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Abstract
To study current marine sedimentary processes and depending on the field of application, two principal approaches exist. The
first is favoured by geochemists who increasingly use GIS (Geographic Information System) methodology combined with
multivariate analysis (most often Principal Component Analysis and Cluster Analysis) applied to a geochemistry dataset, to
analyse the spatial distribution of the chemical elements. The interpretation of results can remain complex, and the implemen-
tation of chemical elements is limited. The second performed for sedimentary studies considers three granulometric parameters
(mean, sorting and skewness) that are frequently used, which are processed by Grain Size Trend Analysis (GSTA) approach, to
assess the vectors of sedimentary transport. In the current study, these two distinct approaches are combined to propose a new
methodology, integrating the geochemical data into a GSTA model, to assess concentration gradients. This adapted GSTA
approach, named “GSTA*”, has been tested on an existing dataset obtained from study in the eastern part of the Bay of Seine
(Normandy, France) in an anthropogenic context (presence of a dumping site) to highlight the sediment dynamic processes. The
results of the “classical” GSTA approach performed with granulometric parameters were compared with those from the inno-
vative GSTA* approach, using initially one element, Total Organic Carbon (TOC), and subsequently, three combined chemical
elements, Total Organic Carbon, Calcium and Silicium (TOC, Ca and Si). The suitability of geochemical tracers in the study of
coastal sedimentary dynamic and anthropogenic disturbance, according to concentration gradients is highlighted. The GSTA*
approach confirmed previous observations by Baux et al. [1] observations and enabled the identification of new short-scale
processes and to determine sediment sources. It is a robust, non-subjective and informative methodology that can improve the
interpretation of sediment sources and transport.

Keywords Geochemistry . Principal component analysis (PCA) . Grain Size Trend Analysis (GSTA) . Geographic Information
System (GIS) . Kriging . Bay of seine . Dumping site

1 Introduction

Statistical analysis is an essential method in the study of sur-
face processes in many disciplines: (geoscience, soil science,
environmental engineering). Historically, in geochemical
studies, the original approach, based on univariate statistics,
have been gradually replaced since the 1980s by multivariate
analysis [2, 3]. In more recent publications, PCA (Principal
Component Analysis) and CA (Cluster Analysis) are the most
common multivariate statistical analyses used to identify the
main sources of variation in the dataset. PCA is an ordination
method for establishing the correlation between samples and
variables and for performing data reduction of vibrational
spectra [4–7]. A growing number of studies have integrated
Geographical Information System (GIS), to analyse spatial
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distribution of one by one chemical element concentration.
These studies associate multivariate analysis, especially to
track the pollutants sources or heavy metal contamination in
soil or fresh water [8–15]. Few studies incorporate subplot
scores on PCA factorial axes into GIS, allowing a direct spa-
tial analysis of the results and highlighting geochemical pro-
cesses and sources [16–20, 10, 15, 21, 22].

Mc Laren [23] defined the fundamentals of Sediment
Trend Analysis (STA®), a one-dimensional method that de-
termines the net sediment transport pathways on the seabed.
The STA® method is based on the comparison of statistical
parameters that are mean, sorting and skewness, associated
with the grain-size distributions of sediment samples. Mc
Laren [23] demonstrated that relative changes in these param-
eters are the result of transport processes, which makes it
possible to infer the directions of sediment transport. Gao
and Collins [24], modified Mc Laren’s initial STA® approach
to allow a two-dimensional (2D) study renamed Grain Size
Trend Analysis (GSTA). The main add-on is the definition of
a characteristic distance (noted “Dcr”) representing the spatial
scale on which samples are considered as neighbours.
Statistical parameters are compared between a central station
and samples within the characteristic distance. Poizot et al.
[25] applied geostatisticals and proposed to use the semi-
variogram for the statistical parameters to enable the redefini-
tion of the characteristic distance subsequently denoted “Dg”.
They used a regular grid of sample points obtained from the
geostatistical interpolation of the initial irregular grid. A GIS
software method was developed by Poizot and Méar [26] to
help in the application of the GSTA methodology. The GSTA
approach is used in a large number of sedimentology studies
covering a wide range of different environments (sandbanks,
rivers, beaches, estuaries, harbours and continental shelves;
[27–32]). Yamashita [33] proposed an alternative approach,
integrating eight parameters (mean and median grain size,
sorting, skewness, coefficient of variation, kurtosis, mud and
gravel contents). These authors used the PCA multivariate
analysis to determine the weighting factor of each of the
granulometric parameters. Trend vectors are calculated from
the scores attributed to the principal components (named ap-
proach “P-GSTA”). The GSTA approach is mainly applied to
a granulometric dataset. Nevertheless, in a few cases, geo-
chemical studies have also been carried out using the GSTA
approach [18, 22]. In these latter studies, the geochemistry
dataset is processed separately from GSTA model. These au-
thors used the results of sediment trends vectors direction to
interpret the presence and transport of the chemical elements.

