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Highlights 
- A gradient of pollutant mixtures is apparent across sites. 

- Legacy contaminants present in all survey regions at elevated concentrations. 

- Watch list contaminants ubiquitous but at generally low concentrations. 

- Narrow analytical suites will not accurately characterise complex nature of contaminant 

mixtures in sediments.  

 

Abstract  

Extended chemical analyses of fluvial sediments was undertaken to establish the key pollutant 

pressures and mixtures present across nine European Union inland waterways. A wide range of 

chemical components and physical parameters were investigated including substances from the EU 

Priority List and Watch List. The data set was examined for key indicator compounds, however it 

was found that a wide range of pollution pressures were present in the different sediments including 

organic hydrocarbons, metal(liod)s, nutrients, polycyclic aromatic hydrocarbon (PAH), 

polychlorinated biphenyl (PCB) compounds, perfluoroalkyl and polyfluoroalkyl substances and 

pesticides, some of which exceeded regulatory guidance at different sampling points.  The presence 

of such a wide range of compounds, many of which exceeded defined safe concentrations, 

underpins the complex chemical composition of sediments that have acted as sinks for many 

decades absorbing contaminants from urban, industrial and agricultural sources. This dataset has 

been used to describe average overall toxicity of the sediments sampled, a calculation which was 

based on key components identified by PCA analysis and for those that had existing freshwater 

sediment regulatory values.  A total of 33 components were used including PCBs, PAHs, metal(liod)s 

and pesticides. This analysis reflected the contamination of each site, with most indicating some 

level of toxicity during the sampling period.  Watch List chemicals triclosan (TCS) and diclofenac 

(DIC) were also investigated; levels were relatively low, typically 10 -100’s ng L-1, however they were 
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present at all sampling sites.  The dataset is available as a resource for future chemical, and 

toxicological, sediment analysis comparisons. 

Keywords: emerging contaminants, fresh-water sediment monitoring, chemical mixtures pollutant 

cocktail, forever chemicals.  

 

1. Introduction 

Sediments are an important, dynamic part of the aquatic ecosystem providing habitat for benthic 

organisms[1] but also acting as a significant sink with the potential to accumulate and store a large 

range of contaminants.[2] Following significant improvements in surface water quality it is now 

expected that sediments could act as a large source of secondary contamination for organisms 

present within the wider aquatic ecosystem.[2-4]  Despite this recognised importance there are only 

limited guidelines for fresh water sediments.[5] Further to this most studies of potential toxicity are 

targeted to small groups or classifications of compounds such as metals or polyaromatic 

hydrocarbons. Such studies fail to represent the full range of chemical mixtures present in a 

sediment and thus their potential combined toxicity. To address this there is great need for 

comprehensive monitoring to assess broader matrix and potential cocktail of pollutant pressures 

present.[6] [7]  

Since the introduction of the tighter regulations requiring more extensive monitoring, including 

directives such as the EU Water Framework, Priority List and Nitrate Directives, driving 

improvements in waste water treatment waterways have become cleaner.[8] Regulation has driven 

technologies to both clean and monitor waterways for many contaminants. However, sediments 

still act as sinks for contaminants, potentially released decades before these intentions, storing 

compounds for many years. When disturbed, a large cocktail of contaminants can then be 
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remobilised into the water column, leading to sediments being considered as a potential pollution 

source and, as such, requiring careful characterisation and management.[2, 3, 9] Such monitoring may 

become a vital part of achieving the ‘good ecological status’ which is set out by the EU Water 

Framework Directive (WFD, 2000/60/EC), now transposed via the Water Environment [England and 

Wales] Regulations 2017.[10]  

Furthermore, there is growing evidence that many of the inland waterways in the European Union 

are impacted by Watch List chemicals (WLCs) that are not currently regulated under the Water 

Framework Directive.[11] These chemicals include the known Priority List and WLCs including 

endocrine disruptors such as oestradiol (E2), and the contraceptive pill (ethinyloestradiol), and 

other pharmaceutical drugs and antibacterial agents such as diclofenac (DIC) and triclosan (TCS), 

which have all been shown to be harmful to wildlife.[12, 13]  Emerging contaminants, including TCS 

and DIC, are of concern due to endocrine disrupting properties.[14] Often these organic molecules 

are sparingly soluble in water but do accumulate and persist within the sediment.[15] Such chemicals 

are introduced into waterways as a result of anthropogenic activities that introduce both point and 

non-point contamination sources.[11] Yi et al. reported how anthropogenic activities are impacting 

waterways as common sources of antibiotics in water and soil.[16] Regardless of the source, they 

accumulate in the sediments over long time scales and are rarely monitored alongside other 

chemical contaminants. This is reflected in the lack of well-developed guidance for sediments in 

comparison to the water column. The majority of published literature to date on detailed studies 

regarding chemical contaminant profiles (priority list and emerging compounds) are patchy, based 

on targeted spot sampling or modelling with limited detailed sampling that gives a deep 

understanding of the potential toxicity of sediments. One of the view examples of a comprehensive 

study was undertaken by Whelan et al. who’s review of water quality in the current day in 

comparison to industrial revolution times concluded that over time water quality pressures have 
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changed related to anthropogenic changes. [17] This work highlighted the need for detailed and 

comprehensive analysis of the fresh water environment for full and complete characterisation.   

The aim of this work was to characterise nine sites across the Northern EU region with a range of 

land use and industrial pressures in such detail as to enable regulators and water managers to make 

better decisions with regard to sediment management, removal and disposal, by characterising the 

chemical composition of the sediments and thereby reducing economic costs and impact of these 

chemicals on the environment. Presented here are the results from a detailed, harmonised 

sediment sampling programme across freshwater environments, of differing contaminant pressure 

profiles, within North-western Europe.  

2. Methods 

2.1 Sampling sites 

Nine sample from across the North Sea region where sampled (Figure 1) these represented a range 

of geographic settings (e.g. hydrogeographic, land use) current and historical pollution pressures in 

the North East Atlantic region (Table I). At each sampled region, the three sites were chosen in such 

a way, that one should be exposed to the effluents of a WWTP in order to study the impact from 

the use of personal products and pharmaceuticals as remains in WWTP emissions, one should be 

situated upstream of the WWTP, and the third one was chosen to reflect a contamination gradient. 

The sites chosen on the upper Scheldt (Belgium) have been historically contaminated with a mix of 

contaminants including toxic metals, PCBs and pesticides. The Zenne represents a water body with 

known contamination of a wide range of Priority List substances. The sampling sites on the upper 

Scheldt were situated in Oudenaarde. Site 1 (BE1) was located upstream and site 2 (BE2) 1.5 km 

downstream of the WWPT Oudenaarde.  The site on the Zenne (BE3) is located downstream of 

Brussels.   
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The sites chosen along the Elbe Estuary in Germany were sampling site 1 (DE1) which was located 

at Stover Strand, upstream of Hamburg at the most upstream area of the tidally influenced estuary.  

The site is influenced by sediments coming from upstream areas still bearing contaminant burdens 

from industrial and mining activities during the time of the former German Democratic republic 

(GDR) and Czechoslovakia. Sampling site 2 (DE2) was located within the Hamburg Port area at the 

“Köhlbrand” right after the discharge of the major Hamburg WWTP which serves a population of 

2.3 million inhabitants from a catchment area of 300 km2. Sampling site 3 (DE3) was located at 

Wedel, downstream of Hamburg.  Both, DE2 and DE3, receive marine sediments that are 

transported upstream with the flood stream from the North Sea, as well as finer, potentially 

contaminated sediments from upstream, whereby due to the position of the sampling site, the 

percentage of marine sediment at DE3 is expected to be more pronounced due to its location 

further down the estuary.   

The River Aire and Calder is a heavily modified tributary of the Humber Estuary in the UK. It has a 

mixed land use with a high population density across the city of Leeds and surrounding towns. 

Historical mining (principally coal and lead) and a range of industrial activities (e.g. metal-works, 

hydrocarbon processing, textiles) have left a legacy of  contamination of the river.[18] Two sites on 

the River Aire, upstream (UK1) and downstream (UK2) of a major waste-water treatment plant 

(WWTP) serving ~1 million people, were selected to assess this range of historical and contemporary 

pressures. The other UK site is the Pocklington Canal (UK3), a typical, heavily-modified lowland rural 

site with known nutrient enrichment causing eutrophication.  

Table 1: Locations and physical descriptions of each sampling site, Elbe Region, Scheldt River Basin District 

(Scheldt RBD), and Humber catchment.  

