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1  Introduction

Harbor dredging to maintain or deepen waterways generates 
large quantities of sediments worldwide annually (Mymrin 
et al. 2017). Europe alone produces over 300  million m3 
per year (Crocetti et al. 2022). Dredged harbor sediments 
are variable mixtures of water, minerals, and organic matter 
(OM), often containing a wide variety of pollutants. Evalu-
ating the impact of perturbing such sediments for instance 
by dredging and relocation and, nowadays, the feasibility 
of potential reuse in an ecosystem context (Vermaat et al. 
2005) requires information on physical and chemical sedi-
ment properties, particularly the potentially toxic metals 
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Abstract
Purpose  Vast amounts of harbor sediments are being dredged every year globally. These sediments are often enriched in 
potentially toxic elements (PTEs), the abundance and potential mobility of which are important for sustainable harbor man-
agement practices. In this study, we investigate metal (especially PTE) distribution, abundance, and reactivity in sediments 
along a salinity gradient in the waterways of Europe’s largest harbor, the Port of Rotterdam.
Materials and methods  Bulk surface sediments were analyzed for general physicochemical properties (e.g. grain size, total 
metal concentration). From selected locations covering the local salinity gradient, sediments were subjected to three inde-
pendent chemical extractions to determine chemically reactive metal pools. Additionally, metal retention in two contrasting 
sediments (high versus low salinity) was further explored using pH-dependent leaching experiments in combination with a 
geochemical model.
Results and discussion  The majority of the investigated sediments consisted predominantly of silt and were rich in organic 
matter. Concentrations of Cd, Pb, Zn, Cu decreased with increasing salinity. Concentrations of Al, Fe, V correlated nega-
tively with grain size, because these geogenic metals are enriched in fine-grained silicates. Results from the chemical metal 
extractions showed clear differences in the reactivity and mobility potential of metals, that could be grouped into four clus-
ters. The combined chemical and modeling results indicate that sorption onto metal (oxyhydr)oxides and organic matter as 
well as precipitation of metal sulfides and carbonates control metal retention. High reactivity and mobility potential were 
observed for Pb, Cd, Zn, particularly at low pH. Limited spatial variability in metal chemistry along the salinity gradient 
indicates that the highly variable depositional conditions have little impact on metal behaviors.
Conclusions  Chemical extractions and pH-dependent leaching experiments revealed distinguishing metal reactivities from 
four clusters. Our results provide insight into metal distribution in the dynamic estuarine environment of the Port of Rot-
terdam and highlight the importance of understanding chemical speciation in addition to abundance for harbor sediment 
management.
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or elements (PTEs). Assessing the risk of PTEs requires, 
beyond quantification of the total metal concentrations 
(Rodrigues et al. 2010), insight into the chemical forms in 
which metals are present, which controls PTE reactivity and 
potential mobility (Couvidat et al. 2017).

The reactivity of metals (particularly PTEs) depends on 
the proportion of the total metal concentration that is bio-
geochemically reactive (Römkens et al. 2009; Miranda et 
al. 2021). The reactive metal fraction is available for inter-
action with the dissolved phase, on short time scales of less 
than seconds up to days, through processes such as sorption/
desorption and (surface) precipitation/dissolution reactions 
(Groenenberg et al. 2017). The extent of these interactions 
(which can mobilize metals) depends on metal speciation. 
For instance, metals precipitated as carbonates, bound to 
metal (oxyhydr)oxides or OM are relatively labile pools 
that can be (re)mobilized when environmental conditions 
(redox, pH) change. By contrast, metals sequestered in 
silicates represent a relatively recalcitrant pool from which 
metal release is limited (Rodrigues et al. 2010). Sediment 
dredging and relocation introduces changes in environmen-
tal conditions (e.g. pH, redox, salinity) that can affect metal 
mobility and fate, the extent of which can be estimated 
with insight into the chemical distribution of PTE in the 
sediments.

Wet chemical extractions are commonly used to investi-
gate metal retention mechanisms and estimate overall metal 
reactivity in sediments. Single-step extractions for deter-
mining the reactive metal fraction involve strong complex-
ing agents (e.g. ethylenediaminetetraacetic acid (EDTA) or 
dilute acids (e.g. HCl, HNO3) with various concentrations, 
reacting durations and temperatures (Rodrigues et al. 2010; 
Cappuyns 2012; Brady et al. 2016; Gil-Díaz et al. 2019). 
Many studies used 1  M HCl (1–24  h) to extract reactive 
metals from marine and estuarine sediments (Burton et 
al. 2006; Larner et al. 2008; Choi et al. 2012; Leleyter et 
al. 2012; Morgan et al. 2012; Gil-Díaz et al. 2019). These 
extractions can release metals associated with carbonates, 
acid-volatile sulfides (AVS), poorly crystalline Fe/Mn (oxy-
hydr)oxides, and from surface sorption sites of OM and 
clay minerals (Claff et al. 2010; Morgan et al. 2012; Job et 
al. 2020). Another widely applied extraction method uses 
dilute HNO3 to determine reactive metal concentration in 
both soils and sediments (Dijkstra et al. 2004; Römkens et 
al. 2009; Groenenberg et al. 2017; Sakan et al. 2021; Gao 
et al. 2022). Groenenberg et al. (2017) reported 0.43  M 
HNO3 extraction recovered more than 90% of reactive 
metals predicted by a geochemical model. The procedure 
standardized as ISO 17586:2016 using 0.43 M HNO3 has 
therefore been proposed in the Dutch regulatory framework 
to assess the potential environmentally available metals in 
soils and soil-like materials (ISO/TC 190 2016; Vink et al. 

2017). Although 1 M HCl and 0.43 M HNO3 extractions are 
relatively fast and cheap to estimate reactive metal concen-
trations in both soil and sediments, they are not intended to 
provide information on chemical forms of metals.

To distinguish different pools of metals in sediment, 
sequential wet chemical extractions are based on the suc-
cessive exposure of a solid sample to extractant solutions 
of increasing strength and/or of different characteristics 
(Burton et al. 2006; Kraal et al. 2013; Zhang et al. 2014). 
Typically, sequential extraction protocols can differenti-
ate between metals from highly reactive fractions such as 
exchangeable and pH-sensitive pools to less reactive frac-
tions such as crystalline (oxyhydr)oxides and OM-bound 
metals. Although these metal pools are operationally defined 
and thus do not provide direct information on metal species, 
they may offer insights into metal pools and retention rele-
vant to metal reactivity and potential mobility (Zimmerman 
and Weindorf 2010; Vollprecht et al. 2020).