Many geochemistry and sedimentary methods exist to
study the sedimentary processes, but few studies have com-
bined several methods. However, identifying the origins of
sedimentary material and the dynamic processes is still chal-
lenging, with respect to the increasing of anthropogenic coast-
al disturbances. Recently, Baux et al. [1] used granulometric

and geochemical datasets and perform multivariate analyses,
combining PCA with GIS methods to study the dynamic pro-
cesses and impact of the presence of a harbour dumping site
(Octeville dumping site) in the eastern part of the Bay of Seine
(France). In this study, the dynamic processes are interpreted
according to chemical elements variability maps and gradients
were hand-drawn on the map. In common with many workers
who have studied sources and sediment transport [34–37, 11,
14, 15, 21], Baux et al. [1] were subjected to a number of
constraints in representation of their results (developed in the
discussion).

The objective of the present study is to develop an innova-
tive methodology, to assess the sedimentary dynamic process-
es and sources using geochemical elements. It is proposed to
adapt the GSTA approach to incorporate a chemical dataset to:
(1) map chemical trends gradient vectors through a robust
statistical approach limiting the amount of subjective interpre-
tation; (2) better highlight informative results; (3) simplify the
interpretation of these results. Based on Baux et al. [1] which
describe the dynamics of sediment transport at a sea dumping
site, the same dataset is used here to assess this new approach,
and to compare it with classical methods. Various treatments
were applied: (1) mapping the spatial distribution of the inter-
polated concentrations of each studied chemical element; (2)
presentation the spatial distribution of the PCA analyses re-
sults; (3) performing the “classical”GSTA approach based on
the three grain-size parameters; (4) proposal of an “innova-
tive” integration of the chemical parameters into the GSTA
model.

2 Study area

The study area is located in the eastern part of the Bay of Seine
in the north western France (English Channel), between Le
Havre harbour and Antifer harbour (Fig. 1A). Detailed char-
acteristics are accessible in Baux et al. [1] and summarized
here.

The maximum water depth is 30 m and the tidal range in
spring water reaches 7.5 m [38–40]. Tidal currents trend main-
ly towards the northeast (NE) during flood tide and towards
the southwest (SW) during ebb tides. At the beginning of the
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 following the coastline. At the ebb, a new
reversal of the water flow occurs, with the current directed
towards the SW [40–42].

The Seine estuary is a major source of fine particles in the
eastern part of the Bay of Seine and also in the harbour basins
of Le Havre. The average annual discharge from the Seine
river is estimated as 435 m3.s−1 rising to 534 m3.s−1 over the
last decade [43]. The average supply of fine particles is
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estimated as 6 × 105 t.y−1 (ranging from 1.3 × 105 t.y−1 to
1.7 × 106 t.y−1; [43]). Along the coast, the turbidity plume
from the Seine estuary develops to a width of over one
kilometre, even in the absence of waves [44]. The deposited
mud is unconsolidated and thus easily resuspended by tidal
currents [43].

