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Abstract

Geochemical studies are becoming more and more frequent in the context of the 

increasing pressure of human activities on marine coastal ecosystems and represent an 

appropriate tool to assess anthropogenic disturbances. Moreover, it is difficult to find discriminant 

markers. The eastern part of the Bay of Seine (English Channel) is highly impacted by the 

presence of harbour activities, fishing and sediment extraction. Dredged sediment from the Grand 

Port Maritime du Havre (GPMH) are deposited at the subtidal Octeville site, in the north-eastern 

part of the mouth of the Seine estuary (mixed sediment area). To understand natural and 

anthropogenic sedimentary mechanisms in this area, a geochemical and sedimentological study 

was conducted at the beginning of 2016. A dense sampling campaign including 179 stations was 

carried out between Cap de La Hève and Cap d’Antifer. For comparison, sampling was carried 

out in the harbour (13 samples in basins strongly or very weakly dredged), in the dredged grab 

itself and in the Seine estuary sediment (one station in the brackish zone and two stations in the 

river freshwater zone). Elemental compositions were determined by X-Ray Fluorescence 

spectrometry and infrared spectrometry. Using PCA (Principal Component Analysis), seven 

constituents were selected (Si, As, S, Pb, Rb, organic Br and TOC) to determine the area 

influenced by dumped spoil and the sediment transport directions. Sediment areas in dynamic 
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equilibrium display a TOC gradient perpendicular to the coastline, linked to granulometric 

variations due to a combination of the swell and tidal currents. In the study area, dredged sediment 

are finer grained and have undergone changes due to the influence of diagenetic processes 

characteristic of the harbour environment. As a result, these sediment are enriched in sulphides, 

Pb, TOC and Rb, which allows us to highlight the in-situ deposited sediment spoil. Dumped 

sediment and the area subject to their influence are clearly identified since they locally disrupt the 

natural dynamic equilibrium state.

Keywords: Sedimentary dynamic equilibrium, geochemical tracers, X-Ray Fluorescence 

spectrometry, dredged sediment spoil, Bay of Seine.

1. Introduction

The concept of dynamic equilibrium was introduced for the first time by Gilbert (1877), in 

the context of a geological survey in the United States (Henry Mountains, Utah, USA), to refer to 

any change in a system which adjusts over time in order to minimize the effect of the changes 

(Bracken and Wainwright, 2006). Dynamic equilibrium in coastal marine sedimentary studies is 

also defined as an equilibrium between particle transport, erosion and deposition as a function of 

physico-chemical-biological and hydrodynamic parameters (Perillo, 1995). The transport and 

deposition of fine particles are controlled by two marine forcing parameters: tidal currents and 

swell. In the case of a macrotidal regime, these forcings create an area where the marine and 

fluvial particles are strongly mixed under the effect of strong tidal currents and swells. In coastal 

areas, fine particle deposition and erosion processes are mainly based on studies of 

sedimentological features, the calculation of sedimentation rates and their association with 

benthic macrofauna (Christie et al., 1999; Dyer et al., 2000; Méar et al., 2006; Lesourd et al., 

2016; Murat et al., 2016). 

However, identifying the provenance of fine sedimentary material is a difficult task 

(Dubrulle-Brunaud, 2007). Sediment source-areas and the description of markers are also 

represent challenging topics commonly addressed in studies on the origin and transit (deposition 

and suspension) of particles.  Some authors focus exclusively on  clay minerals to highlight 

sedimentary dynamics in coastal areas (Oliveira et al., 2002), while other studies make use  

geochemical tracers as markers of sedimentary material, mainly with the aim of assessing 

contamination/pollution (Goldberg et al., 1979; Macdonald et al., 1991; Lee and Cundy, 2001; 

Santschi et al., 2001). In the Bay of Seine and Seine estuary, several studies have used 
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geochemical or biomarkers to elucidate the origin of fine material (Dupont et al., 1994; Dubrulle-

Brunaud, 2007; Dubrulle et al., 2007; Vrel, 2012). These studies in the Seine estuary highlight the 

existence of four sources (marine, fluvial, inherited sediment and estuarine) which contribute to 

particulate mixing and point out the difficulty of differentiating these sources with geochemical 

markers (Dubrulle-Brunaud, 2007). The present study focuses on the eastern part of the Bay of 

Seine, between the Cap de La Hève and Cap d’Antifer, including the dumping site used by the 

Grand Port Maritime du Havre (GPMH). The area studied here includes a fifth potential source, 

corresponding to fine sediment dredged from harbour basins which is then dumped offshore. 

Harbours need carry out periodically dredging to maintain sufficient water depth in the 

basins and access channels for the purpose of navigation and port activities. The dredged 

sediment can be deposited onshore or, in cases where they do not contain hazardous products, 

can be dumped at sea (Marmin et al., 2014, 2016). Nevertheless, marine dumped sediment may 

have different physical and chemical characteristics, which then generate multiple effects on the 

physical environment: input of fine particles, decreasing water depth and modification of bottom 

sediment (Chauvin et al., 1986; Boutin, 2000; Smith and Rule, 2001; Marmin et al., 2016).

The objective of this study is to understand the functioning of natural sedimentary 

processes in the study area and determine the impact of dumping as well as the consequences 

of harbour sediment inputs in this coastal area, while developing a new approach associated with 

the use of geochemical tracers.

2. Study area
2.1. General context

The study area is located in the eastern part of the Bay of Seine in north western France 

(English Channel), between Le Havre harbour and Antifer harbour (Fig. 1).