  Scheldt RBD Elbe region Humber catchment 

Area 36 500 km2 150 000 km2 26 100 km2 

Popn. > 10 million 23 million 11 million 
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  BE1 BE2 BE3 DE1 DE2 DE3 UK1 UK2 UK3 

Name 
Scheldt 
upstr. 
WWTP 

Scheldt 
downstr. 
WWTP 

Zenne 
Stover 
Strand 

Köhlbran
d 

Wedel 
Aire 

upstr. 
WWTP 

Aire 
downstr. 
WWTP 

Pockling
-ton 

Canal 

Coordinate
s 

50.858406
° 

50.869987
° 

50.960414
° 

53.425837
° 

53.527397° 
53.567499

° 
53.766464

° 
53.766423

° 
53.897416

° 

3.626400° 3.628108° 4.455655° 
10.293371

° 
9.937781° 9.676756° 1.480363° 1.473260° 0.806279° 

Water 
depth 

(m) 
4.0-8.0 4.0-8.0 ~ 2.0 2.0-2.8 12 

16.0-
16.8 

0.2-1.2 0.5-1.2 0.4-1.8 

 

 

 

Fig. 1: Sampling sites across the North Sea region in the Elbe catchment, Scheldt River Basin District 
(RBD) and Humber RBD.  Background land use data from CORINE land cover dataset (EEA, 2018).[19]  
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2.2 Sampling methods 

Six sediment sampling campaigns were undertaken in autumn 2017, spring, summer and autumn 

2018, spring and summer 2019. At each site and depending on the size of the grab sampler, 15-40 

samples were taken, pooled and homogenised with mechanical stirring for at least 6 minutes. 

Following this samples were divided and stored in sealed containers at 4 – 8 OC before analysis. For 

nutrient, perfluoroalkyl and polyfluoroalkyl substances (PFAS) and metal analysis samples were 

stored in high density polyethylene plastic containers, oils, dioxins and WLCs glass containers were 

used, for remaining organic substances metal containers were used. For long term storage samples 

were freeze dried and then stored at -20 OC.  Full details of the sampling procedure can be found in 

the supplementary sections 1 and 2. 

Chemical analysis methods  

A range of compounds were considered for chemical analysis, this included 53 hydrocarbons, 26 

metals and metalloids, 15 dioxins and furans, 16 EPA PAHs, 7 PCBs, 8 organotin compounds, 10 

pesticides, 15 per- and poly-fluoric compounds and emerging contaminants, TCS, DIC and E2. A full 

list of all parameters quantified can be found in the Appendices/Supplemental Information section. 

Acid-volatile sulfide (AVS) and simultaneously extracted metals (SEM) measurements where used 

for SEM-AVS ratio, organic matter content, grain size distribution and nutrient levels (available 

phosphates, nitrate, nitrite, exchangeable ammonium) were also measured. 

2.3 Statistical methods 

Statistical analysis, including minimum, maximum and mean average values, were calculated for 

the full data set including all chemical and physical parameters. From this box plots were generated 

with inclusive medium values, showing median value, interquartile range (IQR), mean average value 

(marked as an x) and outlier values. The box plots cover the full data set, n = 9 sampling sites x 6 

sampling rounds, 54 data values for each measured parameter.  
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Principal component analysis was carried out to provide insight into the stressors for each region, 

and allow for a comparison and characterization of sites. It was conducted using the program MVSP 

with 71 variables (chemical analytes and grain size distribution) and 53 cases. The list of variables is 

included in the supplementary material. From the range of analytes measured in this project, those 

variables with a high number of non-detects (o’p’-DDX, bor, other organitin compounds than butyl 

tins) were omitted. Non-detects were replaced by 0.5 times the limit of detection, following  Hites, 

2019.[20]  The data was log10 transformed, with tolerance of eigenanalysis set at 1-7, standardized 

and granulometrically normalized to the fraction <20 µm (metals) and <63 µm (organic substances), 

respectively.  

Of the 54 cases that represent the samples from  3 countries, 3 sites, and 6 sampling surveys, one 

sample, UK5_2, was excluded from the analysis because it had almost no grain size fraction smaller 

than 63 µm (<0.05 %), rendering the granulometric normalization ineffective for this sample. .  

Sediment quality guideline quotients (SQGQ) were calculated for each site taking into account the 

exceedance of each component compared to suggested guideline values (PEL values) and reported 

as an average of all six sampling rounds, the specific calculation is shown by equation 1. A total of 

31 compounds were considered, including metals, individual PAHs, PCBs and pesticides. These 

contaminants were chosen for further calculations based on numerical effect-based sediment 

quality guidelines being available. These are empirical derived guidelines from databases of 

sediment chemistry and observed biological effects. Among the various SQG available, the 

“probably effect levels” (PEL), derived by de Deckere et al., are used.[21] By comparing environmental 

concentrations with PEL values, any exceedance indicate that toxic effects are likely. TEL values, 

which will be addressed later on, reflect a “threshold effect level”. Concentrations below a TEL are 

unlikely to occur. Box plots were generated for each sampling site, n = 6. 
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𝑆𝑄𝐺𝑄 =
∑(

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑚𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑆𝑄𝐺
)

𝑛
   Equation 1 
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3. Results 

Key results are presented here showing and overview of the contamination presence across the 9 

sites shown in figures 2 to 4, table II and SI section 3 to 5.  

3.1 Key contamination pressures across the nine sites 

A total of 54 homogenised sediment samples were taken across the sampling period (summer 2017 

to spring 2019) over the 9 sampling sites. Each was analysed for a wide range of chemical 

contaminants and physical parameters including metals, hydrocarbons, PAHs, PCBs, nutrients, 

pesticides, emerging contaminants (TCS and DIC), perfluoric compounds, pH, redox, organic matter 

and grain size. Contaminant concentration varied across the region with most sites showing 

concerning levels of at least one of the contaminants studied, results shown in figure 2.  
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Fig. 2: Box plots for potential contaminants across all sites over the six sampling periods. Average, IQR range 
and outlier values for a) metals, mg kg-1, b) pesticides, mg kg-1, c) nutrients, mg kg-1, d) total from 16 PAHs 
(PAHEPAsum) mg kg-1

, e) total oils, mg kg-1
, f) total PCBs (PCBsum) µg kg-1, g) emerging contaminants, µg kg-1

, h) 
perfluorooctane sulfonic acid (PFOS) ng kg-1

, concentration in the sediment across each sampling site. In the 
boxplot, centre lines indicate the median and x shows the mean, n= 36 from nine sites, and 6 sampling 
campaigns.  
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3.2 Principal Component Analysis 

PCA is a multivariate method that aids in interpreting complex data sets with regard to factors that 

govern variability among parameters and sites. It is applied here in order to identify the principal 

components (or factors) that account for the most variability within or among the sites.  

A first PCA that was carried out across 78 variables, including geochemical and chemical parameters 

resulted in 14 principal components with an Eigenvalue above 1. The first 7 components accounted 

for a cumulated variability of the data of 76 % and showed high variable loadings for different 

sediment size fractions (data not shown) indicating that the different grain sizes contributed 

strongly to the overall variability. Chemical contaminants adsorb to sediment particles depending 

on the particles’ surface area and surface charge, and are dominantly found in the <20 µm fraction 

(metals) and the <63µm fraction (organics). Consequently, concentrations were normalized to the 

respective dominant granulometric fraction for the next PCA, following Reid and Spencer, 2009.[22]  

The PCA resulted in seven principal components with Eigenvalues above 1, whereby the first 

component explained more than 97% of the variability of all data (Table2).  

Table 2: Principal components with Eigenvalues >1, identified among 71 variables (metals and 
organic contaminants granulometrically normalized, standardized, log10 transformed). 

 PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 

Eigenvalues 2093,181 17,665 9,745 5,277 3,092 2,817 1,606 

Percentage 97,468 0,823 0,454 0,246 0,144 0,131 0,075 

Cum. 
Percentage (%) 

97,468 98,291 98,744 98,99 99,134 99,265 99,34 

 

On this component load the main variables identified where metals; Na, K, Al, Fe, Mg, Ca, but also 

total oils and available phosphate (Table S4.1). Thus, the sampling sites that were chosen differed a 
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lot with regard to their geochemistry, which was originally intended when choosing the respective 

sites and regions.  

Components 2 to 4 which allow differentiation between sites, figure 3 depicts the formation of 

clusters along the axes defined by PC 2 and PC3. The figure shows that the sites up and downstream 

of the WWTPs cluster together for each region (BE sites 1 and 2; UK sites 1 and 2; DE sites 2 and 3) 

while the sampling site at another water body (UK and BE sites 3) or, in case of the German site, in 

an upstream part of the river (DE site 1) differ from the other samples in terms of fine sediment 

(grain size fractions), the location in the estuary (Ca-signal), and nutrient supply (available 

phosphate) which all load onto PC2. More strongly are the differences along PC3, where at every 

region the sediments of one site differ from the two within the same catchment. With regard to 

Germany, the most upstream sampling site 1 differs from the two downstream sites. On PC2 load 

the variables phosphate (available), Ca, and fine grain sizes, all of which could reflect a gradient 

along a river with fine material transport. 