The seafloor of the study area is mainly covered by muddy
sands, with sandy muds, sands and pebbles along the coast
[43]. In the region between Cap de La Hève and the Cap
d’Antifer, previous studies have highlighted, a coastal fringe

where the fine fraction (<63 μm) makes up between 10% to
25% of the sediment, and with spatial and temporal fluctua-
tions in the mud content [38, 39, 45, 46].

A lot of human activities are present in and around this area
(fisheries, passenger transport, marine aggregate extraction,
harbour activities, etc.), including the Havre harbour dumping
site (named Octeville dumping site) used since 1947 and lo-
cated 8 km from the harbour entrance. Since 2006, the Le
Havre harbour dredged 2.5 to 3 × 106 m3 y−1 in average,
mainly composed of mud (on average, 80% <63 μm fraction

A

B

1.5 3 km0

1.5 3 km0 

Fig. 1 A: Study area showing
location of sampling points; B:
Map summarizing the results
from the study including the
separation of areas in dynamic
equilibrium from those that have
been disturbed (from Baux et al.
[1])
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for 2009–2014; [47]) The SE sector of the dumping site cor-
responds to a historical deposition area associated with a shoal
(rising 5 m with respect to minimum sea level in Le Havre
harbour = “Cote Marine du Havre”, CMH) and coarse sedi-
ments. Dumped sediments are deposited to the N, NW, and
SW of the dumping site, following a system of “boxes”, in
which the sediment is distributed in a thin layer of between 0.1
to 0.6 m per box per year.

Geochemical study conducted by Baux et al. [1] provide
additional information on the fine particles dynamic. With a
combination of multivariate statistical analyses (PCA -
Principal Components Analysis and CA - Cluster Analysis)
and GIS methods, these authors highlighted several dynamic
processes taking place in the study site and identified four
distinct areas (Fig. 1):

(1) In the NE area, two increasing TOC gradients have
been identified which are perpendicular to the isobaths. The
first TOC gradient observed increases from offshore (25 m
depth) to around 15 m isobath and the second TOC gradient,
from the coastline (5 m depth) to the same isobath. The con-
vergence at around 15 m water depth corresponds to an area
with Organic Matter (OM) accumulation, due to the lowest
energy level. The coastal zone is a shallow water area with
high-energy swell and weak tidal currents, in opposition to the
deeper offshore area, where the situation is reversed, with tidal
currents more energetic than the swell. The two observed gra-
dients display a sedimentary dynamic equilibrium state. (2) In
the SW part of the study area, a similar pattern is observed on a
smaller scale, with TOC gradient from the offshore towards
the dumping site.

(3) On the dumping site, sediments are rich-in TOC, rubid-
ium (Rb), organic bromine (BrOrg), sulphides (S) and lead
(Pb), due to the constant dumping of anoxic harbour fine
sediment. Around the dumping site, the particles transported
remain finer over time and are also enriched in OM in contrast
to the natural sediment that stays in a dynamic equilibrium
state. The TOC gradients converge towards the dumping site.
The structured pattern of TOC gradients allows to delimit the
area disturbed by the dumped dredge spoil.

(4) In the SE part of the study area, between the dumping
site and the coast, the presence of the historical dumping site
(forming a dome 5 m depth) close to the coast, impacts the
trajectory and intensity of tidal currents, leading to the accu-
mulation of organic-poor sands.

3 Methodology

3.1 Sampling strategy and laboratory analyses

A total of 179 stations (set on a regular grid, with spacing of
500m between stations) was sampled in January and February
2016 using a 0.04 m2 Shipek grab aboard the GPMH ship “Le

Marais”, between the Cap de la Hève and the Antifer harbour
(Fig. 1A). Laser diffraction particle-size analysis (Beckman
Coulter LS 13320) was carried out on the fine superficial
sediment and elemental contents were determined by X-ray
fluorescence (xSORT) and by infrared spectrometry (LECO
CS 744) to assess Total Organic Carbon (TOC) content. The
sampling strategy and laboratory analyses are described in
detail in Baux et al. [1].