The study area has a maximum water depth of 30 m and a mean depth of 15 m. The site 

is characterized by a macrotidal regime, with a tidal range of 7.5 m during spring tide, showing a 

strong maximum turbidity zone compared to other macrotidal estuaries (Le Hir et al., 2001a). Tidal 

currents trend mainly to the northeast (NE) during flood tide and to the southwest (SW) during 

ebb tide. The residual current flows towards the NE. Northwesterly winds are generally present 

throughout the year (mean speed of about 7 m s -1, with maximum speed >15 m s -1), but show 

maximum force between November and March. 
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Water circulation in the eastern Bay of Seine is determined by the general trend of tidal 

currents. Nevertheless, the shoreline greatly disrupts this general pattern. At the beginning of 

flood tide, the Antifer current runs along the coastline and turns towards the Seine Estuary. At the 

end of the flood tide, the current is reversed (Verhaule current) and flows towards the NE, but still 

follows the coastline. At the ebb, a new reversal of the water flow occurs, with the current directed 

towards the SW (Larsonneur, 1971; Le Hir et al., 2001a; Méar et al., 2006).

The Seine estuary is a major source of fine particles in the eastern part of the Bay of Seine 

and in the harbour basins of Le Havre. The average annual discharge of the Seine is estimated 

at 435 m3 s -1, rising to 534 m3 s -1 over the last decade. The minimum discharge is generally 

observed between August and October and the maximum discharge between November and 

April. Since 1941 (first measurements), with 2001 showing the highest average annual discharge 

(903 m3 s-1). Average weight concentrations of suspended particulate matter (<100 µm) in the 

estuary of the Seine (measurements carried out at Poses) are close to 30 mg l-1(Le Hir et al., 

2001b). The average input of fine particles supplied by the Seine is 6 105 t y-1 (ranging between 

1.3  105 t y-1 and 1.7  106 t y-1; Lesourd et al., 2016). Along the coast, the turbidity plume from the 

Seine estuary develops over a width of one kilometre, even in the absence of waves (Brylinski et 

al., 1991). The deposited mud is unconsolidated and thus easily resuspended by tidal currents 

(Avoine and Larsonneur, 1987; Lesourd et al., 2003; Ubertini et al., 2012). In terms of clay 

minerals, the Seine estuary corresponds to a mixing zone between continental clays composed 

mainly of smectites and kaolinites and marine clays composed mainly of illites and chlorites. 

(Lesourd, 2000). This assemblage of clay minerals is stable in the estuary, both upstream and 

downstream (Dubrulle et al., 2007).

The seafloor of the study area is mainly covered by muddy sands, with sandy muds, sands 

and pebbles along the coast (Lesourd et al., 2016). Previous studies have highlighted, between 

Cap de La Hève and the Cap d’Antifer, a coastal fringe with the fine fraction ( <63 µm) making up 

10 % to 25 % of the sediment, but with spatial and temporal fluctuations in the mud content 

(Avoine et al., 1981; Crevel, 1985; Larsonneur et al., 1985; Méar et al., 2018). In 2014, studies 

conducted by the Havre harbour authorities in an offshore area near the Octeville dumping site 

showed silt and clay contents (<63 µm) varying from 4.9 % to 48.8 % in the northern zone between 

the dumping site and Antifer (mean value 29.5 %) and 14.9 % to 37.7 % (mean value 27.4 %) in 

the southern zone between the dumping site and Le Havre (Brasselet, 2014).

2.2. Le Havre harbour
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Le Havre harbour was built in 1517 as a military and commercial port. It was the 58th 

largest world port in 2013 and the second French port in 2014, with a traffic of 67,574,000 tons.

In this study, the harbour is divided into three large distinct zones (Basselet, 2014; Fig. 1):

- Slightly dredged basin and canal located on either side of a lock with little harbour activity. The 

basins are dredged only every 2 to 3 years (<15 000 m3). The basins on the other side of the lock 

are not subject to the tide (1 m maximum tidal range). There is not direct communication with the 

Seine estuary and little water renewal. Sediment are mainly composed of sandy mud and muddy 

sand (53.4 % <63 µm on average for 2009 to 2014 period).

- The historical harbour (Port Ancien), which was the main harbour before the Port 2000 

development in 2002-2005, is still used today but with a reduced level of maritime activities. In 

2014, the dredged volume was 584 763 m3. Sediment are mainly composed of fines (on average, 

82 % <63 µm fraction for 2009-2014).

- The new harbour (Port 2000), which represents an expansion of the historical harbour, was built 

from 2002 to 2005 (with latest construction of dykes in 2009) and has been in use since 2006. 

This new part of the harbour handles a great amount of maritime traffic, with large container ships 

(capacity of up to 20 000 containers).

The average volume dredged is 2 106 m3 y-1. Sediment are mainly composed of mud (on 

average, 79.9 % <63 µm fraction for 2009-2014).

In this study, samples were collected from these three different zones to represent the 

"source sediment", to determine the sediment composition and compare the dredged material 

with dumped sediment.

2.3. Octeville dumping site

Since 1947, the Octeville dumping site has been used by the GPMH (Grand Port Maritime 

du Havre). Located 8 km from Le Havre, the site was chosen for its proximity to the harbour and 

the strong hydrodynamics in this zone, which leads to the natural dispersal of fine particles. The 

dredged sediment results from daily harbour maintenance and represents approximately 2.5 to 3  

106 m3 y-1 since 2006, following the harbour extension works (Port 2000). Before this extension, 

dredged volumes represented 1.3 106 m3 y-1. The dumped sediment are strongly heterometric. 

Mud accounts for 70 % of the sediment at the dumping site (average of fine fraction (<63 µm): 

77.5 %, in 2014, Brasselet, 2014). But the strong hydrodynamic regime causes resuspension of 

finer sediment which are dispersed outside the dumping area over large distances, mainly 

towards the NE (Auffret and d'Ozouville, 1985a,b; Crevel, 1985; Chauvin et al., 1986).



6

The seafloor of the dumping site is covered with muddy sand and sandy mud in the 

northern and western part of the site and with gravel and pebble in the southeast (SE). The SE 

sector of the site corresponds to a historical deposition area associated with a shoal (-5 m with 

respect to minimum sea level in Le Havre harbour = Cote Marine du Havre, CMH). The dumping 

strategy of GPMH has evolved over time to minimize impact. Currently, sediment are deposited 

to the N, NW, and SW of the dumping site, according to a system of "boxes", in which the sediment 

is distributed in a thin layer (elevation of between 0.1 to 0.6 m per box per year).