Pesticides (HCH) and industrial compounds such as chlorobenzenes, furans, negatively load on PC3, 

and here, DE site 1 scores highly. Historically-produced industrial substances in the Elbe River derive 

mainly from upstream areas (Heise et al. 2008)[23], and result in highest concentrations at Site 1, 

while they become diluted with cleaner marine sediment further downstream at Sites 2 and 3. This 

contamination pattern is a little pronounced at Pocklington canal (BE site 3). This site seems to be 

little influenced by organic contaminants which caused the strong differences in the German 

samples.  Zenne (BE site 3) cluster together and also negatively on PC3, indicating also here a 

stronger pollution compared to the sites 1 and 2, but different from the German site 1.  
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Fig 3: Case scores from PCA with 53 cases, 71 variables, organic contaminants and metals normalized 
for the respective granulometric fraction , PC2 versus PC3. The label of each sample identifies the 
region (DE – Germany, UK – United Kingdom, BE – Belgium), the sampling campaign (1 to 6) and, on 
the last position, the sampling site (1 to 3). 

 

3.3 SQGQ calculations  

Sediment quality guideline quotients were calculated using sediment quality guidelines determined 

by de Deckere et al.[21] to quantify the overall potential toxicity of each sediment based on 31 

different components (Figure 2). Components studied included metals, PAHs, PCBs and pesticides. 

The concentration of each was compared to the guideline value, whereby a larger value suggests 

potential toxicity from that component. An overall value of 1 shows the potentially toxic nature of 

that sediment. This calculation showed that the Zenne had particularly high levels of contamination 

from many different components. The magnitude of toxicity varied across the sampling periods 

however, was consistently significantly higher than at any other site. All other sites, apart from site 

2 and 3 (Köhlbrand and Wedel) on the Elbe, contained potentially toxic levels of contaminants 

during a number of the sampling campaigns.  
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Fig 4: Sediment quality guideline quotient distribution for each site showing averages, range and outliers. In 

the boxplot, centre lines indicate the median and x shows the mean, n= 6. BE1 = Scheldt upstream BE2, = 

Scheldt downstream BE3 = Zenne, DE1 = Elbe, upstream, DE2 = Elbe WWTP, DE3 = Elbe downstream, UK1 = 

River Aire upstream, UK2 = River Aire downstream, UK3 = Pocklington Canal. The dashed line indicates a SQGQ 

value of 1, above this value would indicate potential toxicity of the sediment.  

3.4 Emerging contaminants  

TCS and DIC compounds were detected at all sites typically in the 0.01’s to 0.1’s of µg kg-1 range (Fig. 

4). TCS sediment concentrations was found in most sites above 0.0019 µg kg-1 however showed large 

site to site variance (Fig. 4a), predominantly found at the two sites on the River Aire as well as the 

upstream site on the Scheldt. Average concentrations by site varied from 0.018 µg kg-1 (DE2 least 

contaminated site) to 0.21 µg kg-1 (UK1 most contaminated site). Of the two UK sites there was no 

statistical difference in concentrations found in the upstream or downstream sediments (p=0.9453).  
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DIC was also detected at all sites (above 0.002 µg kg-1), with some variation was seen in the average 

concentrations found at each site between ranging from 0.028 µg kg-1 (BE3, least contaminated site) 

to 0.060 µg kg-1 (UK3 most contaminates site). Again the UK sites had the largest DIC load, with 

concentrations of up-to 0.16 µg kg-1 found in the River Aire. Similarly to TCS the concentrations of 

DIC in upstream and down stream sediments typically varied only slightly (UK2 and 3 site on the 

Aire, p 0.8685, BE1 and 2 sites on the Scheldt p = 0.927). These patterns are not reflected in other 

data sets for legacy pollution. Typically site BE3 is typically the most contaminated and UK3 one of 

the less contaminated sites, and downstream concentrations of contaminations a typically lower 

than upstream concentrations. This suggests that emerging contaminants may not follow patterns 

of legacy contamination.  

Table 1: Average and range concentrations of the two emerging contaminates, TCS and DIC, recorded in all 

sediment samples with proposed regulatory values in sediment or freshwater for comparison. 

Compound TCS DIC 

Mean (µg kg-1) dw 0.097 0.0429 

Range (µg kg-1) dw 0.0021 – 0.70 0.0021 – 0.160  

Proposed EQS Annual average environmental 
quality standards 24 µg kg-1  
(Enviromental quailty 
standard). 
 
Sediment quailty criteria low 
130 µg kg-1  and high; 3260 µg 
kg-1. [24] 

ESQ of 0.0054 or 0.23 µg L−1[13] 

(sediment values not available) 
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Fig 4:  WLCs a) TCS, b) DIC distribution for each site showing mean average, range and outliers. In the boxplot, 

center lines indicate the median and x shows the mean, n= 6. BE1 = Scheldt upstream BE2, = Scheldt 

downstream BE3 = Zenne, DE1 = Elbe, upstream, DE2 = Elbe WWTP, DE3 = Elbe downstream, UK1 = River Aire 

upstream, UK2 = River Aire downstream, UK3 = Pocklington Canal. 

4 Discussion 

The analysis of such a wide range of containments in sediment has shown how different patterns 

and pressures are present in different sediments.  Across the three catchments and nine sites 

studied there was a wide variation in the types and amounts of contaminants present, as expected 

when choosing sites with varying geographic pressures and historical contamination (Fig. 1). This 

site to site variation in geochemistry was found to largely explain the differences in pollution 

pressures seen (PCA analysis, SI section 3.2; SI 4). The also reflects the limited effect of seasonality 

on contamination pressures. The majority of sediments contained some elements or compounds at 

concentrations that could be potentially hazardous; typically, site BE3 had high concentrations from 

all analyte groups. Other sites on the Scheldt where particularly high for metals and PCBs, in contrast 

sites on the Elbe typically contained higher concentration of metals and pesticides, with only site 

DE1 showing high levels of PCBs. UK sites along the river Aire also had metals present above 

exceedance levels but also PAHs which were found in other sites in such high concentrations. 

Despite this prevalence of contamination at each site, very few samples contained contaminants 

from every group at higher levels. This shows the importance of understanding the varied chemistry 
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that may be present to fully characterise the contamination characteristics that could be considered 

potentially toxic. The PCA analysis (section 3.2) demonstrated the relationship between fine 

sediment material and a wide range of potential pollutants. There was a wide range of indicators 

identified by PCA analysis, fine material (<63 µm), pesticides, PCBs, butyltin-compounds (except 

dibutyltin), PFOS, Furans, industrial metal(loid)s (As, Cd, Hg, Co, Zn) accounted for 32 % of variation 

from the dataset. This further supports the need for a broad analytical investigation of sediment 

quality, rather than focus on a few key groups.  

To characterise the overall toxicity of each site sediment quality guideline quotients were produced 

using 31 contaminants, with existing PEL values (Fig. 4). Whilst this was not an exhaustive 

assessment of the full data set, it did represent a range of contaminants: metals, PAHs, PCB and 

pesticides. These compounds are known to affect some of the study sites historically. The site on 

the Zenne was shown to be particularly toxic, with concentrations widely exceeding the PEL values 

on multiple occasions, this was not a surprising result as it is well documented that the Zenne has 

significant pollutant pressures, even with recent improvements made to WWTPs in the area.[25] [26] 

[27] The upstream site on the Scheldt and the Elbe also had high levels of contaminants (eg. PCBs) 

that would indicate these sediments were potentially toxic to sediment dwelling organisms during 

the study period. All other sites showed some indication of toxicity at least once of the sampling 

periods. The range shown in these SQGQ calculations does suggest some variation in contaminant 

concentrations across the sampling period (SI section 5, figures SDI 5.1 – 5.6) suggesting the 

sediment is a dynamic environment with the potential to release these contaminants into the water 

stream should sufficient agitation of the sediment occur. 

The sediment quality guideline quotients give an indication of a sediment’s potential hazard and can 

help to explain measured toxicities at a site. But they have a number of limitations: 1) there is a lack 

of widely adopted regulatory values for many compounds in freshwater sediments. 2) The PEL that 
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were derived by de Deckere et al.[28] are based on a large data set of ecotoxicological data. 