In addition to chemical metal fractionation, the actual 
mobilization of reactive metals (i.e. transfer from the solid 
to the liquid phase) is of prime environmental concern 
because it affects surface water and groundwater quality. 
The metal mobilization process is strongly influenced by 
pH of the surrounding environment (Król et al. 2020). The 
pH levels influence solubility of (heavy) metal carbonates, 
sulfides and labile (oxyhydr)oxides. Additionally, an impor-
tant part of reactive (heavy) metals are associated with 
solid phase through adsorption on minerals (e.g. clay, Fe/
Al (oxyhydr)oxides) or organic surfaces with a pH-depen-
dent charge (Patricia et al. 2006; van der Sloot et al. 2007; 
Groenenberg and Lofts 2014; Król et al. 2020) and hence 
also pH-dependent desorption. This results in a general 
increase in metal leaching with decreasing pH, where dis-
solved metal concentrations can vary orders of magnitude in 
response to environmentally relevant pH changes (Dijkstra 
et al. 2004). Geochemical multi-surface models, consider-
ing metal adsorption to various soil constituents (i.e. organic 
matter, (oxyhydr)oxides, clay minerals), have successfully 
predicted solid-solution partitioning and speciation of PTEs 
in soils with a wide range of physiochemical properties 
(Dijkstra et al. 2009; Groenenberg and Lofts 2014; Gao et 
al. 2022). Hence, combined detailed chemical metal frac-
tionation, pH-dependent leaching behavior and chemical 
modeling may provide a valuable toolbox with which to 
assess metal retention, reactivity and mobility in soils and 
sediments.

To assess the potential meal leaching as a consequence 
of dredging, we investigated relationships between depo-
sitional conditions, sediment properties and detailed metal 
distribution in sediments with different salinities. Sediments 
from the Port of Rotterdam (PoR), one of the world’s major 
ports and an area of intense (chemical) industrial activity 
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are deposited under a salinity gradient from the seaside to 
the inland, resulting in contrasting environmental condi-
tions that temporally vary as a result of tidal change. We 
compared two commonly used single-step extractions (1 M 
HCl and 0.43 M HNO3) for estimating the fraction of reac-
tive metals, with a six-step sequential extraction for metal 
fractionation. We performed pH-dependent leaching experi-
ments to obtain a better understanding of metal retention and 
specifically sorption processes, and thereby provide insight 
into potential metal mobilization processes under oxidation-
acidification scenario’s associated with sediment distur-
bance. We modeled the solid-liquid partitioning of reactive 
metals as a function of pH using a mechanistic multi-sur-
face adsorption model. Outcome of the experiments and 
the modeling is potentially of importance in policy making 
for sediment management practices and environmental risk 
assessment.

2  Materials and methods

2.1  Study area and sample collection

The Port of Rotterdam is located in the Rhine-Maas estuary 
in Zuid-Holland. Every year, dredging activities in the PoR 
yield 12–15  million m3 of dredged materials with chemi-
cal properties that result from the mixed marine and ter-
restrial origin, with an important impact (contamination) 
from human activities (Kirichek et al. 2018). Sediments 
are mostly extracted via hopper dredgers and transported to 
coastal disposal sites in the North Sea or, in case of con-
taminated sediment, to a confined facility for submerged 
long-time storage. In the summer of 2021, a sampling cam-
paign was conducted in the PoR waterways during which 
sediment was sampled at 49 locations throughout the harbor 
(Fig. 1). Sediments down to ∼ 50 cm sediment depth were 
collected using a gravity corer. On deck, the content of the 

corer was emptied into 2-L polypropylene buckets that were 
closed, stored at 4 °C and transported to Royal Netherlands 
Institute for Sea Research (NIOZ) within a few days. Here, 
porewater was immediately extracted and sub-samples for 
chemical analyses were taken and stored frozen. All 49 
sediment samples were subjected to total elemental com-
position analysis in porewater and solid phase. Sediments 
from 13 locations (red in Fig. 1), different in salinity and 
contamination levels (Kirichek et al. 2018), were selected 
from the riverine–marine continuum and further applied 
for three independent chemical extraction procedures. Two 
sediments from site 115 and site 21 A, where the major 
amounts of marine and riverine sediments being dredged 
respectively (Kirichek et al. 2018), were also used in the 
humic substances extraction and the pH-dependent leaching 
experiment.

2.2  Porewater analysis

Bulk sediments were thoroughly homogenized with a spat-
ula in the buckets. Approximately 40 mL of wet sediment 
were transferred into 50 mL polypropylene centrifugal tubes 
(Falcon) and centrifuged at 3000 rpm for 20 min (HERMLE 
Z 446). In a N2-purged glove bag, the porewater was imme-
diately filtered using 0.45-µm nylon syringe filters (MDI) 
and sub-sampled for various analysis (Table 1). Due to the 
limited porewater volume, salinity was estimated based on 
porewater sodium concentration relative to the average sea-
water sodium concentration of seawater with a salinity of 35 
(Steele et al. 2010; IJsseldijk et al. 2015).

2.3  Solid phase analysis

The sediment residues after centrifugation were stored at 
− 20 ºC under N2 prior to further analysis. Before homog-
enizing and subsampling, the sediment residues were left in 
a N2-purged glove bag overnight to thaw. One subsample 

Fig. 1  Sampling locations in waterways of the Port of Rotterdam, the Netherlands. Red dots indicate key sites covering the land-to-sea (riverine-
to-marine) transition; these sediments were used for detailed chemical metal analysis in addition to bulk sediment properties
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of freeze-dried sediment was subjected to total digestion 
(2.5:1:1.5:1 concentrated HF/HNO3/HClO4/HCl, details in 
supplementary information). The digest was diluted with 
in-house, sub-boiled double-distilled 1  M HNO3 prior to 
element analysis by HR-ICP-MS (Thermo Scientific, Ele-
ment 2). Triplicates were included for four samples in total 
digestion. The RSD was < 5% between the triplicates for 
all here reported elements. A marine sediment reference 
material (MESS-3, National Research Council of Canada) 
was digested and analyzed in triplicate. The recoveries were 
90–100% for all elements (except 85% for V) with RSD’s 
from 4 to 7%.