3. Methodology
3.1. Sampling strategy

A sampling of 179 stations (regular grid, distance of 500 m between stations) was 

conducted in January and February 2016 (on 19, 20, 21 January 2016, with tidal coefficients of 

56 to 72; and on 13 February 2016, with a tidal coefficient of 94) using a 0.04 m2 Shipeck grab 

aboard the GPMH vessel “Le Marais”, between the Cap de la Hève and the Cap d’Antifer (Fig. 2, 

zoom 3). A visual examination of sediment composition and granulometry was carried out for 

each grab (notations and photos), then a sample of the surface sediment and, finally, a sample 

of the whole grab was collected and stored in plastic bags.

In addition, samples from the harbour basins (same sampling method as described above) 

were also studied. To obtain a good knowledge of the geochemical and sedimentary parameters 

of the superficial sediment in harbour basins (dumped sediment), samples were collected from 

strongly dredged and slightly dredged basins: four samples from strongly dredged basins in the 

historical harbour and Port 2000 (H5, H8, H21 and H2000; 24 March 2016; Fig. 2, zoom 2), four 

samples from very slightly dredged basins in the historical harbour (tidal influence) and the canal 

on the other side of a lock (H22, H11, HG1 and HDO; 10 May 2017; Fig. 2, zoom 2).

Moreover, sampling was carried out on the dredge grab itself, to obtain information on 

deeper dredged sediment (reduced sediment): one sample with three replicates from the historical 

harbour: HD1, HD2 and HD3 (6 October 2017) and one sample with two replicates from Port 

2000: HD4 and HD5 (26 October 2017; Fig. 2, zoom 2).

To determine the composition of sediment in the Seine estuary, three samples were also 

collected (Fig. 2, zoom 1): one station in the brackish zone (T1; 24 March 2016) and two nearby 

stations in the freshwater section of the river (B1 and B2; 6 March 2017).

Bottom currents measurements were conducted by the GPMH from June to November 

2012 (localisation of points on Fig. 1). The current velocities and directions were measured at six 
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stations with an ADCP instrument (Current Profiler with Doppler Effect 600 kHz). The duration of 

data acquisition was fixed at one tidal cycle (12 hours) and two measurements were performed 

per station (at spring and neap tide). The ADCP was placed 2 m above the seabed.

3.2. Laboratory analyses

After collection, all samples were frozen in the laboratory before sedimentary and 

geochemical analyses. The sedimentary data obtained are used to check and support the 

interpretations based on geochemical data.

To assess sediment granulometry, laser diffraction particle-size analysis was carried out 

on fine superficial sediment collected by Shipeck grab (parameters used: measured interval: 0.02 

µm to 2 mm. Real part: 1.54 and imaginary part: 0.1. Mie diffraction method).

Elemental contents were determined by X-ray fluorescence and Total Organic Carbon 

(TOC) was analysed on superficial sediment collected by the Shipeck grab. Frozen samples were 

freeze-dried. The coarse fraction was removed with a 2-mm sieve. The weight of the sample was 

reduced to obtain 10 g aliquots using a manual quartering method (random separation of sample 

aliquots). Tests were performed beforehand to select the best method to conserve as much 

material as possible for the elemental analyses (either crush then rinse or rinse then crush, with 

varying intensity and duration). The results reveal the loss of a certainamount of potassium and 

rubidium when samples are rinsed before crushing. Also, samples were crushed then rinsed to 

avoid rubidium and potassium loss.

Sediment samples were acidified by H3PO4 (1 M), to remove carbonates, dried on a hot 

plate at 40° C and measured for TOC content by combustion in a LECO CS 744 carbon sulphur 

analyzer. Two or three replicates of dried and homogenized sediment (50 mg) were analysed per 

sample. The results of organic carbon measurements are expressed in percent of dry sediment. 

The precision determined from replicate subsampling was ±0.05% organic carbon.

The methodology chosen for sample preparation consisted of grinding freeze-dried 

samples (10 g) for 3 min at 600 rpm (revolutions per minute) with an automatic grinder, then sub-

sample were rinsed with ultra-pure water in a centrifuge (3x15 min at 300 rpm), to remove residual 

salt due to the evaporation of marine pore-water. This rinsing was carried out to obtain sulphide 

without sulphate, as well as bromine bound to organic matter without contamination from the 

bromide (Br) contained in seawater. Previous studies have shown that pure water only removes 

Br to the extent expected for evaporated pore waters (Mayer et al., 1981, 2007) and that 

insignificant organic bromine is washed away (Mayer et al., 2007). The samples crushed and 
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rinsed in this way were freeze-dried again and analysed by X-Ray Fluorescence using an xSORT 

instrument (elements from Si to U). The instrument was set up on a stand and analyses were 

performed with the manufacturer's Environ-H program. Ground sediment were manually 

compacted and placed in a 15-mm-diameter plastic cup with a 4-µm-thick polypropylene window. 

For each sample, four replicates were analysed with a counting time of 300 s The detection limits 

of each elements are vary according to the atomic mass.adjusted according to the calibration line. 

For the lightest element, Si the detection limit is 5000ppm. For the As and the elements heavier 

the detection limit is 5ppm. Accuracy of measurements is poor at the detection limit and increases 

with the concentration. The replicates values generally agree within 5 %. But for Si, the lighest 

element, they can sometimes agree only within 10%. To calibrate the results, 25 marine sediment 

samples were used. These samples were analysed by ICP-AES ("Service d'analyses des roches 

et minéraux", SARM-Nancy, France). For Br calibration, we used standards prepared from 

Mediterranean sediment. The sediment was sieved with mesh width of 40 µm and high purity 

water, freeze-dried, crushed and homogenized. Known quantities of KBr solution were added to 

the sediment sub-samples, and the sub-samples were freeze-dried, crushed and homogenized. 