3.2 Data processing

3.2.1 Multivariate statistical analysis methods

The results of multidimensional analyses PCA and CA per-
formed by Baux et al. [1] are used in this study. The purpose
of PCA is to find synthetic representations of large numerical
datasets generally by using 2D plots. If the initial spaces of
statistical units and variables representation have too many
dimensions, it is impossible to visualize the data cloud. We
therefore look for spaces with few dimensions best fitting the
data cloud. Principal Components Analysis chooses the first
PCA axis as that line goes through the maximum variation in
the data.

The objectives of this study were (1) to gradually reduce
the number of geochemical parameters and, (2) to select the
best markers for discriminating samples from each other.
Seven discriminant constituents are recognized in Baux et al.
[1]: Si (silicon), S (sulphide), As (arsenic), BrOrg (organic
bromine), Rb (rubidium), Pb (lead) and TOC.

3.2.2 Selected chemical elements

The TOC and BrOrg are both markers of OM contents and Rb
is a marker of clay mineral [48]. These elements are present in
a large part of the study site, as a result of the harbour activities
(dredging) and also by the flow of the River Seine. Baux et al.
[1] define these elements as dynamic tracers, highlighting the
natural dynamic in the NE part of the study site. Si marks the
coarse detrital fraction observed on both side of the OM en-
richment area [1]. Here, the As, Pb and S are excluded due to
their limited spatial extend. Within the studied area, Ca marks
(1) actual marine biologic sources, coarse sediments and (2)
fine carbonates transported in the Bay of Seine by the river
from the Paris basin. Ca is thus included in this work to iden-
tified sediment sources.

3.2.3 Geostatistical analyses

Geochemical data were previously standardized to a distribu-
tion with an average of 0 and a standard deviation equal to 1
(Eq. 1).
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x ¼ X−μ
σ

ð1Þ

where μ is the mean; σ the standard deviation; X the raw value
and x the standardized value.

As the geochemical elements were measured at particular
spatial locations, their interpolation allows to better highlight
the spatial distribution and identify the sources.

The geostatistical data enabled the analysis and modelling
of spatial variations of processes which evolved across the
study area. Of the various methods present for analysing
geostatistical data, the semi-variogram [49] is one of the most
commonly used (Eq. 2).

γ hð Þ ¼ 1

2
E y−xj j¼h Z xð Þ−Z yð Þð Þ2

h i
ð2Þ

where γ() is the half average squared differences between
pairs of data values, i.e. Z(x) and Z(y), separated by a lag
distance h, which is the distance separating two experimental
points.

When a complete semi-variogram analysis is conducted on
a regionalized variable, it enables the definition, if it exists, of
a spatial model of variation of the studied parameter. This
model can be used, for example for interpolation, used to
complete the set of spatial knowledge of a variable at
unsampled locations.

The semi-variogram calculations were performed using
R.3.5.2 software (“Rgeostats” package; [50]) on standardized
data. A variographic model is performed for each chemical
element, PCA results and grain size parameters [51]. Ordinary
kriging is the most widely used geostatistical interpolator and
is based on a model of stochastic spatial variation [52]. Extra
data points have been interpolated from the original dataset
and the geostatistical model and a regular grid coverage 500m
were created, according to the recommendations of Poizot
et al. [25, 51].

3.2.4 Grain Size Trend Analysis (GSTA): The classical approach

The Grain Size Trend Analysis (GSTA) approach was devel-
oped to highlight sediment transport processes based on the
spatial trend variations in grain size parameters [23, 24, 53,
54]. These sediment transport pathways were modelled using
three major grain size statistical parameters: mean size, sorting
and skewness. The compilation of these three parameters pro-
duces eight possible combinations (Table 1). Two of these
scenarios have a high probability of occurring between two
sediment samples and are the most common cases employed:
The first is “FB-” where the grain size distribution become
finer, better sorted and more negatively skewed in the direc-
tion of sediment transport and the second is “CB+” where the
grain size distribution become coarser, better sorted and pos-
itively skewed in the direction of sediment transport [23].

