentrations of Ca, Al and Fe were 
also measured in the porewater (Table 5). Dissolution of CaCO3 
and Al- and Fe-(hydr)oxides are the most important buffer 
reactions in sediments (Calmano et al., 1993). During the oxidation 
of anoxic sediments, Fe also originates from the oxidation of Fe-
sulfides. Concerning the amount of sulfate and major elements in 
the porewater, different situations could be distinguished. Very 
high concentrations of sulfate and Fe were released into the 
porewater from sample #3, whereas only small sulfate 
concentrations were found in the porewater of sediments #4 and #7 
(Table 5). Slightly higher sulfate concentrations are found in the 
porewater of sediment #7 compared to sediment #1 at the end of 
the oxidation period, which may give the impression that more 
sulfides were oxidized in sample #7.  However, the sulfate 
concentrations in the porewater on day 28 (Figure 3) were higher in 
sediment #1 compared to sediment #7, which is in accordance with 
the more important pH decrease in sediment #1. 

It can also be argued that the acidity generated by the 
oxidation of sulfides was better buffered in sample #7 than in 
sample #1, for example by the dissolution of carbonates. Ca 
concentrations released into the porewater were indeed much 
higher in sediments #7 compared to sediment #1(Table 5, Figure 
3). A decrease in sulfate concentrations in the porewater of both 

sediments was observed after 28 days (Figure 3), most likely as the 
result of readsorption and precipitation (calcium sulfate) reactions. 
The pH decrease is due to chemical oxidation and intensified by 
microbiological activity (Calmano et al., 1993, Lors et al., 2004). 
Additionally, temperature and oxygen have an influence on the 
oxidation rate of sulfides in sediments (Löser et al., 2006). 
However, the study of microbiological processes and influences of 
temperature and oxygen on oxidation reactions in sediments was 
not within the scope of this paper and will not be addressed 

3.5. Precipitation of secondary minerals 

pH is one of the key parameters explaining heavy metal mobility in 
soils and sediments (Calmano et al., 1993). However, also other 
factors, such as the precipitation of Fe-(hydr)oxides or the 
formation of secondary minerals influenced heavy metal 
concentrations measured in the porewater.  

In anoxic sediments, Fe dominantly occurs as Fe-sulfides, 
which can be in amorphous or crystalline (e.g. pyrite (FeS2), 
mackinawite (FeS)) form. According to Schoonen & Barnes 
(1991), pyrite (Fe2S) has slower oxidation kinetics in comparison 
to Fe-monosulfides, so this may also influence the ripening 
processes in the sediment. Morse (1994) showed that pyrite 
oxidation commonly occurs during sediment resuspension and 
dumping of dredge spoils on land. Since both the oxidation of FeS 
and the oxidation of Fe2+ through O2 (Davison & Seed, 1983) are 
fast, both reactions are likely to occur in parallel upon exposure of 
the sediments to oxidizing conditions. Under oxidizing conditions, 
Fe2+ will oxidize to Fe3+ and precipitate as Fe(hydr)oxides. During 
precipitation of Fe(hydr)oxides, not only coprecipitation of metals 
can occur, but also adsorption of metals on the freshly formed 
Fe(hydr)oxides. Fe(hydr)oxides could not be detected by XRD 
analysis because freshly precipitated Fe(hydr)oxides are still in 
amorphous form, but the change in sediment color from black to 
brown/orange indicated the precipitation of Fe(hydr)oxides. The 
precipitation of Fe(hydr)oxides can also be deduced from the 
decrease in Fe-concentrations in the porewater after an initial 
increase in concentration the beginning of the oxidation experiment 
(e.g. for sediment #1 and #7 in Figure 3). Additionally, the 
concurrent decrease in Ca- and SO4

2- concentrations in the 
porewater of sediment #1 (Figure 3) can be related to the 
precipitation of calciumsulfate (not detected by XRD analysis.  

Besides the formation of ‘normal’ minerals occurring in soils 
and sediments, such as of Fe(hydr)oxides, other minerals can also 
be formed upon oxidation of sediments. For example, after 3 
weeks, pink crystals appeared on the surface of one of sediments 
that was highly contaminated with Co and Ni (sediment #3). The 
pink crystals were analysed by XRD: they consisted of several 
heavy-metal containing minerals: Siegenite (NiCo2S4), 
Nickelbloedite (Na2[Ni,Mg][SO4]2.4H2O) and Shadludite 
([Cu,Fe]8[Pb,Cd]S8) (Figure 4). 

 
Fig.4. XRD pattern of the precipitate from sample #2. 
 