Following the analyses, a database was created for each station, with contents of 

elements (from Si to U), TOC and particle-size data. 163 samples were analysed from the study 

area, as some stations are composed of coarse sand and pebbles (especially the coastal 

stations). All the harbour and estuary stations (16 stations) were analysed. A total of 1074 

analyses [716 XRF analyses (four replicates) and 358 TOC analyses (two replicates)] were 

performed on samples from 179 stations.

3.3. Data treatment

To describe the sedimentary functioning of the study area and highlight the possible 

impact of the dumping site, PCA (Principal Components Analysis) was conducted with R.3.4.1 

software, as well as the FactoMiner and PerformanceAnalytics packages. PCA is one of the most 

commonly used multivariate ordination methods for establishing correlations between variables 

and samples. It is also used for performing data reduction of vibrational spectra and visualization 

of potential groupings between samples (Pearson, 1901; Hotelling, 1933; Syms, 2008; Lewis and 

Menzies, 2015). For each PCA, two graphical representations are obtained (one for variables, the 

other for samples). Also, several consecutive PCAs (7 in number) are conducted to eliminate non-

informative or redundant items, according to the contents of each element in each sample, 
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correlations, interaction and distribution between variables/elements, as well as spatial 

representation of variables/elements and individuals/samples. The data are not standardized to 

study the impact of particle size and sedimentary dynamics.

Cartographic analyses were carried out with ArcGis 10.2.2 software to facilitate 

geographical visualization of the results and support the interpretations

4. Results
4.1. Selected geochemical parameters

In this study, it is necessary to simplify the data to obtain parameters which express the 

variability of the sample pool and account for the functioning of the study area. With xSORT, 18 

calibrated chemical elements are measured for each station (Si, S, K, Ca, Ti, V, Mn, Fe, Ni, Ga, 

As, Organic Br (denoted BrOrg), Rb, Sr, Y, Pb, Th and U). Analyses were performed step by step 

to gradually reduce the number of geochemical parameters, to select the best markers for 

discriminating samples from each other. In fact, it is difficult to discriminate between samples from 

the Bay of Seine, harbour basins and Seine estuary (brackish water) because they are very similar 

due to a mixing of particles. Since Le Havre harbour is located in the northern part of the Seine 

estuary, its basins are filled with sediment very similar to those naturally present in the Bay of 

Seine. Finally, only seven discriminant constituents are retained in the last PCA: Si (silicon), S 

(sulphide), As (arsenic), BrOrg (organic bromine), Rb (rubidium), Pb (lead) and TOC (total organic 

carbon).

Rb is a marker of clay minerals, especially illites (Reynolds, 1963), which are naturally 

present in the Seine estuary at abundances of 15-20% (Lesourd, 2000; Dubrulle et al., 2007; Vrel, 

2012). Rb shows a constant level in the estuary, with Enrichment Factor = 1 (Dubrulle et al. 2007). 

This element is preferentially retained in weathered illites in comparison to K (Garrels and Christ, 

1965; Mahjoor et al., 2009).

BrOrg and TOC are quantitative markers of organic matter content. They are correlated 

which each other and their ratio is an indicator of terrigenous versus marine organic matter (Price 

and Calvert, 1977; Mayer et al., 1981, 2007; Leri et al., 2010, 2014).

Si marks the coarse detrital fraction, especially quartz and flint in the Bay of Seine 

(Dubrulle-Brunaud, 2007).

Arsenic (As) appears to be a marker of coastal glauconite-rich sediment (greenish sand). 

Arsenic is naturally present in geological materials and, even though it is not described as a major 

component of glauconite [Fe-rich alumino silicate; McRae (1972) and Banerjee et al. (2016)], it 
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can be taken up during "glauconization" and can be found in illite-rich glauconite (Mumford et al., 

2012). Moreover, the presence of As in glauconite is well demonstrated because this element can 

be assimilated by microbial activities and released into the water from geological materials 

(Barringer et al., 2001, 2010). In the Bay of Seine, glauconites formed during the Aptian-Albian 

have been described offshore and to the west of Cap d’Antifer (Larsonneur et al., 1975). However, 

only few studies report the presence of arsenic in glauconite from the Bay of Seine.

Sulphide (S) is characteristic of sulphide-rich harbour sediment. Harbour basins contain 

sediment with high levels of organic matter, the driving force for most primary diagenetic redox 

reactions (Kasten and Jørgensen, 2000). Mineralization of organic matter is carried out by 

microorganisms which preferentially consume oxygen. However, the supply of oxygen from sea 

water to harbour sediment is limited, and the low oxygen concentration in bottom waters combined 

with high organic matter flux creates anoxic conditions (oxygen consumption by aerobic 

respiration). The sulphate reduction process becomes predominant because of the availability of 

high concentrations of sulphate in seawater, which leads to the production of sulphides in 

sediment (Jørgensen, 1977; Bo Barker, 1977).

Pb is present in large quantities in the Seine estuary (>100 ng l 1) and has the ability to be 

easily and rapidly fixed to sulphides (Cossa et al., 1993). Pb is precipitated in the sulphate 

reduction zone as sulphide minerals below the redox-cline, and may show enrichment at depth 

(Shaw et al., 1990; Spencer et al., 2003).

4.2. PCAs results

The results reported here concern the final PCAs performed with the seven selected 

geochemical parameters (Si, S, As, BrOrg, Rb, Pb and TOC). For the general PCA that includes 

all the samples, plane 1-2 accounts for 87.67 % of the total variance of the data scatter plot (Fig. 

3). The similarity between the scatter plot of the first and this last PCA reflects a simplification of 

the data pool without loss of information. Interpretation of this result is described step by step in 

the following.