Poizot et al. [25, 42, 51] and Poizot and Méar [55] have pro-
posed some modifications to consider the model uncertainties
and established optimal method recommendations. These au-
thors recommend the use of a regular interpolated grid and the
calculation of the geostatistical distance (Dg) through a semi-
variogram analysis [25]. Somemethodology have been devel-
oped to performed GSTA, in particular the “GiSedTrend”
plugin fitted into GIS software by Poizot and Méar [26],
which allows the calculation of sediment trend vectors having
direct access to environmental data. This plugin was merged
into QGis (until the 2.18 version). The significance of any
results was tested with a non-parametric test integrated in the
plugin. This calculation was performed after the definition of
the trend vectors at each sample location and took into account
the spatial dimension of the analysed data [55]. The size of the
trend vectors is proportional to the level of confidence associ-
ated with the specified direction.

Furthermore, the GSTA is conducted, here, with the three
sedimentary parameters (mean, sorting and skewness) of each
sample from the study site ([1]) from regular grid and a
variographic settings model. Vectors are interpreted as the
more likely direction of transport of sediment from a location.
The length of vectors is in relation with the level of confidence
of the transport. Transport direction is an interpretation of the
trend vectors field.

3.2.5 Geochemical Sediment Trend Analysis (GSTA*): A novel
approach

To obtain gradients of the concentration of selected chemical
elements, an approach based on GSTA was applied to geo-
chemical data. The GiSedTrend plugin was used, replacing
the statistical grain-size parameters with chemical data, from
a variographicmodel and a regular grid. To use this plugin, the
mean, sorting and skewness data were replaced by chemical
parameters (Tables 1 and 2). With the adaption of the GSTA

Table 1 List of possible cases for Grain Size Trend Analysis based on
three-grain size parameters

Sedimentological trends Definition

FB+ μA<μB, σA>σB, SKA>SKB

FB- μA<μB, σA>σB, SKA<SKB

FP+ μA<μB, σA<σB, SKA>SKB

FP- μA<μB, σA<σB, SKA<SKB

CB+ μA>μB, σA>σB, SKA>SKB

CB- μA>μB, σA>σB, SKA<SKB

CP+ μA>μB, σA<σB, SKA>SKB

CP- μA>μB, σA<σB, SKA<SKB

μ: the mean grain size;σ: sorting (standard deviation); SK: skewness. The
suffixes A and B represent two samples. F: Finer (mean), C: Coarser
(mean); B: Better sorting; P: Poorer sorting; +: positively skewness; −:
negatively skewness
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method, a new set of scenarios was defined. With three pa-
rameters, eight trend cases can potentially be defined, accord-
ing to the concentration studied trends (higher “H” or lower
“L”) for each element.

On the studied area, to characterize the mobility of the
dredged deposits, the focus is on the fine particles for which
the TOC is the best marker. Thus, in a first step, to validate the
GSTA* model, one chemical element, the TOC, is firstly in-
tegrated in the plugin. In the second step, three chemical ele-
ments, TOC, Ca and Si, were introduced to perform the
GSTA* approach.

Four cases were selected according to the direction of gra-
dients for each chemical parameter investigated. H (higher)
trend correspond to an increase in concentration from point
A to point B. L (lower) trend correspond to a decrease in
concentration from point A to point B. To highlight the mo-
bility of the fine particles and fine sediment-sink areas, the
trend of increasing TOC (H) was chosen. The concentration
of other chemical elements increases (H) or decreases (L)
depending on the case: HLL, HLH, HHL and HHH
(Table 2). Correspondences between geochemical concentra-
tion trends and sedimentological trends is also presented in
Table 2. As an example, HLH case represents an increase of
TOC content and a decrease for both Ca and Si concentration.