Nevertheless, they cannot predict how available contaminants are at a specific site, as this depends 

on e.g. the age and history of pollution. 3) They cannot take mixture toxicities into account. 4) They 

can only be calculated if chemical components were analysed. Thus, they fail to identify if there are 

key components that are adding toxicity. If an overall assessment is based on the summation of 

sediment quality guideline quotients, a large excess of one contaminant or a small excess of many 

contaminants could appear to give the same overall toxicity of a sediment. However, dealing with 

one set of contaminants in a sediment is very different to managing a complex mixture of sediment-

bound pollutants. To understand this, individual components were compared to their respective 

regulatory values, particularly for PCBs and PAHs, which represented the two chemical groups which 

are often measured as total concentrations.  

Whether considering total PCB’s or individual PCBs (shown in SI section 5, fig. 5.3 and 5.4) the 

patterns are the same, concentrations are high in the Zenne, where all concentrations exceed both 

PEL and TEL (Threshold Effect Levels) regulatory values. Higher concentrations of total PCBs, 

exceeding TEL values, were also measured in most sites, excluding the Pocklington Canal, for at least 

one of the sampling campaigns. However, if each PCB is compared separately the pattern can be 

quite different. For example, for PCB28, most sites exceeded both PEL and TEL guidelines across the 

whole sampling period (Appendix, Supplemental Information Figure S5). Despite this being the PCB 

that was detected at the lowest concentrations (< 10 µg kg-1), it could be considered the one posing 

most toxicity due to the consistent breach of the TEL and PEL limits. This information is not readily 

gained from the PCB totals and therefore may suggest measuring and reporting individual 

contaminants has value in understanding sediment toxicity.  

Individual PAHs were also compared to their respective TEL and PEL limits, as shown in the  

Supplemental Information Fig SI5 and 6. PAHs were detected in all sampling locations at varying 
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levels which would not be considered unusual; PAHs are still seen as one of the most widespread 

[29] and persistent [30] environmental pollutants   All PAHs were recorded in the Zenne at levels always 

above the TEL values and often exceeding PEL values too. The UK sites also had higher levels of some 

PAHs, both sites on the River Aire, and less frequently, the Pocklington Canal had concentrations 

exceeding those advisory values. The River Aire has known legacy contamination of PAHs, such as 

benzo-a-pyrene from a range of legacy sources associated with coal mining, power generation and 

gasworks, therefore it is unsurprising to find the existence of elevated levels of other PAHs.[31] 

However, it is less well documented that such contaminants exist in the Pocklington Canal, a water 

body that is generally viewed as clean with most major issues linked to historical nutrient 

enrichment. This study indicated the presence of many PAHs in the Pocklington Canal sediment at 

concerning concentrations, typically above the TEL levels, even exceeding PEL levels on several 

occasions.  

Contamination from metals (Fig. SI 5.2) has previously been identified at most sites, a legacy from 

industrial periods, urbanisation and mining.[18, 32] Unlike other chemical groups the distribution of 

metals varied between the countries and sites. Chromium was found in high concentrations in Site 

BE1, whereas mercury was present in high concentrations in the Zenne and Elbe catchment (site 

DE1), lead was also found at high concentrations in the Zenne. In contrast, the Aire showed 

comparatively lower concentrations in that the upstream site contained all three metals of interest, 

typically above TEL and occasionally exceeding PEL limits, whereas the downstream site had lower 

concentrations typically between PEL and TEL values, which may reflect upstream geogenic and lead 

mining sources in headwater areas.[33]  

Previously considered contaminants are typically well defined and included in Priority Lists due to 

their ubiquity in urban and post-industrial catchments alongside their potential toxicity. This study 

also examined the presence of emerging contaminants in the sediment, specifically triclosan (TCS), 



22 
 

diclofenac (DIC) and oestradiol (E2). It was found that E2 was not present in most samples with the 

exception of one site in the Humber catchment. TCS and DIC were found in most sediment samples 

in the 10’s ng kg-1 range. TCS concentrations varied between the sites, with highest concentrations 

typically found in UK sites, on the River Aire and in the Belgium sites (Figure 4a). Interestingly, there 

was not so much variance in concentrations between sites upstream and downstream of WWTP. 

This may reflect other upstream sources for TCS which could include other WWTPs and suggests a 

broad distribution across the catchments studied. DIC concentrations were largely consistent at all 

sites, although concentration varied with sampling considerably (Figure 4b). The concentrations 

found in the sediment can be compared to those reported by Kay et al., 2016[11] who reported DIC 

levels at 100’s ng L-1 in the River Aire.[11] Although synchronous monitoring of water column and 

sediment concentrations are a clear research requirement, the difference in order of magnitude 

presented herein suggests there is minimal partitioning of DIC to near-field sediments around 

known WWTP inputs. As such there are very limited regulation of guidelines for these compounds, 

however they were all detected at very low levels, and relevantly, for TCS, Amorim et al., in 2010, 

proposed limit of 0.8-4 µg kg-1 [34]  which is far higher than any of the concentrations detected at any 

site in this study.  

 

 

5. Conclusions  

The three catchment areas and nine sampling study sites reflect a high variation including those 

with large urban population and influence of effluent of waste-water treatment plants coupled with 

historic industrial processes and urbanisation pressures, contrasted with rural sites with typically 

low historical contamination. This study highlights the relationship of fine sediment material with 
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large and varied pollutant enrichment from contaminants, butyltin compounds, metal(iod)s, PCBs, 

pesticides and several other organic compounds (including PFOS). The key indicator compounds 

described reflect the historic industrial pressures that continue to affect several waterways where 

ongoing dredging operations are impacted by the potential presence of pollutants. This is especially 

seen in the Zenne, where potential toxicity of the sediment was determined using sediment 

guideline quotients. These were frequently above 1 for a wide range of compounds within the 

sediment. Most other sites also showed indicated some hazard, exceeding guideline values on more 

than one occasion, typically for a wide range of analytes including metals, pesticides, PCBs and PAHs. 

Whilst the extent of potential toxicity was most extreme for the Zenne, the data reflects the 

historical industrial pollution that affects most of the waterways, likely the legacy of stored 

contaminants within the sediment. The presence of multiple contaminants demonstrates the 

importance of analysing for a broad selection of potential contaminants to truly characterise the 

chemical mixtures present in sediments and therefore appropriately manage it. This study also 

explored the presence of emerging contaminants, triclosan and diclofenac demonstrating their 

presence in the sediments and their accumulation before and after WWTP’s, a pattern not typically 

observed with legacy contaminants.  
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S1. Sampling method 
Sampling was carried out 6 times between 2017 and 2019 at 9 locations; 3 sites per region; the 

following protocols were followed during each sampling campaign to ensure uniformity in sampling 

techniques.  

Physical parameters: a water sample was immediately taken before sediment disturbance; 

temperature, pH, conductivity and oxygen where also measured.  

Oxygen concentration, pH and redox potential was also measured in the sediment, at the surface 

and 5 cm depth. 

Sediment samples were taken by a Van Veen (or similar) grab sampler. The grab sampler had a 

sample area of 250 cm², a sample volume of 3.14 L and dimensions 20 x 20 x 70 cm. When the 

sampling sites are too deep or the current was too high for a 3.14 L Van Veen, a larger Van Veen 

grab sampler was used. On every site 15 sediment grab samples were taken randomly in an area 

which is related to the dimensions of the water body and in such a way that the variation in the 

water body is covered.  

Any large organic material was removed from each sample, with care taken not to remove any 

sediment or biota then the sediment from the 15 grab samples was placed into a metal container 

and mixed thoroughly to produce one homogenised sample. Mixing occurred slowly to prevent any 

damage to biota present. Sampling was executed from downstream to upstream direction to 

prevent disturbance.  
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S2. Chemical analysis 
Organic matter: 0.25 g of air dried and ground sample is extracted with potassium dichromate 

solution and concentrated sulphuric acid solution (dichromate oxidation). The sample extract was 

analysed using UV/Vis spectrophotometry, quantified against a calibration using matrix matched 

standards from traceable material. 

 

Available phosphate: 5 mL of the air dried and ground sample was shaken with 100 mL of a solution 

of sodium hydrogen carbonate in a 250 mL conical flask for 30 minutes. The mixture was filtered 

through a Whatman 40 filter paper. The extract was treated with ascorbic acid, antimony potassium 

tartrate and ammonium molybdate. An intense blue complex is formed with the phosphate in the 

extract. The absorbance was measured at 880 nm and quantified against a calibration curve. 

 

Exchangeable Ammonium: 50 g of the as received sample is extracted in 50 mL of 2 M potassium 

chloride solution (KCl). The mixture was shaken for 2 hours and the following suspension was then 

centrifuged. Analysis for Ammonium-nitrogen is performed using a Konelab discreet colorimetric 

analyser. Ammonium-nitrogen was displaced from active sites within the matrix by potassium ions 

from the 2 M potassium chloride solution. Ammonium-nitrogen reacted with sodium salicylate and 

sodium dichloroisocyanurate in the presence of sodium nitroprusside to form a blue coloured 

species. The absorbance of light by this species was measured at 660 nm and was proportional to 

the concentration of ammonium in the sample. 