Freeze-dried sub-samples (∼ 0.25  g) of thoroughly 
ground sediment from 13 selected sites (indicated in red 
in Fig. 1) were transferred into sets of three 15 mL Falcon 
tubes for three independent chemical extractions (Table 2): 
a sequential extraction modified from Tessier et al. (1979), 
1 M HCl extraction (24 h) (Morgan et al. 2012), and 0.43 M 
HNO3 extraction (2 h) (Groenenberg et al. 2017). For each 
extraction step a volume of 10 mL of extraction solution 
was used. Samples were centrifuged at 3000 rpm for 20 min 
following each extraction step. The supernatant was filtered 
through 0.45-µm nylon filters, except for the concentrated 
HNO3 step at the end of the sequential extraction. From 
these samples, 0.1 mL of the supernatant was pipetted into 
4.1 mL 1 M HNO3. The ‘residual’ (refractory, non-reactive) 
metal fraction (F7; Table 2) was calculated as the difference 
between metal concentration from total digest and the sum 
of fractions 1 to 6 of the Tessier sequential extraction. The 
sum of F1–6 can be considered ‘reactive’ in the sense that 

of wet sediment residue (∼ 1 g) was added to 50 mL of 3 g 
L− 1 sodium pyrophosphate solution, followed by gently 
hand shaking for particle disaggregation. The bulk grain 
size distribution was measured by the Coulter laser particle 
sizer (Beckman Coulter), from which percentages of clay 
(0–2 μm), silt (2–63 μm), sand (63–2000 μm) and D50 (i.e. 
median grain size) were obtained. Another subsample of 
wet sediment residue (∼ 10  g) was freeze-dried (Hetosicc 
freeze drier) for 72 h and manually ground with agate pestle 
and mortar. The freeze-dried sediments were further sub-
sampled for various analyses.

One freeze-dried sub-sample (∼ 10 mg) was used for total 
carbon (TC) analysis by a CN element analyzer (Thermo 
Scientific, FLASH 2000). To determine total organic carbon 
(TOC), a separate sub-sample (∼ 0.5 g) was decalcified with 
1 M HCl and subsequently analyzed by the CN analyzer. 
For TC and TOC analysis, sediments from 115 to 21 A were 
analyzed in triplicate, which showed a relative standard 
deviation (RSD) < 10%. To quantify the adsorption surface 
of OM for two contrasting sediments used in pH-dependent 
leaching experiment (Sect. 2.4 and 2.5), separate sub-sam-
ples of the freeze-dried sediments (∼ 2.5 g) from site 115 
and 21 A were subjected to the rapid batch procedure for 
humic acid (HA) and fulvic acid (FA) extraction according 
to van Zomeren and Comans (2007). The extracted HA and 
FA in form as dissolved organic carbon (DOC) were mea-
sured by a carbon analyzer (Shimadzu).

To determine the total concentrations of metals of inter-
est in sediment (i.e. Al, As, Cd, Co, Cr, Cu, Fe, Mn, Mo, 
Ni, Pb, V, Zn), a thoroughly ground sub-sample (∼ 0.1 g) 

Table 1  Porewater pre-treatment and analysis. Porewater metal measurement included Al, as, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, V, Zn, na
Analyte Pre-treatment Storage (ºC) Measurement
NO3

−, NO2
−, NH4

+ None −20 ºC Continuous flow analyzer (TRAACS 800+)
HPO4

2−, Si Acidified to pH ∼ 1 with 4 M suprapur HCl 4 ºC Continuous flow analyzer (TRAACS 800+)
DIC Diluted 10× in degassed 25 g L− 1 NaCl 4 ºC Continuous flow analyzer (QUAATOR)
Metals Diluted 30–900× in 1 M double distilled HNO3 4 ºC HR-ICP-MS (Thermo Scientific, Element 2)

Table 2  The three chemical extractions used in this study. F1–F6 refers to the sequential extraction, and the calculated residual fraction (total minus 
sum of steps F1–F6) is denoted as F7. F3, F4, F5 were modified from Tessier et al. (1979) to accommodate for the data requirement in geochemi-
cal modeling
Fraction Extraction Target phase Term Reference
F1 1 M MgCl2 (1 h) Exchangeable MgCl2 (Tessier et al. 1979)
F2 1 M Na-acetate/acetic acid, pH 4.5 (50 ºC, 5 h) Bound to pH-sensitive pool (i.e. 

carbonates, acid volatile sulfides)
ACE (Tessier et al. 1979)

F3 50 g L− 1 Na3-citrate/50 g L− 1 NaHCO3/20 g L− 1 ascor-
bic acid, pH 8 (24 h)

Bound to poorly ordered, easily 
reducible oxides

ASC (Tessier et al. 1979; 
ISO/TC 190 2012a)

F4 0.35 M acetic acid/0.2 M Na3-citrate/50 g L− 1 Na-dithi-
onite, pH 4.8 (60 ºC, 4 h)

Bound to reducible oxides DITH (ISO/TC 190 
2012b)

F5 0.2 M NH4-oxalate/0.2 M oxalic acid, pH 3 (4 h) Bound to crystalline oxides OXA (ISO TC/190 2012c)
F6 Concentrated HNO3 (60 ºC, 6 h) Bound to OM, pyrite HNO3 (Keon et al. 2001)
F7 - Residue Residue -
- 1 M HCl (24 h) Reactive metals RM HCl (Morgan et al. 2012)
- 0.43 M HNO3 (2 h) Reactive metals RM HNO3 (ISO/TC 190 2016)
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Ni2+, Cu2+, Cd2+, Pb2+, Zn2+) in sediment from two contrast-
ing locations: 115 (marine) and 21 A (riverine). The geo-
chemical model considered: specific and/or non-specific 
sorption processes onto particulate (SOM) and dissolved 
(DOM) organic matter based on the NICA-Donnan model 
(Kinniburgh et al. 1999); sorption to Fe/Al (oxyhydr)oxides 
based on the generalized two-layer model (GTLM) (Dzom-
bak and Morel 1991; Meima and Comans 1998); sorption 
to clay minerals based on Donnan model (Kinniburgh et al. 
1999). The ASC-extractabel Fe (oxyhydr)oxides and the 
OXA-extractable Al (oxyhydr)oxides (for methodological 
details, see Table 2) were both assumed to have a specific 
surface area of 600 m2/g (Dzombak and Morel 1991), while 
the DITH-extractable Fe (oxyhydr)oxides were assumed to 
have a specific surface area of 100 m2/g (Hiemstra et al. 
1989). Both SOM and DOM were represented by HA in the 
model with the assumption that HA consists of 50% car-
bon. The reactive SOM was derived from total reactive OM 
(i.e. HA/FA extraction, see Table S4) and reactive DOM 
in the leachates (i.e. total reactive OM = HA + FA = reac-
tive SOM + reactive DOM). The detailed model description 
is elaborated in Dijkstra et al. (2004). The default values 
of sorption parameters were used in the model, while the 
required input data (Table S4) such as reactive surface con-
centrations and reactive metal concentrations were obtained 
from sediment analyses and the pH-dependent leaching 
experiments.