4 Results and discussion

4.1 Interpolated maps: Mapping one by one each
chemical element

The interpolation of the concentration of each chemical ele-
ment is the easiest way to study the spatial distribution of
sedimentary geochemical data and to identify the sources. In
the present study, the interpolated values of standardized
chemical element concentrations were calculated with respect

to the semi-variographic model results and the spatial distri-
bution of the concentration chemical elements were obtained
by ordinary kriging interpolation on a regular grid (interval of
500 m).

Calcium, which is a marker of sediment sources and bio-
logical material, was distributed homogeneously over the
study site (Fig. 2). A very high concentration was observed
on and around the historical dumping site (the SE part of the
dumping site), due to the accumulation of old dumped sedi-
ments [1].

The distribution of Si (Fig. 2), a marker of the coarse
detritic fraction, can be interpreted as the localisation of coarse
sediments. Medium and coarse sands (>250 μm) are mainly
distributed at north-eastern and north-western regions of the
study site, along a coastal fringe and offshore. Another area is
observed at south-western part of study site, composed of
clean sand. Coarse sand is also present on the historical dump-
ing site.

Concentrations of TOC, BrOrg and Rb are mainly associ-
ated with the finest sediment (<63 μm), around and on the
actual dumping site and also along the coastal line. Baux et al.
[1] highlighted a grain size sorting and an accumulation of
OM at around 15 m depth (Fig. 1B), according to the conver-
gence of swell and tidal currents (creating a region of low
energy). Rb is highly concentrated in the north-eastern coastal
area, where coarse glauconite-rich sand has been identified
(Fig. 2).

The interpolated maps of the TOC, BrOrg and Rb (Fig. 2)
present very similar characteristics patterns and redundant in-
formation. In fact, visual comparison of spatial distribution
maps is a commonly used method [18, 8–15, 22]. The inter-
polation map allows representing the parameters or the chem-
ical elements one at a time (Fig. 2). Nevertheless, this requires
the assessor to “manually” associate the parameters or/and the
chemical elements to each other, making the interpretation
difficult and sometimes subjective. Moreover, the number of
maps produced and interpreted can be sometimes very con-
siderable. This is the case in the work carried out by both
Duman et al. and Li et al. [18, 22], who studied marine sedi-
ment sources with an approach similar to that reported here.
They mapped, respectively, the spatial distribution of 10 and
21 chemical parameters. It was therefore impossible to opti-
mize the interpretation in this way. The large number of maps
may have led to a considerable reduction in the quality of the
comparison of the various parameters and their geographical
variability. To deal with this shortcoming, it is necessary to
combine several parameters within the same statistical analy-
sis giving rise to a single map.

4.2 Multi-element mapping

The multivariate statistical analysis enables the combination
of several chemical elements to obtain one synthetic

Table 2 Defined cases for GSTA* approach, correspondence with the
gradients of chemical elements concentration names and the four cases in
the GiSedTrend plugin

Concentration trend Corresponding
GSTA group

TOC Ca Si

HHH + + + FP+

HHL + + – FP-

HLH + – + FB+

HLL + – – FB-

+: gradient from least to most concentrated; −: gradient frommost to least
concentrated. H: Higher concentration; L: Lower concentration; F: Finer
(mean); B: Better sorting; P: Poorer sorting; +: positively skewness; −:
negatively skewness
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Fig. 2 Spatial distribution of standardized chemical elements
concentration (TOC, BrOrg, Rb, Ca and Si), the axis 1 of PCA
previously performed by Baux et al. [1] and grain-size parameters
(mean, sorting and skewness). Maps were obtained by ordinary kriging
interpolation from a regular grid (interval of 500 m). Values are displayed