 

Nitrite: 10 g of the air dried and ground sample was extracted in 100 mL of de-ionised water. The 

mixture was shaken for 1 hour and the following suspension is then centrifuged. Nitrite ions were 

determined by diazotisation with sulphanilamide and coupling with N-(1-naphthyl)-

ethylenediamine dihydrochloride. The absorbance of light by the coloured azo dye was measured 

at 540 nm and was proportional to the concentration of nitrite in the sample 

 

Nitrate: 25 g of the air dried and ground sample is extracted in 50 mL of de-ionised water. The 

mixture is shaken for 1 hour and the following suspension is then centrifuged.  Nitrate was reduced 

to nitrite with hydrazine sulphate. The nitrite ions produced (in addition to those already present) 

were determined by diazotisation with sulphanilamide and coupling with N-(1-naphthyl)-

ethylenediamine dihydrochloride. The absorbance of light by the coloured azo dye was measured 

at 540 nm, and was proportional to the concentration of Total Oxidised Nitrogen (TON) in the 
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sample. Nitrate concentration was calculated by subtracting the nitrite concentration from the TON 

concentration. 

 

Total moisture @ 105°C / dry matter: 30 g of the as received sample was placed in an oven at 105°C 

for a minimum of 3 hours. The sample was removed from the oven and is allowed to cool for 5 

minutes. It was then weighed and the % moisture/dry matter calculated. 

 

Metals: 0.1 g of air dried and ground sample was weighed into acid cleaned Teflon vessels. 3 mL of 

nitric acid and 3 mL of hydrogen peroxide were added to each vessel and then microwave digested. 

Once digested the samples were made up to 25 mL in Sarstedt tubes. 

  

The samples were analysed by ICP-OES and ICP-MS for the metals requested against a set of 

calibrations. Dilutions were prepared as required. 

 

 

Table SI 2.1 lists the metals that are analysed by ICP-MS and by ICP-OES 

a) ICP-MS b) ICP-OES 

Gd, La, Rb, Se, U, Hg, Ag, As, Cd, Co, Cr, Mo, 

Pb 
B, Fe, K, Mg, Na, Zn, Ba, Al, Ca, Cu, Li 

 

 

Total petroleum hydrocarbons (TPHs): Total petroleum hydrocarbons were extracted from as 

received sediment by solvent extraction. 15 mL of methanol and 60 mL of dichloromethane (DCM) 

are added to an aliquot of the supplied sediment (15 g) and mixed on a magnetic stirring plate for 1 

hour. The solvent extract was then water partitioned and evaporated to 1 mL. A clean up stage 

utilises silica-gel along with DCM and pentane, which removes polar organics that may be readily 

extracted and contribute to the chromatographic area count (for TPH), but are not petroleum 

hydrocarbons. 1/3 of the column is made up with the DCM/silica slurry and then the column was 

eluted with 9 mL of DCM and 3 mL of pentane. The 1 mL of DCM extract was then eluted through 

the column with a further 1 mL of DCM and 2 mL of pentane giving a final extract of 4 mL 

(DCM:pentane). The samples were then subjected to a further copper clean up stage to remove any 

sulphur. 
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A separate sub-sample was taken for analysis of moisture content by drying at 120 ºC for 8 hours. 

The moisture content was later used to convert the hydrocarbon concentrations from wet weight 

to dry weight. 

 

The final TPH sample extract was injected into a gas chromatograph (GC) equipped with a flame 

ionisation detector (FID). The chromatographic envelope areas obtained were compared to those 

from the mixed diesel/mineral oil calibration standards to yield a concentration of the total 

hydrocarbons in the extract. The concentration in the sample was then calculated against the 

squalene surrogate. The chromatographically resolved individual n-alkane peaks nC10 – nC37 were 

quantified using the florida mix standard.   

 

Dioxins/Furans: 5 g of air dried and ground sample was spiked with a series of 13C labelled 

Dioxin/Furan extraction standards and soxhlet extracted in Dichloromethane. Extract was spiked 

with a series of 13C labelled dioxin/furan clean-up standards and subjected to a multi-layer column 

clean (sulphuric acid/ sodium sulphate/activated silica gel/celite/extrelut). Eluted with 

dichloromethane and solvent exchange to hexane. Passed through activated Florisil column and 

collect eluted dioxin/furan fraction. 13C labelled dioxin/furan was added then recovery standard and 

evaporate to final volume in iso-octane. Analysis carried out by high resolution gas chromatograph 

mass spectrometer (GC/MS) running at a minimum of 10,000 resolution. Results are calculated by 

the isotopic dilution response based on a six point calibration. 

 

Perfluoric compounds: Sediment samples were oven-dried at 60 °C prior to the analysis. To each 

sample, 10 ng of an isotopically mass-labeled internal standard mixture (MPFAC-MXA, Wellington 

Laboratories, Guelph, Canada) and 10 mL of acetonitrile (ACN) was added. After vortexmixing, the 

samples were sonicated for 3 x 10 min (Branson 2510) and left overnight on a shaking plate (135 

rpm, room temperature, GFL 3020, VWR International, Leuven, Belgium). After centrifugation (4°C, 

2400 rpm, 10 min, Eppendorf centrifuge 5804R, rotor A-4-44), the supernatant was transferred into 

a new PP tube. For the extraction we used Chromabond HR-XAW Solid Phase Extraction (SPE) 

cartridges, which are weakly basic secondary and tertiary ammonium polymeric anion exchangers. 

The cartridges (3 mL, adsorbent weight 200 mg) were preconditioned and equilibrated with 5mL of 

ACN and 5mL of MQ, respectively, before loading the sample onto the cartridges. Hereafter, the SPE 

cartridges were washed with 5mL of 25mM ammonium acetate in MQ and 2mL of ACN and eluted 

(in a new PP tube) with 2 x 1mL of 2% ammonium hydroxide in ACN. The eluent was completely 
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dried using a rotational-vacuumconcentrator at 37°C (Martin Christ, RVC-2-25, Osterode am Harz, 

Germany) and reconstituted with 200 L of 2% ammonium hydroxide diluted in ACN. Finally, the 

samples were vortex-mixed for at least 1 min and filtrated through an Ion Chromatography Acrodisc 

13mm Syringe filter with 0.2 m Super (PES) membrane (VWR International, Leuven, Belgium) into 

a PP auto-injector vial prior to the UPLC-MS/MS analysis. 

 

Watch list chemicals (DIC / TCS / E2): 2.0 g of freeze dried sediment sample spiked with 100 ng 13C 

labelled DIC or 17β-estradiol-2,3,4-13C (E2 samples)  was extracted using QuEChERS salts in 

acetronitrile using centrifugation and filtration. DIC and TCS samples were evaporated to dry under 

nitrogen and finally reconstituted in acetonitrile 2.0 mL. E2 samples were reconstituted in 300 µL 

100 µg mL−1 dry 4-(dimethylamino)benzoyl chloride (99% purity) (Sigma Aldrich, UK), and 

derivatised at 60°C for 1 h, then evaporated to dryness under nitrogen and reconstituted in 1 mL 

acetonitrile.  All samples were filtered before analyse using 0.2 µm filter mesh. Samples where 

analysed via high resolution  liquid chromatography tandem mass spectrometry (LC-MS/MS). 

Analysis was conducted on a Shimadzu LCMS-8060 Triple Quadrupole Mass Spectrometer in positive 

ESI-MS/MS mode with quantification/qualifier MRMs at 142, 35.05, 214, 178 and 420–148/420–166 

and 423–148/423 m/z for TCS, DIC and E2 respectively.  
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Additional and comparative chemical analysis  
Dry matter/total moisture: Around 100 g of wet sample were weighted into a glass or porcelain 

dish with a 0.01 g precision. The sample was dried in a vented oven over night at 105 ± 5 °C until a 

constant mass is measured. After final cooling in a desiccator the sample was weight again and the 

mass difference calculated. 

 

Sample preparation: The wet sample was homogenised by an electrical stirrer and an aliquot was 

frozen and placed in a freeze-dryer. After drying the fraction < 2 mm for chemical analysis was 

placed in a flint mill and ground for 3 min. 

 

Grain size distribution: 150 to 300 g of freeze-dried samples were passed through a 2 mm mesh. 