2.6  Data analysis

Data analysis was conducted in RStudio. Hierarchical clus-
tering analysis (R packages: ‘cluster’, ‘factoextra’) was 
used to group metals with similar chemical fractionation 
patterns. The optimal number of clusters was determined 
by k-mean approach (Elbow method). A principal compo-
nent analysis (PCA) was performed to study the relationship 
between sediment metal contents and other geochemical 
properties. Input data was normalized prior to PCA analysis. 
The analysis was performed in RStudio with the package 
‘FactoMineR’.

3  Results

3.1  General characteristics of sediments and 
deposition environment

The salinity measured in the pore-waters from the investi-
gated sediments ranged from 0.7 in the eastern, river-dom-
inated area to 30.5 in the western, marine-dominated area 
(Fig.  2). At most stations (42 out of 49), sediments were 
silt-rich (silt fraction > 60%) with D50 < 25 μm (Table 3). 

these metals can react in the sedimentary environment on 
timescales of seconds to hundreds or thousands of years 
(Canfield et al. 1992; Poulton and Canfield 2005). As such, 
reactivity here extends beyond the timescales of short-term 
reactivity and mobility probed by single-step HNO3 and 
HCl extractions – metal pools extracted by the latter two 
extractions are referred to as highly reactive. The elements 
of interest in the mixtures were analyzed by HR-ICP-MS. 
Sediment from station 115 was included in triplicate in 
the 0.43 M HNO3 extraction and 1 M HCl extraction, with 
RSD < 5% for all elements (except Mo, which showed an 
RSD of 11%). Extractions were performed at room temper-
ature (20 ºC) if not specified; extractions at elevated tem-
perature were performed in a water bath with thermostat. 
All chemicals used were of analytical grade or higher. To 
test the effect of sample treatment (freeze-drying, grinding) 
on metal distributions, untreated sub-samples of the anoxi-
cally thawed wet sediment were included in the extraction 
procedures.

2.4  pH-dependent Batch leaching experiments

Sub-samples of the freeze-dried and ground sediments from 
two locations with contrasting porewater salinity (115 as 
marine, and 21 A as riverine) were used in a pH-dependent 
leaching experiment aimed to determine pH-sensitivity of 
metals to provide insight into the mechanisms involved 
in metal retention versus availability. Approximately 3  g 
of sediment were subjected to batch leaching for 48  h in 
50-mL Falcon tube at various pH levels ranging from 2 to 
10 adjusted by manually adding 0.1 − 5 M HNO3 or NaOH 
(EMSURE ACS, Reag.). The sediment was kept in suspen-
sion by shaking horizontally on a shaking table (Edmund 
Bühler SM30) at 125 rpm. At 0 h, 0.5 h, 2 h, 4 h, and 44 h, 
the tubes were briefly opened for pH measurement using a 
ROSS pH electrode (Thermo Fisher Scientific) and, if nec-
essary, readjusted to the target value with small additions of 
0.1 − 5 M HNO3 or NaOH. After 48 h, the experiments were 
terminated. Equilibrium was assumed to be achieved as the 
pH changes between 44 h and 48 h were less than 0.3. Sus-
pensions were filtered using 0.45-µm nylon syringe filters, 
followed by liquid analysis detailed as in Sect. 2.2 and 2.3, 
including measurement of Al, Ba, Ca, Fe, K, Mg, Mn, Na, 
SO4, Si, Sr, Cd, Pb, Ni, Cu, Zn, Cr, V, As, Co, PO4, DIC, and 
DOC in the leachates.

2.5  Multi-surface sorption modeling

A multi-surface sorption model (Dijkstra et al. 2004) con-
structed in the ORCHESTRA software (Meeussen 2003) 
was used to explore metal speciation and subsequently pH-
dependent leaching behaviors of seven PTEs (Cr3+, Co2+, 
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3.2  Chemical metal fractionation

In contrast to total metal concentrations, chemical frac-
tionation showed similar patterns for the individual metals 
across PoR depositional environments (Fig. 3 for selected 
metals; remaining measured metals are shown in Supple-
mentary Information, Fig. S2). High variability in leaching 
behavior between individual metals rather than between 
depositional environments was also reflected in hierarchical 
clustering analysis: the total within-cluster sum-of-squares 
was relatively low between depositional (location) clusters 
(Fig. S3) compared to metal clusters (Fig. 4). Additionally, 
we observed sediment pre-treatment (i.e. freeze-drying 
and grinding) had limited impact on metal chemical frac-
tionation (Fig. S4). Compared to anoxic wet pristine sedi-
ments, pre-treated sediments showed higher recovery rate 
and more homogeneity. Thus, our interpretation is based on 
the freeze-dried ground samples.

For the four metal clusters, we present the chemical frac-
tionation results for representative PTEs (Cr, Ni, Cu, Pb) 
from each cluster (Fig. 3). Cluster 1 (Al, Cr, V) showed a 
dominant residual (refractory, unreactive) fraction gener-
ally > 0.6, for Al even > 0.8. Metals in Cluster 2 (Fe, Ni, 
Co, As) showed relatively low reactivity as reflected by a 
relatively large, combined pool (0.5–0.8) of residual and 
concentrated HNO3-extractable (poorly reactive) metals. 
Cluster 3 metals (Cu, Mo) occurred predominantly in a 
form that was extracted by strong reducing agents (so likely 
associated with crystalline metal (oxyhydr)oxides), but also 
showed a large exchangeable (MgCl2-extractable) fraction 

Based on salinity and D50, depositional settings were clas-
sified into six categories, of which the mean values of key 
parameters are presented in Table 3. In silt-rich sediments, 
TOC values ranged from 9.0 to 1.7%, showing a decreas-
ing trend with increasing salinity (R2 = 0.69, Fig.  2). The 
small subset of more sand-rich sediments (D50 > 50, sand 
fraction > 45%) showed relatively low TOC (0.4–2.0%) that 
was negatively correlated with D50 (R2 = 0.55, Fig. 2).