4.2.1. Relationships between elements

The correlations between the seven elements are illustrated spatially in Fig. 3A and 

numerically in Fig. 4. Four groups of variables can be identified. (1) The first group comprises Rb, 

TOC and BrOrg, which are strongly and significantly correlated with each other (r = 0.84-0.90). 
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(2) The second group includes S and Pb, two elements associated in the harbour sediment matrix 

and which also show a strong and highly significant correlation (r = 0.96). (3) The third group is 

represented by a single element, arsenic, which exhibits moderate positive but significant 

correlations with all other elements (r = 0.31-0.66). (4) The last group corresponds to Si, 

negatively correlated with markers of clays and organic matter (TOC, Rb and BrOrg) and 

positively correlated with As.

The anticorrelations between Si and Rb, TOC and BrOrg in the first group, reflects grain-

size effects: sands are Si-rich and fine sediment have high clay and organic matter contents.

4.2.2. Relationships between samples

Fig. 3B illustrates the sample relationships. The scatter plot is J-shaped, with three 

elongate fields of data points, identified by a colour name. 

(1) The "Red group" extends over the largest range (coordinates: 0 to 9 on axis 1 and -2 

to 2 on axis 2), although it does not contain the largest number of samples (N = 26). The scatter 

plot shows a larger range on axis 1 than axis 2. This elongation trend occurs towards S and Pb. 

Samples of this group correspond to the finest sediment (rich in Rb, TOC and BrOrg), with a great 

variability of sulphide and lead contents. 

(2) The "Blue group" includes most of the samples (N = 120), although the field of data 

points is the less extensive (coordinates: -2 to 0.5 on axis 1 and -2 to 1 on axis 2). Unlike the Red 

group, the range of data points is the same on axis 1 and axis 2 , with the scatter plot oriented 

according to variations in BrOrg and TOC. 

(3) The "Green group" is the smallest (N = 23) and the elongation is less pronounced 

(coordinates: -2 to 1 on axis 1 and -1 to 5 on axis 2). The scatter plot is essentially oriented 

according to axis 2, being controlled by the Si and As variables. Samples of the Green group 

correspond to Si-rich coarse sediment, with glauconite enrichment in some samples.

4.2.3. Gradients and dynamic tracers

As previously described, Rb, TOC and BrOrg are quantitative markers of clays minerals 

and organic matter. These three correlated elements (Fig. 4 and 5B) show high concentrations in 

the finest sediment (Fig. 5A and Table 1). This clearly reflects sorting by particle size, which is 

supported by the scatter of data points along axis 1, with organic-poor sands to the left of the 
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graph and organic-rich clays to the right (Fig. 3). To interpret the patterns of the three data point 

clouds, we need to consider the raw dataset and the geographical origin of the samples.

 Red group
The Red group includes the finest samples (mean grain size of 62 µm) with the highest 

organic matter and clay contents (mean TOC of 1.80 %, mean BrOrg of 95 ppm and mean Rb of 

75 ppm; Table 1). Samples included in this group correspond mainly to sediment collected in the 

harbour (surface and deeper sediment), the estuary and within or near the dumping site (dumped 

sediment). The gradient observed in this group is highlighted by the presence of six discrete sub-

groups named "Red 1" to "Red 6" (Fig. 3B and Table 1). We observe a gradual decrease in 

contents of Pb, S, Rb, BrOrg and TOC from Red 1 to Red 6 (Table 1). 

Red 1 is composed of seven samples (HD1, HD2, HD3, HD4 and HD5) collected by 

dredge grab in the historical harbour and Port 2000; HDO and H22 were sampled in slightly 

dredged basins on both sides of the lock (Fig. 1 and 2).

Red 2 consists of three stations (H11 and H8 sampled in the historical harbour, and 63 

which is a station sampled in the southern dumping site). Red 3 corresponds to H21 (sampled in 

the historical harbour, close to outlet of a waste-water treatment plant). Red 4 corresponds to a 

mixing of harbour samples (HG1, H5 and H2000), samples within or near the dumping site 

(samples 119, 33 and 164) and one station sampled in the fresh-water section of the Seine 

estuary (B1). Red 5 is composed of stations in or near the dumping site (samples 50, 86 and 139) 

and one station in the brackish part of the Seine estuary (T1). Finally, Red 6 is made up solely of 

stations sampled within the study area (samples 22, 32, 35 and 137).

Harbour basins are calm hydrodynamic areas favourable for the accumulation of organic-

rich fine sediment. Sulphate reduction occurs following burial and through the course of time, and 

the sediment becomes enriched with sulphide and lead. Thus, all the dredged samples belong to 

the Red 1 sub-group. Harbour superficial sediment are deposited in less anoxic conditions, so 

samples from that source plot within sub-groups Red 1 to 5. The dumping site receives harbour 

sediment of various origins. Furthermore, there are high-energy hydrodynamic conditions and 

oxygen-rich environments in the dumping area.

Anoxic dumped sediment are quickly reoxygenated and lose part of their fine fraction 

content. Samples collected in the dumping area belong to Red 4 to 5. Particles transported away 

from dumping site are exposed much longer to the high-energy environment. Samples taken 

outside the dumping area are in sub-groups Red 4 to 6.
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The gradient from Red 1 to Red 6 reflects both changes in the energy level of the 

environment and the oxidation state of sedimentary particles. Harbour sediment that were initially 

buried progressively lose their geochemical specificity when introduced into the open marine 

environment.

 Blue group
The Blue group includes most of the samples, although its surface is the less expanded. 

The scatter plot is very compact (Fig. 3B). To improve our understanding of the origin of the 

elongated distribution of points on the scatter plot, we carried out a further PCA, referred to here 

as blue PCA, on the 120 individual samples falling in the Blue group, applying the same seven 

variables (Fig. 6).

In this “blue PCA”, plane 1-2 accounts for 74.09 % of the total variance of the data. 