The amount >2 mm as well as < 2 mm was determined by weighting. Most of the fraction < 2 mm 

undergoes further preparation and was used for the chemical analysis. An aliquot of 5 to 10 g was 

used for size analysis by a combination of dry and wet ultrasound assisted sieving. At first the fine 

grain was separated. The sample was suspended in water and sieved over a stack of 100 µm; 60 µm 

and 20 µm mesh. Each fraction was dried and weighted. The fraction remaining on the 100 µm sieve 

was dried again and passed through another stack of mesh (1000 µm; 600 µm; 200 µm). Again the 

amount of each fraction was determined by weighting. 

 

 

Organotin compounds: To 3.0 g of homogenised wet sediment 10 mL of hexane and 5 mL of a 25 % 

methanolic potassium hydroxide solution were added. The sample was heated to 80 °C for 30 min 

and kept over night at room temperature. 4,5 mL glacial acetic acid, 5 mL ultrapure water and a 

mixture of internal standards were added. The pH was checked to be between 4 and 5 and 0.7 mL 

of a 10 % sodium tetraethylborate solution was added three times for derivatisation over the course 

of two hours. The sample was shaken additionally for six hours. After centrifugation the organic 

supernatant was separated and shaken with 5 mL 20 % sodium hydroxide solution for 30 min. 10 

mL ultrapure water was added. After shaking the sample was kept over night at room temperature. 

The organic supernatant was separated and cleaned by use of 2 g of florosil and evaporated to 1 

mL. An aliquot of 150 µL was taken and kept for measuring the phenyl compounds. The remaining 

sample was cleaned using silver nitrate coated silica gel and evaporated to 1 mL. An injection 

standard was added to the sample. 
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Both samples were measured by  gas chromatography with pulsed flame photometric detection for 

a sensitive detection of Sn-compounds. Results were calculated by a six point linear regression. The 

moisture content was used to convert the concentrations from wet weight to dry weight and given 

as the concentration of the cation where applicable. 

 

Table SI 2.2 lists the organotin compounds analysed by GC 

GC analysis  

monobutyltin cation, dibutyltin cation, tributyltin cation, tetrabutyltin, tricyclohexyltin cation, 

triphenyltin cation, monooctyltin cation, dioctyltin cation 

 

 

 

Polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls (PCB) and organochlorine 

pesticides (OCP): 2 g of the dried and ground sample was weight into a stainless steel extraction 

vessel. A labelled extraction standard was added and the sample was extracted by means of 

pressurised solvent extraction using a mixture of acetone/hexane. To the extract a mixture of 

various labelled internal standards were added. The extract was evaporated to 3 mL and cleaned 

using 2 g of florisil. Evaporated extract was subjected to size exclusion chromatography for further 

clean up to produce a 2 mL extract in cyclohexane/ethylacetate (1:1). 

The sample was first analysed by gas chromatography single quadrupole mass spectrometry (GC-

MS) for PAH analysis and second by gas chromatography  triple quadrupole mass spectrometry (GC-

MS/MS) for PCB and OCP analysis. In both cases results were calculated by a six point linear 

regression. The analysed compounds are shown in table SI2.3 
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Table SI 2.3: organic polycyclic aromatic hydrocarbons analysed by a) GC-MS and b) GC-MS/MS 

a) GC-MS b) GC-MS/MS 

Naphthalene, acenaphtylene, acenaphtene, 

fluorene, phenanthrene, anthracene, 

fluoranthene, pyrene, benz(a)anthracene, 

chrysene, benz(a)pyrene, 

dibenzo(a,h)anthracene, benzo(b)fluoranthene, 

benzo(k)fluoranthene, indeno(1,2,3-c,d)pyren, 

benzo(ghi)perylene 

PCB28, PCB52, PCB101, PCB118, PCB138, PCB153, 

PCB180, α-HCH, β-HCH, γ-HCH (lindane), o,p‘-

DDD, p,p‘-DDD, o,p-DDE, p,p‘-DDE, o,p’-DDT, 

p,p‘-DDT, 1,2,3-trichlorbenzene, 1,3,5-

trichlorbenzene, 1,2,4-trichlorbenzene, 

1,2,3,4-tetrachlorbenzene, 1,2,3,5-

tetrachlorbenzene, 1,2,4,5-tetrachlorbenzene, 

pentachlorbenzene, hexachlorbenzene, 

hexachlorbutadiene, aldrine 

 

Hexabromcyclododecane (HBCDD): The sample remaining from the PAH-, PCB- and OCP-analysis 

was evaporated to dryness and reconstituted in 200 µL methanol. The sample was analysed by liquid 

chromatography triple quadrupole mass spectrometry. Results were calculated by a seven point 

calibration curve. The analysed compounds were α-hexabromcyclododecane, β-

hexabromcyclododecane, γ-hexabromcyclododecane. 
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S3 Data set 
 

Table SI 3.1: Average, minimum and maximum concentrations recorded from sediment samples for 

pesticides (19 compounds), metals (26 compounds), PAHs (16 compounds and PAH totals), PCBs (7 

compounds and PCB total), hydrocarbons (48 compounds, oil and alkane totals), nutrients, perfluoric 

compounds (15 compounds) watch list compounds and organotin compounds (12 compounds).   

Compou

nd 

 
Minimum Maximum Mean 

Pesticide

s / µg kg-

1 

α-HCH <0.10 4.50 0.31 

β-HCH <0.10 8.90 1.04 

γ-HCH <0.10 1.10 0.15 

o-p-DDD <0.10 22.00 2.80 

p-p-DDD 0.38 60.00 7.86 

o-p-DDE <0.10 0.73 0.02 

p-p-DDE 0.30 9.50 1.93 

o-p-DDT <0.10 10.00 0.49 

p-p-DDT <0.10 100.00 6.99 

1,2,3-Trichlorobenzene <0.10 4.10 1.07 

1,3,5-Trichlorobenzene <0.10 16.00 1.88 

1,2,4-Trichlorobenzene 0.25 60.00 11.08 

1,2,3,4-Tetrachlorobenzene <0.10 4.20 0.37 

1,2,3,5-Tetrachlorobenzene <0.10 1.90 0.24 

1,2,4,5-Tetrachlorobenzene <0.10 0.64 0.02 

Pentachlorobenzene <0.10 3.40 0.54 

Hexachlorobenzene 0.11 44.00 3.26 

Hexachlorbutadiene <0.10 24.00 0.69 

Aldrine <0.10 <0.10 <0.10 

Metals 

and 

metalloi

Ag 0.10 4.60 0.78 

Al 1600.00 29000.00 15564.81 

As 3.00 26.00 10.18 
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ds /mg 

kg-1 

B <30.00 90.00 13.28 

Ba 52.00 540.00 208.39 

Ca 6900.00 280000.00 55514.81 

Cd 0.38 5.30 1.61 

Co 4.30 15.00 8.55 

Cr 12.00 150.00 60.70 

Cu 10.00 190.00 46.13 

Fe 10000.00 52000.00 21592.59 

Gd 1.40 7.50 3.20 

Hg <0.40 1.30 0.40 

K 700.00 7400.00 3638.89 

La 5.10 32.00 16.17 

Li 1.00 41.00 15.44 

Mg 1500.00 8100.00 3914.81 

Mo 0.10 35.00 1.94 

Na 150.00 1500.00 420.56 

Ni 9.60 240.00 50.53 

Pb 21.00 320.00 73.19 

Rb 1.80 58.00 24.22 

Se <2.00 2.00 0.99 

U 0.48 2.00 0.97 

V 10.00 110.00 36.31 

Zn 100.00 800.00 290.74 

PAH / mg 

kg-1 

Naphthalene 0.03 2.10 0.27 

Acenaphtene <0.01 4.10 0.28 

Acenaphtylene <0.01 2.70 0.21 

Anthracene 0.02 2.60 0.31 

Benz(a)anthracene 0.04 5.10 0.66 

Benzo(a)pyrene 0.02 3.00 0.44 

Benzo(b)fluoranthene 0.05 7.20 0.75 

Benzo(ghi)perylene 0.03 4.10 0.51 
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Benzo(k)fluoranthene 0.02 3.80 0.39 

Chrysene 0.05 6.80 0.78 

Dibenzo(a,h)anthracene <0.01 0.99 0.12 

Fluoranthene 0.08 13.00 1.66 

Fluorene 0.01 4.50 0.29 

Indeno(1,2,3<c,d)pyrene 0.02 4.70 0.43 

Phenanthrene 0.07 7.10 0.94 

Pyrene 0.07 8.00 1.22 

PAH EPA Sum 0.55 77.49 9.25 

PAH TVO Sum 0.24 33.90 4.18 

PCB µg 

kg-1 

 
 

 

 