The concentrations of metals showed strong spatial 
variability. Metal concentrations were higher in silt-rich 
sediments compared to sand-rich sediments (Table 3). This 
applied to both Dutch regulated PTEs (As, Cd, Co, Cr, Cu, 
Mo, Ni, Pb, V, Zn) and non-regulated metals (Al, Fe, Mn). 
Specifically, most PTEs showed similar distributions pat-
terns as TOC: highest concentrations occurred in silt-rich, 
low-salinity sediments (e.g. 2.15 ± 0.66  mg kg− 1 for Cd) 
and lowest concentrations in sand-rich, high-salinity sedi-
ments (e.g. 0.18 mg kg− 1 for Cd). Compared to the aver-
age concentrations of PTEs in Dutch marine clay deposits 
(later referred as ‘background concentration’; Mol et al. 
2012), enrichment (defined as the ratio of PTE concentra-
tion to background concentration) was observed for most 
investigated PTEs in silt-rich sediments (Fig. S1 a), with the 
greatest enrichment (i.e. 4–10 times the background con-
centrations) observed for Cd, Cu, and Zn in the silt-rich, low 
salinity sediments. However, despite this enrichment, PTE 
concentrations in both sediments and porewaters mostly 
remained below the Dutch sediment intervention values 
(Fig. S1b, Table S2) and groundwater intervention values 
(Table S3).

Fig. 2  TOC content of 49 sedi-
ment samples taken throughout 
the PoR area. Sediments were 
classified into low salinity 
(0–10), medium salinity (10–25), 
high salinity (25–35), and silt-
rich (> 60% silt, D50 < 22 μm) 
versus sand-rich (> 45% sand, 
D50 > 54 μm). The trendlines 
with R2 represent the linear 
regression relationships of TOC 
with salinity (p-value < 0.001 
for silt-rich sediments; 
p-value = 0.057 for sand-rich 
sediments)
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results, as shown in Fig. 6. Both the experiment and model 
showed highest fractions of leached metals at low pH (< 4), 
minimum metal release at circumneutral pH, and slightly 
enhanced metal solubility at high pH. Although slightly 
elevated metal concentrations were observed at higher pH 
compared to circumneutral pH, the released fraction at pH 
10 accounted for less than 5% of total metal contents. The 
results of the multi-surface sorption modeling indicated that 
metals were predominantly adsorbed metal (Al, Fe) (oxy-
hydr)oxides with, for some metals such as Cd and Cu, a 
significant SOM-complexed fraction (Fig. S7).

Furthermore, the leaching trends were similar for the 
marine (115) and riverine (21 A) sediment. Sediment from 
the riverine location showed slightly elevated leached con-
centrations over the entire pH range, while sediment from 
the marine location exhibited larger leached metal fractions 
(except Ni). This observation aligned well with their metal 
extraction results, where slightly larger reactive fractions of 
Cd, Pb, Zn and Cu were found in sediment from the marine 
location.

(0.05–0.25) compared to Cluster 1 and 2. Cluster 4 metals 
(Pb, Mn, Cd, Zn) were present mostly in the pH-sensitive 
pool that was extracted at acetate/acetic acid-buffered pH 
4.5.

The sequential extraction results provided chemical con-
text to interpret the results from the single-step 1 M HCl and 
0.43 M HNO3 extractions. For Cluster 4, the most reactive 
metals, we observed good agreement between highly reac-
tive and reactive metal fractions as determined by single-
step and sequential extraction, respectively (Fig.  5). For 
the other clusters, with larger fractions of more stable, less 
reactive metal pools, we observed an increasing discrepancy 
between highly reactive (dilute HNO3 or HCl) and reactive 
(F1–F6 of sequential scheme). The notable exception to this 
trend was Mo, which was only limitedly soluble in either 
1  M HCl or 0.43 HNO3. The 1  M HCl (24  h) extraction 
generally dissolved a larger proportion of the total sediment 
metal pool compared to 0.43 M HNO3 (2 h).

3.3  pH-dependent leaching: experimental and 
modeling results

In the pH leaching experiment and the associated model-
ing, we continued our focus on four PTEs (Cr, Ni, Cu, Pb; 
the remaining PTEs in Fig. S5) representing four deter-
mined clusters. In general, good agreement in trends was 
observed between the pH leaching results and the model 

Table 3  Mean values with standard deviations of key parameters and metal contents from six depositional settings. Full datasets for individual sites 
are provided in the supplementary information (table S2, S3)

Silt-rich (n = 42) Sand-rich (n = 7)
High salinity 
(n = 16)

Medium salinity 
(n = 13)

Low salinity 
(n = 13)

High salinity 
(n = 1)

Medium salinity 
(n = 2)

Low salin-
ity (n = 4)

salinity 28.9 ± 1.3 14.9 ± 3.4 5.3 ± 3.5 25.6 12.9 ± 3 1.9 ± 1.1
clay fraction (%) 9 ± 2 8 ± 1 7 ± 2 7 4 ± 1 5 ± 1
silt fraction (%) 78 ± 6 79 ± 3 76 ± 5 35 31 ± 5 38 ± 9
sand fraction (%) 12 ± 5 13 ± 3 17 ± 5 58 65 ± 6 57 ± 10
D50 (µm) 12 ± 2 13 ± 1 15 ± 3 113 121 ± 42 106 ± 41
TIC (wt%) 2.6 ± 0.5 2.4 ± 0.4 1.8 ± 0.7 1.5 1.6 ± 0.2 1.4 ± 0.4
TOC (wt%) 2.6 ± 0.5 4 ± 0.6 5.4 ± 1.3 0.4 0.9 ± 0.3 1.6 ± 0.5
Al (g kg− 1) 47.6 ± 6 57.8 ± 3 57.3 ± 6.6 17.6 26.5 ± 1.5 28.4 ± 1.8
Fe (g kg− 1) 28 ± 4 35 ± 2 35 ± 4 8 11 ± 2 14 ± 4
Mn (g kg− 1) 0.6 ± 0.1 1.2 ± 0.16 1.24 ± 0.49 0.17 0.38 ± 0.11 0.43 ± 0.12
As (mg kg− 1) 17 ± 2 21 ± 3 21 ± 2 6 7 ± 1 10 ± 4
Cd (mg kg− 1) 0.52 ± 0.13 1.81 ± 1.14 2.15 ± 0.66 0.18 0.33 ± 0.16 0.7 ± 0.31
Co (mg kg− 1) 9 ± 1.2 13.3 ± 0.9 14.5 ± 1.9 3.2 4.8 ± 0.9 6.5 ± 1.3
Cr (mg kg− 1) 78 ± 12 114 ± 22 129 ± 41 33 36 ± 8 99 ± 99
Cu (mg kg− 1) 30 ± 8 71 ± 22 97 ± 28 6 13 ± 5 27 ± 11
Mo (mg kg− 1) 1.29 ± 0.31 1.3 ± 0.29 1.63 ± 0.72 0.35 0.34 ± 0.01 0.51 ± 0.27
Ni (mg kg− 1) 29 ± 4 44 ± 8 48 ± 7 9 13 ± 2 19 ± 3
Pb (mg kg− 1) 48 ± 9 100 ± 28 132 ± 44 17 24 ± 5 68 ± 42
V (mg kg− 1) 85 ± 15 94 ± 8 86 ± 13 22 26 ± 6 27 ± 3
Zn (mg kg− 1) 164 ± 38 404 ± 118 550 ± 145 45 88 ± 34 244 ± 176
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assess sediment quality and potential environmental impact. 
The investigated PTEs, some (e.g. Cd, Cu, Zn) despite being 
substantially enriched compared to their background con-
centrations (4–10 times the average concentrations in Dutch 
marine clay deposits), were mostly below the Dutch inter-
vention values (Fig. S1b, Table S2) due to the continuous 