by a range of colours from deep blue (lowest) to red (highest). The
minimum and maximum of the raw values are given at the bottom right
of each respective map. The marked grid and grey square correspond to
the current and historic dumping sites respectively
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interpretative map. Numerous multivariate statistical methods
exist (PCA, CA, PMF, AFC, NNMF). In a review, Hou et al.
[14] compare 29 soil heavy metal studies among which 19
studies used the PCAmethod (66%) and 13 CA (45%), which
makes CA, the second most used method of multivariate anal-
ysis and the PCA, the most commonly used multivariate or-
dination method. PCA enables the identification of sources
(for example, in the case of a heavy metal pollution; [14,
21]) or the determination of the limit of an impact caused by
anthropogenic activities [56, 1] and can be used to infer po-
tential sources from geochemical properties of sediment [33].
Two studies, close to our concerns, focused on the geochem-
ical sources of the sediment [18, 22]. This was carried out
using alternative methods, PMF (Positive Matrix
Factorisation) and FA (Factor Analysis) based on Q- and R-
modes. Usually these methods are respectively used to assess
atmospheric pollutions or human behaviour [57–62] and are
rarely used to study sedimentary processes.

In the present study, the Kriging interpolation was applied
to visualize the spatial distribution patterns for scores of the
axis 1 of the PCA, using the same method as for chemical
elements (Fig. 2). This interpolated map enables the combina-
tion of several elements, especially TOC, BrOrg, Sulphide and
Pb, which are concentrated in the finest sediment in and
around the dumping site. The same spatial conclusions were
obtained from the PCA results. However, in comparison with
the single element map, this approach provides more
information.

The interpretation of this type of map needs supple-
mentary information to understand the conditions of trans-
port and deposition of the sedimentary particles. In sever-
al studies, Duman et al. [18], Baux et al. [1] and Li et al.
[22] studies, need the precise knowledge of the physical
parameters present on their study areas to interpret the
chemical results, but the data on tidal currents or energy
levels were not always available. To assess the transport
of sediment, these authors can use a complementary meth-
od, the GSTA approach.

4.3 Classical GSTA

The spatial distributions of the three granulometric parameters
are interpolated using the same methodology as for the chem-
ical parameters: results are presented on Fig. 2. The interpo-
lated map of the mean particle size shows an accumulation of
finer particles on the dumping site, locally on the coastline
near the dumping site and in a region running from the dump-
ing site towards the north-eastern the southern parts of the
study site. This pattern is also observed on the sorting inter-
polated map, with high sorting values (> 2.7) found in the area
running from the southern to north-eastern part of the study
site yet excluded the historical dumping site. High values for
this parameter are also observed along the southern coastal

fringe and in offshore, around the dumping site. Mapping
results for the skewness of the particle size distribution show
the opposite trend: high values for skewness (> 2.9) are mainly
distributed along the coastal areas, those in the north-eastern
sector, in the area running from offshore to the north-western
sector and in the south-western part of the study site.

For the study site, the findings provided by the spatial dis-
tribution of the three granulometric parameters does not pro-
vide additional information to the multi-element mapping. It is
the same observation as made by Duman et al. [18] and Li
et al. [22], who map the spatial distribution of the percentages
of silt, sand and clay. In contrast, the GSTA approach, used
with the three grain size parameters, allows the statistical il-
lustration of sediment trend vectors and the identification of
the sediment transport pathway [23, 63, 64, 51].

Following Poizot and Méar [55] a semi-variographic anal-
ysis is realized to assess the structuration of data. Semi-
variograms for the mean, sorting and skewness (Fig. 3) show
similar characteristics and reveal a low spatial dependency
and relatively high accuracy. The y intercept of the fitted
curves relatively deviates from the origin (the nugget effect),
indicating that a measurement error is present with a statistical
noise which reflects a poor structuration of fine-scale process-
es. Only the large-scale processes can be interpreted with a
relative high confidence level.

Grain-size trend vectors were calculated by using the
“GiSedTrend” plugin for QGis software [55]. The two most
common cases presented in the literature are tested [53, 54,
64]: the first case is FB- (sediments were better sorted, finer
and negatively skewed in the direction of transport) and the
second case is CB+ (sediments become better sorted, coarser
and positively skewed; Fig. 4).