PCB28 <0.10 8.90 1.50 

PCB52 0.12 17.00 2.48 

PCB101 0.19 74.00 7.98 

PCB118 0.12 42.00 5.43 

PCB138 0.17 160.00 17.18 

PCB153 0.18 180.00 18.35 

PCB180 0.11 130.00 15.18 

PCB Sum 0.93 604.60 68.09 

Hydrocar

bons / µg 

kg-1, *ng 

kg-1 

nC10 <10.00 657.23 47.21 

nC11 <10.00 706.44 60.68 

nC12 <1.00 853.16 94.72 

nC13 <1.00 4590.00 253.14 

nC14 <1.00 1490.00 168.85 

nC15 <1.00 12900.00 705.52 

nC16 <1.00 9150.00 558.04 

nC17 31.84 3432.49 688.83 

pristane 39.61 14200.00 681.28 

nC18 11.01 20815.71 968.27 

phytane 18.32 22074.91 1020.29 

nC19 21.77 5770.00 361.86 

nC20 31.44 1265.93 201.65 
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nC21 18.06 20625.69 1993.53 

nC22 17.46 514.45 157.86 

nC23 45.74 2359.90 504.37 

nC24 34.15 1493.92 242.63 

nC25 90.49 10100.00 1365.26 

nC26 29.11 1440.00 329.30 

nC27 118.02 9810.00 2292.91 

nC28 73.81 1780.00 478.15 

nC29 193.62 15500.00 3104.19 

nC30 60.72 5193.25 532.79 

nC31 157.97 7230.30 1488.32 

nC32 18.19 1960.50 225.67 

nC33 76.84 8880.00 1751.05 

nC34 16.67 1223.52 246.97 

nC35 9.31 1560.00 338.36 

nC36 3.66 745.16 108.62 

nC37 8.94 972.83 140.21 

Total Oil 69567.36 5750000.00 749078.50 

Total n alkanes 2790.00 86172.68 19410.89 

Pristane (b) 39.61 14200.00 681.28 

Phytane (b) 18.32 22074.91 1020.29 

2378-TCDD* <2.00 2.60 0.00 

12378-PeCDD* <6.00 24.00 0.88 

123478-HxCDD* <3.00 19.00 0.42 

123678-HxCDD* <5.00 41.00 1.81 

123789-HxCDD* <4.00 20.00 0.91 

1234678-HpCDD* 8.70 210.00 47.46 

OCDD* 49.00 2500.00 390.26 

2378-TCDF* <5.00 20.00 5.79 

12378-PeCDF* <4.00 27.00 6.10 

23478-PeCDF* <5.00 29.00 4.81 
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123478-HxCDF* <5.00 59.00 13.75 

123678-HxCDF* <4.00 47.00 9.98 

234678-HxCDF* <5.00 36.00 6.21 

123789-HxCDF* <3.00 22.00 3.73 

1234678-HpCDF* 4.70 210.00 49.74 

1234789-HpCDF* <6.00 76.00 13.38 

OCDF* <0.90 710.00 161.31 

Nutrient

s / mg kg-

1 

Exchangeable ammonia 0.70 207.00 42.72 

Nitrate <0.40 14.50 2.25 

Nitrite as N <0.10 0.60 0.01 

Phosphate (available) 119.00 918.00 322.93 

Perfluori

c 

compou

nds / ng 

kg-1 

 

*mean 

average 

of those 

above 

LOQ 

PFBA <789.00 <789.00 <789.00 

PFPeA <309.00 24049.00 613.09 

PFHxA <256.00 <256.00 <256.00 

PFHpA <698.00 <698.00 <698.00 

PFOA 76.00 2902.00 540.69 

PFNA 50.00 68.00 57.28 

PFDA 182.00 968.00 477.00 

PFUdA 141.00 422.00 297.00 

PFDoA 89.00 448.00 240.00 

PFTrA 36.00 68.00 52.75 

PFTeA 102 256.00 194.43 

PFBS <342.00 <342.00 <342.00 

PFHxS <999.00 <999.00 <999.00 

PFOS <99.00 6220.00 1126.15 

PFDS <204.00 3772.00 1008 

WL / ng 

kg-1 

Diclofenac 1.70 160.33 42.91 

Triclosan 1.92 703.38 97.08 

Estradiol trace 9 trace 

Organoti

n 

monobutyltin cation 3.00 2800.00 89.48 

dibutyltin cation <1.00 420.00 48.33 



39 
 

compou

nds µg 

kg-1 

tributyltin cation <1.00 160.00 16.00 

tetrabutyltin <1.00 49.00 6.40 

tricyclohexyltin cation <1.00 4.00 <0.91 

triphenyltin cation <1.00 4.00 <0.48 

monooctyltin cation <1.00 420.00 27.57 

dioctyltin cation <1.00 360.00 38.57 

α-hexabromocyclododecane 

(HBCDD) 

<0.50 18.00 2.65 

β-hexabromocyclododecane 

(HBCDD) 

<0.56 4.40 0.67 

γ-hexabromocyclododecane 

(HBCDD) 

<0.50 120.00 23.72 

hexabromocyclododecane (HBCDD; 

sum) 

0.60 130.00 34.54 

 

 

 

 

Table SI 3.2: Physical parameters; pH, redox potentials, dry weight and grainsize; mean, minimum 

and maximum values across all sites.  

Parameter    Minimum Maximum Mean 

pH  6.77 8.32 7.38 

Redox<Potential 

(mV) 

 -443.00 140.00 -62.69 

Dry weight (%)  17.42 75.59 48.26 

Grainsize (%) > 2000 µm 0.00 22.70 4.70 

1000<2000 

µm 

0.00 9.70 1.32 

600<1000µm 0.00 21.80 2.68 

200<600 µm 0.00 68.80 19.22 
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100<200 µm 0.90 45.00 19.38 

63<100 µm 0.50 45.70 12.26 

20<63 µm 0.00 38.70 15.35 

< 20µm 0.20 82.60 25.04 

< 100 µm 0.70 98.70 52.67 

< 63 µm 0.20 97.30 40.41 
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Table SI 3.3: Minimum, maximum and mean average concentrations of pesticides, polyaromatic 
hydrocarbons, polychlorinated bisphenols and metals, found in sediment samples from all 9 sites, 
and all sampling rounds, with TEL and PEL values for comparison. 

 
Minimum Maximum Mean TEL PEL 

Pesticides /   

µg kg-1 

p-p DDD 0,2 60.00 7.85 0.12 1.30 

p-p DDE 0.30 9.50 1.93 0.24 2.20 

Metals /  

 mg kg-1 

Cd 0.38 5.30 1.61 1.20 2.60 

Cr 12.00 150.00 60.70 26.00 45.00 

Cu 10.00 190.00 46.13 16.00 34.00 

Hg <0.40 1.30 0.40 0.18 0.47 

Ni 9.60 240.00 50.53 7.50 19.00 

Pb 21.00 320.00 73.19 31.00 68.00 

Zn 100.00 800.00 290.74 163.00 305.00 

PAH / 

mg kg-1 

Naphthalene 0.03 2.10 0.27 0.32 2.80 

Acenaphtene <0.01 4.10 0.28 0.04 1.60 

Acenaphtylene <0.01 2.70 0.21 0.04 1.60 

Anthracene 0.02 2.60 0.31 0.03 0.12 

Benz(a)anthracene 0.04 5.10 0.66 0.12 0.40 

Benz(a)pyrene 0.02 3.00 0.44 0.12 0.40 

Benzo(b)fluoranthene 0.05 7.20 0.75 0.14 0.44 

Benzo(ghi)perylene 0.03 4.10 0.51 0.10 0.30 

Benzo(k)fluoranthene 0.02 3.80 0.39 0.07 0.23 

Chrysene 0.05 6.80 0.78 0.16 0.48 

Dibenzo(a,h)anthracene <0.01 0.99 0.12 0.02 0.07 

Fluoranthene 0.08 13.00 1.66 0.30 0.88 

Fluorene 0.01 4.50 0.29 0.06 0.24 

Indeno(1,2,3<c,d)pyrene 0.02 4.70 0.43 0.10 0.31 

Phenanthrene 0.07 7.10 0.94 0.20 56.00 

Pyrene 0.07 8.00 1.22 0.23 0.69 

PCB / 

µg kg-1 

PCB101 0.19 74.00 7.98 0.41 4.70 

PCB138 0.17 160.00 17.18 1.20 4.30 

PCB153 0.18 180.00 18.35 1.80 6.00 
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PCB180 0.11 130.00 15.18 0.07 1.60 

PCB Sum 0.93 604.60 68.09 8.00 30.00 

 

S4 PCA analysis 
 

Table S4.1: Variable loadings derived from the PCA on 53 cases, 71 variables (inorganic and organic 
contaminants normalized according to the granulometric fraction of <20 µm and <63µmm 
respectively). Component loadings are scaled to unity, so that the sum of squares of an eigenvector 
equals 1 (R-mode PCA, as performed by MVSP). Only loadings above 0.1 are shown with those above 
0.2 in bold. 