4  Discussion

4.1  Spatial distribution of metals in the PoR

While our results indicate large differences in reactivity 
between metals, total metal abundance is commonly used to 

Fig. 3  Chemical fractionations of Al, Fe, Cu, Mo, Pb in the PoR sediments based on three chemical extraction methods
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Fig. 6  Measured (circles) and modeled (dashed lines) concentrations 
of Cr, Ni, Cu, and Pb released from sediment into solution as function 
of pH, for two contrasting sediments (115 as marine, 21 A as river-
ine). Leached metals were also expressed as fractions (bars) of the total 

metal concentration. Primary (left) y-axis and secondary (right) y-axis 
stand for fraction and concentration. Also included are leaching results 
for 0.43 M HNO3 single-step extraction (pH 0.4)

 

Fig. 5  Extractable fractions by three extraction methods for metals in four clusters. The mean values and standard deviations were calculated 
from13 sediment samples

 

Fig. 4  Hierarchical clustering 
analysis using Ward’s method 
(minimum-variance method): 
dendrogram of chemical frac-
tionation based on 13 metals. 
The total within-cluster sum of 
squares (WCSS) indicates the 
statistical dissimilarity between 
clusters. The number of clusters 
was determined from k-means 
approach (Elbow method)

 

1 3

285



Journal of Soils and Sediments (2025) 25:277–291

dynamic hydrological conditions in estuaries due to tidal 
effects, there is limited exchange of sediment between the 
river-dominated and marine-dominated estuarine realms, 
maintaining metal distribution patterns (Dyer 1995; Salo-
mons 2005; McLachlan et al. 2017).

The geogenic metals Al, Fe, and V are enriched in the 
silt-rich sediments compared to sand-rich sediments but 
without a strong effect of salinity (Fig. 7, S2). The abun-
dance of these metals depends on their deposition associ-
ated with fine-grained sediment (rich in silicate minerals 
containing Al, Fe, V) in relatively low-energy parts of the 
river-dominated PoR estuarine area.

Some of investigated metals (As, Co, Mn, Mo, Ni) plot-
ted between the geogenic and anthropogenic metals in PCA 
(Fig. 7). This may result from the interaction of various fac-
tors such as diverse sources and precipitation processes. For 
example, Ni can be of anthropogenic origin but also occurs 
in clay minerals such as serpentines, chlorites, and smectites 
(van der Veer 2006; Griffioen et al. 2016). Furthermore, for 
redox-active metals such as Mn, primary distribution pat-
terns may be altered by (re)mobilization and precipitation 
processes resulting from complex (repetitive) redox succes-
sions in dynamic aquatic environments where bottom sedi-
ments can be resuspended (Aller 1998).

4.2  Metal fractionation and reactivity

Although the total metal concentrations in most of the 
dredged sediments, further relocated to the North Sea 
(Kirichek et al. 2018), were below the Dutch intervention 
levels, substantial enrichment of PTEs (particularly Cd, 
Cu, and Zn) was observed in many samples throughout 
the harbor (Fig. S1a). This highlights the need for a deeper 
understanding of metal reactivity when reuse and valorize 

improvement of sediment quality in the PoR over the past 
decades (Salomons 2005). Currently, more than 90% of the 
dredged sediment in the PoR is classified as ‘clean’ (i.e. 
contaminants, including PTEs, below intervention values), 
and the amount of contaminated sediment is expected to 
further decline (Kirichek et al. 2018). Here, we use spa-
tial differences in the distribution of a broad spectrum of 
metals to unravel key factor controlling metal occurrences 
and speciation in our study area: anthropogenic and natural 
inputs, transport, and metal immobilization processes such 
as adsorption, precipitation, and complexation.

Our results show that concentrations of anthropogenic 
PTEs such as Cd, Cr, Cu, Pb, Zn in the PoR waterways are 
higher in fine-grained sediment compared to coarse, sandy 
sediment (Fig.  7, S2). In addition, these metals are more 
strongly enriched in the low-salinity (river-dominated) part 
of the harbor, where values exceed concentrations found 
in ‘average’ marine deposits (Fig.  7, S2). This pattern of 
heavy metal enrichment firstly reflects their predominant 
terrestrial, anthropogenic source (e.g. traffic, transport, 
sewage, agricultural runoff; Vos and Janssen 2008), which 
is strongest in the eastern, river-dominated PoR area. Nor-
malization to Al is not explaining the observed trend. Addi-
tionally, the metal retention capacity of clays and silts and 
the associated organic matter (TOC strongly correlates with 
these metals; Fig.  7) is much greater than that of marine 
sand, resulting in enrichment in finer sediment. Metals in 
coastal aquatic systems can be concentrated at the interface 
between fresh and salt water due to flocculation and settling 
processes (Biggs 1970; Jilbert et al. 2018). Additionally, 
elevated salinity levels have been shown to have adverse 
effect on the enrichment of heavy metal due to the competi-
tive effect of major cations (e.g. Na, Ca, K) for sorption sites 
on sediment particles (Du Laing et al. 2008). Despite highly 