Correlations are similar to those obtained from previous PCAs. BrOrg, TOC and Rb are again 

strongly correlated (BrOrg-TOC r = 0.74; BrOrg-Rb r = 0.87 and TOC-Rb r = 0.86) and Si is 

anticorrelated with Rb, BrOrg and TOC (r = -0.54 to -0.65). Pb, S and As have a very limited 

influence on the distribution of points. The blue PCA yields an impressive linear scatter plot, 

revealing an indisputable gradient of organic matter and clay mineral contents for the majority of 

samples. This gradient is characteristic of the Blue group, resulting from the adaptation of 

sedimentary deposits to the environmental energy level. Some constituents such as clays and 

organic matter are sorted according to their granulometric characteristics (in the present case, 

the fine grain-size class). The geochemical markers of these constituents can be regarded as 

dynamic tracers.

The other samples, plotting off the gradient line, are enriched in Pb and S or As. 

Granulometric sorting is again supported by the distribution of data points along axis 1, with sandy 

samples enriched in Si plotting to the left and more muddy samples enriched in Rb, TOC and 

BrOrg to the right (Fig. 6). It is noteworthy that all samples falling on this gradient are located 

outside the dumping site. To illustrate the variability of the Blue group on the cartographic 

application and better understand the mechanisms controlling the behaviour of these samples, 

we applied an artificial subdivision of the scatter plot. Four sub-groups were separated and named 

"Blue 1" to "Blue 4", (Fig. 3B, for graphical description and Table 1 for mean contents of the 

geochemical parameters). The gradients of TOC, BrOrg and Rb are again highlighted by the 

variation of numerical values (Table 1).

 Green group
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The Green group is composed of coarse sandy sediment (mean grain size of 257 µm; 

Table 1). Samples of this group are enriched in Si. Two sub-groups are distinguished (Green 1 

and Green 2). Green 1 is enriched in Si (mean abundance of 33.93 %), reflecting the increase of 

quartz and flint in these samples. Green 2 is enriched in Si, As and Rb (mean contents of 35.53 

%, 10 ppm and 47 ppm, respectively; Table 1). Samples of this sub-group are located in the 

coastal area and contain glauconite (marked by an increase in As and Rb). The sediment are 

probably derived mainly from continental inputs due to cliff erosion. From 1985 to 2008, erosion 

from the top of the cliffs is estimated at 0.18 m y-1, while erosion at the top of the footslope is 

estimated at 0.10 m y-1. The intense erosion and accretion dynamics of the base of the cliffs 

removes large amounts of chalk and flinty clays and transports them out to sea (Elineau, 2013). 

Glauconite also comes from outcrops of Alptian-Albian sediment that were excavated to create 

the harbour navigation channel.

4.2.4. Cartographic representation of results

Fig. 7  shows a cartographic representation of the main geochemical PCA. Samples are 

represented by colours according to their group or sub-group shown on Fig. 3B. It is possible to 

delimit several sandy areas. (1) The first area is located in the sub-littoral zone (essentially Green 

2 sub-group), with sediment being mainly enriched in Si, As and Rb (Table 1). This area is 

controlled by swell action, with coarse sediment devoid of fine fraction and containing glauconite. 

(2) The second area is located offshore in both the NW and SW parts of the study area (Green 1 

and Blue 4 sub-groups). This area is mainly influenced by tidal currents. Samples are Si-rich 

(Table 1) and correspond to clean sands. (3) Other sandy areas located between the historical 

spoil dome and the coast (between the Cap de la Hève and the dumping site), where the energy 

is higher (current measurements at points 2, Fig. 1 and Table 2). The shallowing of the seabed at 

the historical dumping site (up to 5 m CMH) and its proximity to the coast creates a narrowing 

zone where the currents are accelerated (channelling of tidal currents) and erosion of the 

substratum is substantial.

On the other hand, we can also distinguish two muddy areas (Blue 1 sub-group and Red 

group). (1) The first muddy area is located within and around the dumping site. The dumping area 

is characterized by the presence of fine sediment enriched in BrOrg, TOC, Rb, S and Pb (Table 

1). Due to the action of currents, fine sedimentary particles in the dumped spoil are progressively 

reworked, reoxidized, spatially redistributed and mixed with naturally introduced particles. An 

enrichment in fine sediment is noted towards the SE, but its origin is undetermined. It could 
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correspond to the transport of the dumped sediment back towards the harbour or the driving of 

estuary or dredged navigation channel sediment in the direction of the dumping site. Since the 

geochemical markers of these two sources are similar, it is not possible to differentiate between 

them. (2) The second muddy area is identified in the N-NE (only Blue 1 sub-group). Sediment are 

composed of a sandy mud mixture and exhibit a moderate TOC enrichment compared to the 

surrounding deposits (Table 1).

We note the occurrence of two particular points rich in TOC and BrOrg, corresponding to 

sample 137 in the Antifer basin and sample 164 along the coast close to the Cap de la Hève, 

which plot in the Red group (sample 137: 1.05 % TOC and 65 ppm BrOrg; sample 164: 1.87 % 

TOC and 97 ppm BrOrg). The enrichment in organic matter in sample 137 is easily explained 

because of its geographical position, Antifer harbour is a quiet hydrodynamic area favourable for 

the deposition of organic-rich fine sediment. Sample 164 is rich in organic matter (higher content 

than the mean of the Red group; Table 1), but is also As-rich (10 ppm, value close to the Green 

group mean), Pb (20 ppm) and Rb (75 ppm). Such a composition is unexpected in this area 

and, in addition, temporal monitoring in the study area (results not presented here) shows that 

the group attribution of this location changes according to the sampling period (Green group in 

August and Blue 4 sub-group in October). It is likely that this location corresponds to an old 

compacted mud area occasionally exposed due to strong erosional currents and sometimes 

covered by sands undergoing transit.

Finally, some samples show outlier values (Fig. 3 and 7, white hatched), that are 

confirmed by additional replicate analyses. These samples yield particular values in Si, As or 

BrOrg or show particular sedimentary facies.