Fig.4. Padrão de DRX para o precipitado da anostra #2. 
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On sediment #2, green colored crystals appeared on the 
surface of the sediment. No XRD- analysis of the precipitate could 
be performed, but calculations with VisualMinteq suggested that 
the porewater extracted from sediment #2  is supersaturated with 
respect to the following heavy-metal containing minerals: NiO 
(green color) or brochantite (Cu4SO4(OH)6), a green, hydrated 
copper sulfate, or malachite (Cu2CO3(OH)3), a green hydrated 
copper carbonate. 

3.6. Acid neutralizing capacity and associated heavy metal 
release from oxidized sediments 

In the present study, clay-rich sediments mostly displayed a higher 
ANC than sandy sediments which resulted in a less important pH-
decrease during oxidation and a more limited release of heavy 
metals After oxidation, sediment #7 still displayed a considerable 
acid neutralizing capacity (ANC), whereas the other sediments 
were characterized by an ANC below 1000 mmol/kg (Figure 5). 

 
Fig.5. Release of Zn, Ni and As and evolution of ANC during pHstat leaching of 
oxidized sediments at pH 4 (sediments #1, #4, #5, #6 and #7) or pH 3 (sediments #2 
and #3). 
 
Fig.5. Libertação de Zn, Ni e As e evolução de ANC durante lixiviação de sedimentos 
oxidados a pH 4 (sedimentos #1, #4, #5, #6 e #7) ou pH 3 (sedimentos #2 e #3). 

Between 30 and 85% of the total amount of Zn and Cd (Figure 
5) that remained in the sediments after oxidation was released 
when pH dropped to 3 (#2 and #3) or 4 (#1, #4, #5, #6 and #7). In 
the case of Co and Ni, less than 40% of their remaining total 
concentration was released during pHstat leaching, except in the 
case of sediment #3 where the Ni- and Co-containing secondary 
minerals were redissolved upon pHstat leaching, as showed by the 
disappearance of the colored crystals in the sediment. From 
sediment #7 also more than 40 and 60 % of the total Ni and Co 
content was released after 96h pHstat leaching, but it only concerns 

low amounts in absolute values because the total content of these 
elements in sediment #7 was low (22 mg/kg for Ni and 9 mg/kg for 
Co, Table 3). For Cu (Figure 5), a very low release of less than 5% 
of the total Cu content in the samples was measured, except for 
sediments #2 and #3, which can again be attributed to the 
dissolution of Cu-containing secondary minerals. An important 
release of Pb at pH 4 (Figure 5) was only observed in sediment #1 
(19% of the total Pb content was released at pH 4), while the 
release of Pb from the other sediments was always below 5% of the 
total Pb content of the sediments. This also points to a low mobility 
of Pb in the sediment with the highest total Pb content (sediment 
#3, with a total Pb content of 379 mg/kg). Arsenic was only 
released in low quantities during acidification, because of its 
occurrence as anion in sediments and thus higher affinity for 
positively charged surfaces of sediment particles (Figure 5). 

4. Conclusion 

Since dredged sediments can act as a chemical time bomb, the 
prediction of the fate of contaminants in dredged sediments is of 
primary importance. The removal of extremely polluted sediments 
from a river is often urgent since the sediments act as a secondary 
source of pollution. In the present study, porewater pH was the 
most important factor explaining heavy metal release during 
oxidation. Clay-rich samples mostly displayed a higher acid 
neutralizing capacity than sandy samples, which resulted in a less 
important pH-decrease during oxidation and a more limited release 
of heavy metals. Besides the effect of pH, the formation of (heavy 
metal-containing) secondary minerals should also be taken into 
account when the potential release of heavy metals is evaluated. 

Based on the evolution of sediment properties and the release 
of heavy metals into the porewater upon sediment ripening and 
oxidation, the sediments could be grouped in 3 different categories: 

• Sediments with an elevated acid neutralizing capacity 
(ANC) and/or sediments containing a low amount of reactive 
sulfides, as reflected by a limited release of sulfate into the 
porewater upon oxidation and a small decrease in pH. (samples #4, 
#5, #6, #7). 

• Sediments with a medium acid-neutralizing capacity. 
(sample #1). 

• Sediments with a low acid neutralizing capacity and a 
high amount of reactive sulfides, as reflected by an important 
decrease in pH upon oxidation and a considerable release of 
sulfate. (samples #2 and #3). 

Oxidising conditions (by resuspension, dredging, overbank 
flooding) and the subsequent pH-decrease will cause a dramatic 
release of heavy metals from the sediments with a low acid 
neutralizing capacity and a high amount of reactive sulfides. Our 
experiments indicate that the ‘natural’ oxidation of these sediments 
in a confined disposal site will release an important amount of 
heavy metals, especially, Zn, Ni, Cd, and Co. Therefore, aeration of 
the sediments and washing with water can be considered as a first 
step in sediment remediation. In the case of urgent dredging 
operations, the temporary (during the dredging works) disposal of 
the sediments along the river is not recommended since extremely 
high metal concentrations will be released from the sediment. 
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