Fig. 7  Principal components 
analysis (PCA) of key parameters 
and total metal contents of 49 
sediment samples. PC1 and PC2 
explained 59.2% and 22% of the 
total variance, respectively
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Delaney 2000; Kraal et al. 2015). The single-step extrac-
tions showed much higher release of Cu than Mo (Fig. 5). 
The pH leaching experiment further showed that at slightly 
higher pH (2), Cu solubility was limited (< 20%; Fig.  6) 
while Mo was not released into solution. Limited extract-
ability of Mo by dilute HCl or HNO3 was also reported in 
FeS-rich sediments by Morgan et al. (2012) and in various 
types of Dutch and Portuguese soils by Groenenberg et al. 
(2017). The observation that Mo is solubilized by reducing 
agents (ascorbic acid, dithionite) but not dilute acids sug-
gests that Mo in its anionic form is present as molybdate 
(MoO4

2−) which remains adsorbed onto positively charged 
Fe/Al (oxyhydr)oxides that persist at low pH. At high pH, 
desorption under increasing OH− concentrations can result 
in release of these oxyanions, explaining the increased dis-
solved concentrations of As, Mo and V at high pH (Fig. S5). 
This pH-dependent mobility is the opposite of that observed 
for metals that exist as cations in solution such as Cu, Ni and 
Zn (Król et al. 2020). Dissolved Cu did show a relatively 
strong increase at high pH (10) in the leaching experiment 
(Fig. 6), even though the mobilized fraction was very small 
(< 5%). This increased solubility of Cu (and other heavy 
metals such as Cd and Pb) at high pH may be linked to dis-
solution of SOM at high pH (i.e. increased DOM: Fig. S4), 
as it is known to be strongly associated with DOM (Fan et 
al. 2021).

The PTEs Cd, Pb, Zn were grouped with Mn into Cluster 
4, which was characterized by large highly-reactive frac-
tions in the single-step extractions with dilute HCl or HNO3 
(> 0.8 except for Zn) and was distinct from other clusters 
by the large fraction (0.4– 0.7) of acetic acid/acetate (pH 
4.5)-extractable metal (Fig. 3). This latter pool is interpreted 
as a pH-sensitive metal pool, such as metal monosulfides 
and carbonates (Tessier et al. 1979; Poulton and Canfield 
2005). Previous work has shown pH-sensitive nature of 
particulate Cd, Zn, Pb in urban rainwater runoff and river 
sediments (Wiseman 1985; Morrison et al. 1990). In line 
with the results from the (sequential) extraction protocols, 
the pH-leaching experiment showed extensive metal release 
into solution under low pH (Fig.  6). However, the model 
results indicate that Cd, Pb and Zn are mostly associated 
with Fe/Al (oxyhydr)oxides and SOM (Fig. S7), from 
which these PTEs are desorbed under low pH. From our 
results, it is not obvious why the metals in Cluster 4, which 
based on modeling have a similar speciation as other PTEs, 
would have a high acetate/acetic acid (pH 4.5)-extractable 
fraction. Previous work has also found this fraction to be 
an important pool of Cd, Pb and Zn in sediments (Šurija 
and Branica 1995), without being able to explain why these 
PTEs specifically would be ‘carbonate-associated’. Even 
though the sequential extraction and pH-leaching experi-
ment yield similar results, the nature of the pH-sensitive 

dredged sediment as construction or agriculture materials. 
While the total concentration of metals is used to evalu-
ate sediment quality (Brand et al. 2009), potential mobility 
and environmental concerns are a function of the chemical 
forms in which metals exist in soils and sediments. Here, 
we use extensive chemical characterizations of a wide range 
of (hazardous) metals to show large variability in reactivity 
and mobility between metals. Below, we evaluate the reac-
tivity of PTEs and the broader metal clusters (as determined 
here by hierarchical clustering) to which they belong.

Chromium is, depending on its redox state, a potentially 
hazardous metal (Murthy et al. 2022), but in the PoR sedi-
ment shows very low mobility as it is part of the cluster of 
geogenic metals that likely occur in silicate minerals (Clus-
ter 1; Al, Cr, V; Fig. 5). These metals showed very limited 
extractability in all extraction schemes (Figs. 3 and 5) and 
did not dissolve at any pH of the pH leaching experiment 
(Fig. 6). Given the recalcitrant nature of silicate minerals, 
these metals are presumed to exhibit high stability and lim-
ited sensitivity to (abrupt) changing environmental condi-
tions such as introduced by dredging activities (oxidation 
and acidification).

The PTEs As, Co and Ni were part of a metal cluster (2; 
Fig. 5) that showed higher reactive fractions than Cluster 1 
(Figs. 3 and 5). For this cluster, we observed relatively large 
differences between the three extraction methods to deter-
mine the reactive metal fraction, with increasing fractions 
dissolved with increasing strength of the extraction method. 
Half of the reactive fraction should be considered highly 
reactive, the other half is less reactive, likely because these 
metals occurred in association with relatively stable phases 
such as pyrite and OM (Fig.  3) that are not dissolved in 
dilute HCl or HNO3. The relatively low reactivity was fur-
ther illustrated by limited dissolution during the pH leach-
ing experiment (< 25%; highest at low pH; Fig. 6). Here, 
we note that Co was the only metal in this cluster that was 
leached at pH 4–5 (∼ 10%; Fig. S5), indicating it was rela-
tively pH-sensitive. These metals are expected to be stable 
under reducing conditions; sequential extraction indicates 
that major pools are sulfides, OM and silicates. Long-term 
exposure to oxidizing conditions, however, likely result in 
degradation of OM and oxidative pyrite dissolution, result-
ing in release of these metals. Still we hereby note that for-
mation of metal oxides under such conditions can serve as 
secondary sink for heavy metals (Zhang et al. 2014; Hu et 
al. 2022).

Copper formed a metal cluster (3; Fig. 5) with Mo that 
was distinct from Cluster 2 because of a higher fraction 
associated with Fe/Al (oxyhydr)oxides (Fig. 3). Addition-
ally, Cluster 3 showed a relatively large exchangeable frac-
tion, which likely reflects the more loosely sorbed part of the 
Fe/Al (oxyhydr)oxide-associated metal pool (Anderson and 
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and thus these metals can be released through competition, 
for instance as a result of salinity or pH changes. The leach-
ing patterns suggested a sharp release of Pb, Cd, and Zn 
when pH drops from 8 to 5. Such a degree of acidification 
was reported to occur within 8–20 weeks under simulated 
deposition on land (Cappuyns and Swennen 2011). From 
the perspective of sediment management, sediments should 
therefore be viewed not as a permanent sink, but rather a 
significant temporal storage, especially for metals with high 
sensitivity to environmental changes.