5. Discussion

Three dynamic tracers (Rb, BrOrg and TOC) are potentially available. Rb marks clay 

minerals but is also enhanced in the coastal glauconite-rich sands. Consequently, it is not possible 

to use Rb as a dynamic tracer over the entire area. TOC and BrOrg both quantify organic matter, 

but TOC is the most widely accepted parameter, and it is chosen preferentially. The cartographic 

representation showing the increasing gradients in TOC (Fig. 8) reveals two different patterns: (1) 

areas with a structured gradient pattern linked  to the bathymetry and (2) areas with gradients 

unrelated to bathymetry. The first pattern can be regarded as indicating that an area has reached 

dynamic equilibrium, with a sedimentary state in accordance with the hydrodynamic energy field. 

The second pattern reflects a disordered gradient distribution that indicates a disturbance.
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5.1. Dynamic equilibrium

In the NE sector, two increasing TOC gradients can be identified which run perpendicular 

to the isobaths. The TOC values increase from offshore (25 m) to the 15 m isobath (Table 1) and 

from the coastline (5 m) to the same 15 m isobath (Table 1 and Fig. 8). The convergence at 15 m 

water depth corresponds to a zone with organic matter accumulation. The coastal zone is a 

shallow water area with high-energy swell and weak tidal currents. In the deeper offshore area, 

the situation is reversed, with tidal currents is more energetic than the swell. Between these two 

zones, at 15 m depth, the energy is reduced to a minimum, giving rise to an increase in sediment 

organic matter content (Fig. 9). The maximum TOC concentration corresponds to the limit 

between areas with prevailing swell/tide action as defined by Larsonneur (1971) in the bay of 

Veys (France), which is situated to the west of the Bay of Seine.

On the other hand, a similar pattern can be observed farther south-west, in a smaller area 

with a less marked TOC gradient. The TOC concentrations are lower than in the NE for the same 

depth (Fig. 8 and 9), probably in relation with a higher energy hydrodynamic regime. Bottom 

current velocities in this sector (Fig. 2, location 3) are higher, in contrast to values measured in 

the NE sector (location 5 and 6).

The TOC gradient in the NE sector shown on Fig. 8 is linked to swell action and tidal 

processes, in relation to bathymetric control. At the limit between prevailing swell/tide action, the 

energy is lower and the sediment are richer in TOC (Fig. 8 and 9). The sedimentary state in this 

area was in dynamic equilibrium (at the time of sampling). It is possible to distinguish another 

area in dynamic equilibrium located farther to the SW, but it is smaller in size and poorer in organic 

matter, probably due to higher-energy hydrodynamics.

5.2. Disturbance

Sediment in the harbour basins and the eastern Bay of Seine are the result of mixing 

between estuarine and marine sources. The common influence of these two sources makes it 

difficult to discriminate dumped sediment from natural deposits based on classical geochemical 

markers of the origin of the particulate matter. However, harbour basins are a protected semi-

open area, where the sediment are enriched in fine particles associated with intense sulphate-

reduction processes. These sediment display high contents in Rb, TOC and S, especially in the 

deeper samples. They also show higher Pb contents, due to the presence of large quantities of 
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this element in the Seine estuary (>100 ng l 1) and its capacity to become easily and rapidly fixed 

to sulphides (Cossa et al., 1993). However, anoxic dumped sediment are quickly re-oxygenated 

and lose sulphides, lead and part of their fine fraction content. Finally, particles transported around 

the dumping site remain finer over time and are more organic-rich than the natural sediment that 

stays in a dynamic equilibrium state. Thus, the structured pattern of TOC gradients allows us to 

delimit the area disturbed by the dumped dredge spoil. Within this disturbed area, TOC gradients 

converge towards the dumping site (Fig. 8).

Thus, it is possible to monitor the spatial distribution of dumped sediment and delimit 

areas under anthropogenic influence by using a dynamic tracer such as TOC. 

5.3. Synthesis

Fig. 10 summarizes the three main areas with their specific characteristics.

In the NE, sediment are in dynamic equilibrium and display two gradients related to the 

bathymetry which converge towards 15 m depth. Tidal currrents prevail offshore, while swell is 

dominant in the coastal zone. In these two domains, sediment are mainly organic-poor sands in 

accordance with the strong hydrodynamics. The maximum TOC concentration at 15 m depth 

picks out the limit between the prevailing action of swell or tide that corresponds to the minimum 

energy.

Another area farther SW is not impacted by dumping, but the dynamic equilibrium state is 

different from the NE sector despite the same water depth. The sandy composition of sediment 

prevents the use of TOC as a dynamic tracer.

Finally, the central area corresponds to a zone disturbed by the dumping site. The 

dumping causes morphological changes such as the formation of a dome (-5m CMH) SE of the 

dumping site. This dome, which is close to the coast, impacts the trajectory and intensity of tidal 

currents, leading to the accumulation of organic-poor sands. The dumping of sediment also 

contributes to the injection of particulate matter derived from the harbour. According to our results, 

the particles deposited at the dumping site are dispersed by currents which follow three directions. 

A first component is driven to the NE, without significantly impacting the area showing TOC 

gradients. A second component is evacuated offshore to the north without permanent 

accumulation. The third component appears to be dispersed southwards. However, it is difficult 

to determine the origin of these materials, which could be derived from the Seine estuary, or could 

represent resuspended particles from the navigation channel or from other anthropogenic 

sources.
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Thus, this innovative approach uses concentration gradients of geochemical tracers to 

study the dynamic equilibrium of sedimentation and allows us to identify a disturbed area and the 

main pathways for the dispersal of dumped sediment in the eastern part of the Bay of Seine. This 

anthropogenic area modifies the natural dynamic equilibrium. It will be interesting to apply this 

new method to other dumping sites in coastal areas, within the Bay of Seine or elsewhere, which 

show similar physical and sedimentological characteristics.
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Figures

Figure 1: Study area with inset showing Le Havre harbour and current measurement sites. 

Bathymetry data from SHOM (1996) and Le Havre harbour (2016).