  

PC 1 PC 2 PC 3 PC 4 

Variance 
explained 

 97,5% 0,8% 0,5% 0,2% 

Ag 
  

0,164  -0,142 

Al 
 

0,255    

As 
 

0,116    

Ba 
 

0,129    

Ca 
 

0,354 -0,278   

Cd 
  

0,153   

Co 
 

0,105    

Cr 
 

0,124    

Cu 
  

0,132   

Fe 
 

0,267   0,117 

Gd 
  

0,119   

Hg 
  

0,121   

K 
 

0,267    

La 
 

0,12    

Li 
 

   0,149 

Mg 
 

0,292    

Mo 
  

0,14   

Na 
 

0,2   0,1 

Ni 
 

    

Pb 
 

0,117 0,111   

Rb 
 

0,137 
 

  

Se 
  

0,119 0,1 
 

U 
  

0,154   

V 
 

0,145    

Zn 
 

0,186    

Total Oil 
 

0,226   -0,137 

Total n alkanes 0,197   -0,101 

OCDD 
 

0,143   -0,176 

OCDF 
 

0,104  -0,207 0,112 

PFOA 
 

0,12 
 

0,129 
 

PFOS 
 

0,117 
 

-0,11 -0,129 
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Monobutyltin cation    -0,127 

dibutyltin cation    -0,282 

tributyltin cation   -0,18 
 

tetrabutyltin 
 

  -0,219 
 

alpha-hexabromocyclododecane 
(HBCDD) 

 
0,178  -0,155 

beta-hexabromocyclododecane 
(HBCDD) 

 
0,164 

 
-0,146 

gamma-hexabromocyclododecane 
(HBCDD) 

 
0,152 

 
-0,207 

PAH EPA Sum 
  

0,17 
 

-0,105 

PCB Sum 
  

0,112 
 

-0,281 

aHCH 
   

-0,214 0,187 

bHCH 
 

  -0,217 0,261 

yHCH 
  

0,152  0,108 

p-p DDD 
   

  

p-p DDE 
 

 0,125 -0,128  

p-p DDT 
 

 
 

-0,207  

1,2,3-Trichloro benzene  0,167 
 

 

1,3,5-Trichloro benzene  
 

-0,232 0,113 

1,2,4-Trichloro benzene  0,126 -0,103 -0,138 

1,2,3,4-Tetrachloro benzene  0,113 -0,17 -0,144 

1,2,3,5-Tetrachloro benzene   -0,236 
 

1,2,4,5-Tetrachloro benzene 
 

0,154 -0,115 0,148 

Pentachlorobenzene 
 

0,113 -0,224  

Hexachlorobenzene   -0,306  

Hexachlorbutadiene   -0,207 0,108 

Diclofenac 
 

   0,208 

Triclosan 
 

 0,113  
 

2378-TCDD 
 

 0,136  0,143 

2378-TCDF 
 

 
 

-0,155 
 

Organic matter  -0,125  -0,105 

Exchangable Ammonium   -0,123 -0,202 

Nitrate 
 

   
 

Phosphate (available) 0,296 -0,207  -0,228 

SEM/AVS - ratio  -0,153 -0,136 0,105 

1000-2000 µm  0,129   

600-1000µm 
 

 0,132   

200-600 µm 
 

 0,147 0,126  

100-200 µm 
 

 
 

0,199 -0,136 

63-100 µm 
 

 -0,151 
  

20-63 µm 
 

 -0,267 -0,109 -0,101 

< 20µm 
 

 -0,284 -0,166 
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S5 Data analysis by sampling site  
The variation of contaminant concentration across the different sites was considered by comparing 

the different amounts detected during each sampling campaign. This showed the seasonal variation 

and site to site differences in the chemical profiles of the different sediments.  

5.1 Nutrients  

Nutrients are commonly monitored contaminant due to historic or ongoing eutrophication of a 

water course.1, 2 Whilst there was little variation in phosphate concentrations between sites or 

seasons, largely due to phosphate absorption to the sediment, larger variation was seen for nitrate 

and exchangeable ammonia concentrations representing changing influx and pressures likely from 

caused by changing source amounts of these contaminants.  

 

Figure SI 5.1: Average, IQR range and outlier values for a) available phosphate, b) nitrates and c) 

exchangeable ammonia concentration in the sediment across each sampling site. In the boxplot, 

centre lines indicate the median and x shows the mean, n= 6. BE1 = Scheldt upstream BE2, = Scheldt 

downstream   BE3 = Zenne, DE1 = Elbe, upstream, DE2 = Elbe WWTP, DE3 = Elbe downstream, UK1 

= Aire upstream, UK2 = Aire downstream, UK3 = Pocklington canal. 
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5.2 Toxic metals 

Sediments where analysis for a series of potentially toxic metals and metalloids, of those that have 

recommended safe levels (TEL, PEL values) five where identified to routinely exist above 

recommended values as calculated by de Derker et al..3 Cadmium, chromium, zinc, lead and mercury 

was found to exceed potentially toxic levels at many sites during the sampling period.  

 

Figure SI 5.2: Average, IQR range and outlier values for toxic metals of interest a) zinc b) cadmium c) 

chromium, d) lead and e) mercury concentration in the sediment across each sampling site. In the 

boxplot, centre lines indicate the median and x shows the mean, n= 6. TEL and PEL values plotted for 

comparison. BE1 = Scheldt upstream BE2 = Scheldt downstream, BE3 = Zenne, DE1 = Elbe, upstream, 

DE2 = Elbe WWTP, DE3 = Elbe downstream, UK1 = Aire upstream, UK2 = Aire downstream, UK3 = 

Pocklington canal. 
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5.3  PCB and PAH totals and individual compounds comparisons 

Many organic compounds are often monitoring in groups or totals rather than looking at individual 

compounds. Whilst chemically similar compounds often exhibit the same of similar toxicity the 

magnitude from one compound to another is often different. Not all compounds from a group 

classification may be present or present at toxic levels whilst others may exist at higher 

concentrations, observing them only as a group may miss some vital toxic components of a 

sediment. To common groups of compounds look at are polychlorinated bisphenols and 

polyaromatic hydrocarbons.  

 

Figure SI 5.3: Average, IQR range and outlier values for polychlorinated bisphenols. In the boxplot, 
centre lines indicate the median and x shows the mean, n= 6. BE1 = Scheldt upstream  BE2, = Scheldt 
downstream   BE3 = Zenne, DE1 = Elbe, upstream, DE2 = Elbe WWTP, DE3 = Elbe downstream, UK1 
= Aire upstream, UK2 = Aire downstream, UK3 = Pocklington canal. 

 

A range of polychlorinated bisphenols where compared to stated TEL and PEL values to examine 

potential toxicity within this classification of compounds (Figure SI 4.4). The site on the Zenne, is 

well known to have historic PCB pollution linked historical and going industrial industrialisation, this 

is reflected within this data set where all PCBs are significantly higher than suggested regulatory 

levels. However other sites also show some indication of pollution from specific PCBs, upstream 

sites on the Scheldt, Elbe and River Aire all have higher sediment concentrations of some PCB’s, 
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namely PCB28. Studying individual PCBs gave a more detailed understanding of potential sediment 

toxicity that would otherwise be overlooked when considered in PCB totals (Figure SI 4.3). Such 

cumulative totals often mask the presence of particular potent individual species that may only be 

presence in trace amounts but still above toxic levels. A similar pattern was shown for PAHs where 

analysing only the total PAH presence (figure 4.5) masks the variation and presence of individual 

PAHs at certain sites (figure 4.6). 

 

 

Figure SI 5.4: Comparison of individual PCBs with their respective TEL and PEL values to understand 
if certain compounds are dominating in terms of existence and toxicity, n = 6.  
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Figure SI 5.5: Average, IQR range and outlier values for total polyaromatic hydrocarbons 
concentration in the sediment across each sampling site. In the absence of TEL and PEL values, Dutch 
standard and intervention guidelines were used to demonstrate potential breaches in contamination 
levels. In the boxplot, centre lines indicate the median and x shows the mean, n= 6. BE1 = Scheldt 
upstream BE2, = Scheldt downstream, BE3 = Zenne, DE1 = Elbe, upstream, DE2 = Elbe WWTP, DE3 = 
Elbe downstream, UK1 = Aire upstream, UK2 = Aire downstream, UK3 = Pocklington canal. 
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Figure ESI 5.6: Comparison of individual PAHs with their respective TEL and PEL values to understand if certain compounds are dominating in terms of 
existence and toxicity, n = 6
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