The multi-surface sorption model, although initially 
developed to study soil metal mobility, showed a good 
performance in capturing the metal release patterns for the 
investigated sediments. One of the key advantages of this 
model is its process-based feature, which explicitly con-
siders ion binding to heterogeneous reactive surfaces, dis-
tinguishes between electrostatic and ion-specific binding 
mechanisms, and accounts for competition between ions. 
This, combined with its use of generic parameters that have 
been derived over a wide domain of conditions (e.g. pH, 
ionic strength) makes it a robust research tool for applica-
tion beyond soils (Groenenberg et al. 2012), proving useful 
in diverse environments like acid-main-drainage (Butler et 
al. 2008) and waste materials like bottom ash of municipal 
solid wastes (Dijkstra et al. 2008).

Dredged sediment can evolve into soil once deposited 
on land, making the application of this geochemical model 
particularly relevant. The model has demonstrated strong 
performance for cations within a pH range of 3–8 across 
most soils (Groenenberg et al. 2012), which aligns well 
with the pH levels observed in sediments during oxidation 
(Cappuyns and Swennen 2011). Nevertheless, implement-
ing additional processes could further enhance the model’s 
predictive accuracy for sediment, especially under chang-
ing conditions. Examples of processes include (1) metals 
that bind to sulfides and carbonates, which may become 
mobilized during sediment oxidation and acidification; (2) 
the oxidation of OM might alter humic substance concen-
trations, a critical input for the model; (3) the changes of 
Al/Fe/Mn-(oxyhydr)oxide concentrations. Although the 
current model demonstrated a good performance, suggest-
ing that these processes might have limited impact on metal 
leaching in the investigated sediments, further insight to 
these processes is needed to reduce the model uncertainty, 
particularly when it is used for risk assessment of materials 
different from soils.

metal pool remains uncertain. Regardless of the underlying 
mechanism, the pH-sensitive nature of these PTEs makes 
them potentially mobile in response to perturbations such as 
oxidation and acidification induced by dredging activities. 
With regard to the low solubility of metals from clusters 2, 
3 and 4 at high pH (Fig. 6), we note that some sample oxida-
tion during times the pH was adjusted could have contrib-
uted to the pool of iron (oxyhydr)oxides that may adsorb the 
investigated PTEs (Fig. S7). The uptick in dissolved metal 
concentrations at the highest pH indicates that such a poten-
tial artefact was, however, of limited importance and did not 
affect results or conclusions.

4.3  Implications

Understanding the behavior and fate of contaminants in 
dredged sediments is crucial for sustainable sediment 
management. By combining chemical extractions with 
pH-leaching experiments and multi-surface sorption mod-
eling, we provide insight into metal pools in sediments 
from the heavily human-impacted estuarine environment 
of Europe’s largest harbor, the Port of Rotterdam. Because 
harbors worldwide are faced with similar challenges con-
cerning sediment removal and disposal (Piou et al. 2009; 
Förstner and Salomons 2010), our results are more widely 
applicable. Regarding the implications of our findings, 
we note that sediments throughout the Port of Rotterdam 
show heavy metal concentrations that are mostly below 
Dutch intervention values. Earlier work already indicated a 
marked decrease in metal contamination in PoR sediments 
since the 1990s (Salomons 2005). Regarding sediment con-
tamination, there has been a shift from metal contamination 
to pollution with organic (micro)pollutants in recent times 
(Ahmed et al. 2020).

Nonetheless, heavy metals are enriched in many, river-
dominated areas of the Port of Rotterdam compared to 
natural sediment. Furthermore, other harbors or strongly 
human-impacted estuarine/coastal ecosystems worldwide 
contain sediments that are still strongly contaminated with 
heavy metals (Zeng et al. 2022; Naik et al. 2023) and subject 
to perturbations such as natural sediment resuspension and 
dredging. Our results indicate that the reactivity and potential 
mobility of heavy metals in such contaminated sediments is 
strongly dependent on metal species. Specifically, we found 
that the heavy metals Cd, Co, Cu, Pb and Zn have relatively 
high reactive fractions (> 50% of total metal) and can thus 
be expected to have high mobility under specific environ-
mental conditions (Cappuyns and Swennen 2008; Zhang et 
al. 2014). Regarding mobility, we further note that the multi-
surface sorption modeling indicated that the highly reactive 
metal fractions occurred predominantly as Fe/Al (oxyhydr)
oxide- and SOM-adsorbed species; adsorption is reversible 
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5  Conclusions

	● The mobility of metals within the PoR sediments dis-
played large variability due to the diverse metal sources 
and their intrinsic binding properties. Generally, metal 
contents were relatively higher in silt, OM-rich river-
ine sediments. Some PTEs (e.g. Cd, Pb, Zn, Cu, Cr) 
enriched in the low salinity environment were possibly 
contributed from human activities in the urban area and 
historical PTE residues in the sediments.

	● Although the total amount cannot be translated into met-
al mobility, three independent extractions consistently 
suggested certain anthropogenic PTEs (i.e. Cd, Pb, Zn) 
were present in highly reactive forms, such as carbon-
ates, AVS and labile (oxyhydr)oxides. This resulted in 
their sensitivity to even slight sediment acidification, 
witnessed in the pH-dependent leaching experiments. 
In contrast, geogenic metals (e.g. Cr, Ni, Co), largely 
incorporated into clay minerals or pyrites/OM-bound, 
were recalcitrant or poorly reactive.

	● The potential metal mobility depends on the inherent 
reactivity of associated minerals (i.e. four clusters) as 
well as the depositional conditions (e.g. pH, redox po-
tential). The leaching behaviors of PTEs showed strong 
pH-dependent patterns. Although our results do not ex-
plicitly reveal the chemical nature of the pH-sensitive 
metal pool, it is crucial to acknowledge that sediment 
disturbance (e.g. dredging) can lead to oxidation and 
acidification, which may alter metal availability. Hence, 
comprehensive characterization of sediments, together 
with their depositional environments, is indispensable 
for metal mobility prediction.
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