Figure 2: Multi-scale study areas with overall view and insets showing two zones. Zoom 1: 

samples from Seine estuary; Zoom 2: samples from harbour basins. Triangles: samples from 

strongly dredged basins; Stars: samples from slightly basins; Squares:  grab samples of dredged 

sediment; Underlined text: samples from Port 2000.

Figure 3: Results of final PCA with interpretations. A: representation of variables; B: 

representation of samples.

Figure 4: Correlation matrix, with values of coefficient for pairs of elements. * p-value 0.1 %, ** p-

value 0.05 and ***: p-value 0.01%

Figure 5: A: Relation between Rb (ppm) and mean particle size (µm) for the three groups identified 

in figure 3; B: Relation between Rb (ppm) and TOC (%) for the three groups identified in figure 3.

Figure 6: Results of PCA applied to samples of Blue group.

Figure 7: Cartographic representation of geochemical results. Colour coding according to groups 

and sub-groups defined in figure 3B.

Figure 8: Map showing TOC concentrations and gradients with delimitation of areas with 

sedimentary state in dynamic equilibrium.
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Figure 9: Depth (m) versus TOC (%), with interpretations, for samples located in an area with a 

TOC gradient (NE sector of study area; figure 8).

Figure 10: Summary map and interpretations with delimitation of areas in dynamic equilibrium 

and disturbed areas.

Tables

Table 1: Mean contents of the geochemical parameters (in ppm for As, Rb, BrOrg, Sulphide and 

Pb; in % for Si and TOC), for each group and sub-group identified from PCA results. In addition, 

mean particle size (<2000 µm) measured with laser diffraction analyzer (data in µm) and number 

of samples contained in groups and sub-groups. In bold, mean for each group. bdl: below 

detection limits.

Table 2: Mean bottom current velocities (m s-1) and associated bathymetric data (with respect to 

CMH datum) from Le Havre harbour study (Brasselet, 2014), during spring and neap tides. 

Measuring points located on figure 1.



 

Fig. 1: Study area with inset showing Le Havre harbour and current measurement sites. Bathymetry data from SHOM (1996) and Le Havre harbour (2016). 



 

Fig. 2: Multi-scale study areas with overall view and insets showing two zones. Zoom 1: samples from Seine estuary; Zoom 2: samples from harbour basins. 

Triangles: samples from strongly dredged basins; Stars: samples from slightly basins; Squares:  grab samples of dredged sediment; Underlined text: samples 

from Port 2000. 



 

Fig. 3: Results of final PCA with interpretations. A: representation of variables; B: representation of samples. 

 



 

Fig. 4: Correlation matrix, with values of coefficient for pairs of elements. * p-value 0.1 %, ** p-value 0.05 and ***: p-value 0.01% 

 



 

Fig. 5: A: Relation between Rb (ppm) and mean particle size (µm) for the three groups identified in figure 3; 

B: Relation between Rb (ppm) and TOC (%) for the three groups identified in figure 3. 

 



 

Fig. 6: Results of PCA applied to samples of Blue group. 

 



 

Fig. 7: Cartographic representation of geochemical results. Colour coding according to groups and sub-groups defined in figure 3B. 



Fig. 8: Map showing TOC concentrations and gradients with delimitation of areas with sedimentary state in dynamic equilibrium. 



 

Fig. 9: Depth (m) versus TOC (%), with interpretations, for samples located in an area with a TOC gradient 

(NE sector of study area; Fig. 8) 



 

Figure 10: Summary map and interpretations with delimitation of areas in dynamic equilibrium and disturbed areas. 

 



 

Table 1: Mean contents of the geochemical parameters (in ppm for As, Rb, BrOrg, Sulphide and Pb; in % for 

Si and TOC), for each group and sub-group identified from PCA results. In addition, mean particle size (<2000 

µm) measured with laser diffraction analyzer (data in µm) and number of samples contained in groups and 

sub-groups. In bold, mean for each group. Bdl: below detection limits. 

 Number Si As Rb BrOrg TOC S Pb Particle size 

Red1 7 25.29 11 95 141 2.19 6243 93 69 

Red2 3 23.93 8 87 126 2.24 4266 73 34 

Red3 1 23.47 10 68 58 2.03 4084 63 36 

Red4 7 21.92 6 71 77 1.67 582 21 40 

Red5 4 21.14 Bdl 62 71 1.53 Bdl 12 105 

Red6 4 22.65 Bdl 53 57 1.26 248 6 75 

Red 26 23.11 6 75 95 1.80 2525 44 62 

Blue1 27 22.03 Bdl 47 45 0.77 99 1 100 

Blue2 32 23.48 Bdl 41 31 0.65 Bdl 1 121 

Blue3 27 24.49 Bdl 36 24 0.49 Bdl Bdl 180 

Blue4 34 25.96 Bdl 29 11 0.28 Bdl bdl 287 

Blue 120 24.08 Bdl 38 27 0.54 22 1 177 

Green1 12 33.93 Bdl 28 6 0.21 Bdl Bdl 299 

Green2 11 35.53 10 47 2 0.14 Bdl 5 212 

Green 23 34.69 5 37 4 0.18 Bdl 2 257 

 



Table 2: Mean bottom current velocities (m s-1) and associated bathymetric data (with respect 

to CMH datum) from Le Havre harbour study (Brasselet, 2014), during spring and neap tides. 

Measuring points located on figure 1. 

Measurement 
points 

State of tide Bathymetry Mean speeds Max speeds 

1 
Sping tide -14 0.35 0.56 
Neap tide -14 0.15 0.24 

2 
Sping tide -13 0.37 0.66 
Neap tide -13 0.15 0.27 

3 
Sping tide -17 0.40 0.62 
Neap tide -17 0.22 0.29 

4 
Sping tide -1 0.25 0.47 
Neap tide - - - 

5 
Sping tide -16 0.36 0.58 
Neap tide -16 0.20 0.31 

6 
Sping tide -15 0.27 0.50 
Neap tide -15 0.15 0.26 

 

 