Once interpolated on a regular grid, the three granulometric
parameters are used to compute sediment trends. In the CB+
case (Fig. 4B) trend vectors reflect the evolution from finer to
coarser sediments. Vectors are directed mainly from muddy
areas towards offshore fine and medium sand areas and to-
wards coastal areas. Some transport vectors also illustrate
movement towards the historical dumping site. These areas
exhibit coarse sediments (in a mixture of fine and medium
sand in offshore area and in gravels on the historical dumping
site) in opposition with actual dumping site and the stripe
running from dumping site to the north-eastern part of the
study site, which exhibit a fine sediment rich in organic matter
[1]. On a fine stripe offshore of the study area, CB+ vectors are
oriented from the southern to the northwestern part of the
study site, parallel to the coast, assuming that the sediment is
not expelled outside the studied area. The boundary between
the disturbed and undisturbed area (as described by Baux et al.
[1]) in the NE sector, is well defined, except that near the coast
which is a very complex area. On the disturbed area defined
by these authors (Fig. 1), the interpretation of the set of grain
size trend vectors is also complex, largely because the coarse
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sand is locally distributed in this area (on historical dumping
site and on a region of high-energy) and progressively
enriched with fine particles.

The coarser sediments are generally less mobile, anymove-
ment observed only in a high energy level environment. In
opposition, the transport of fine sediment is continuous be-
cause the fine particles are more readily suspended, with rapid
changes. A continuous supply of fine particles from natural
sources (the Seine estuary) and from anthropogenic sources
(the dumped sediments from harbour basins), contributed to
the high instability of the fine sediment fraction. There is a
great deal of interest in the study of the dynamics of fine
sediments. The FB- case, which reflects the evolution process
from coarser to finer sediments, is more appropriate here.

In the FB- case (Fig. 4A), the trend vectors are mainly
directed towards the dumping site. Several areas can be clearly
distinguished. A sediment refinement is discernible in the fol-
lowing areas: (1) from offshore towards the dumping site, (2)
from the southern part of the study area and navigation chan-
nel towards the dumping site, and (3), from the coastal area

moving along of southern and northern parts of dumping site.
This last example of dispersion is due to the reduced depth of
the seabed, brought about by the historical dumping site (up to
5 m CMH) and also because of its proximity to the coast,
which creates a narrowing zone where the water currents are
increased (channelling of tidal currents) and fine particles are
thus expelled [1]. These three patterns of trend vectors high-
light fine sediment accumulation areas, almost exclusively on
and around the dumping site. Compared to interpretation giv-
en by Baux et al. [1], the disturbed area has been correctly
identified by these trend vectors. Nevertheless, the area of
dynamic equilibrium is not clearly highlighted with the
GSTA method. The trend vectors are absent in the SW region
and minor (i.e., with a low confidence) in the NE sector.

There is still some problems relating to the GSTA method
itself which are discussed in the literature: trend types, defini-
tion of characteristic distance, smoothing of vectors, and tests
to determine significance of results. [26, 51, 64, 65]. The
GSTA approach does however enable the identification of
the direction of sediment transport. On the study site, the most

Fig. 3 Experimental semi-variograms (black dotted line) and fitted
variogram models (red line) for the statistical parameters of the grain
size and for three of the chemical elements chosen for the GSTA
approach (TOC, Ca and Si). The model that produces the smallest
residual error was chosen independently for each parameter: a spherical
model for the Mean, Sorting, TOC and Si parameters; a combined

spherical and cubic model for the Skewness; a combined gaussian,
spherical and cubic model for the Ca parameter. Values for TOC, Ca
and Si are standardized to set the average of the distribution to 0.
Distances are in decimal degree. The size of the black dots in the
experimental semi-variograms is proportional to the number of pairs
use to compute the semi-variance value
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conventionally used CB+ case is not appropriate and the FB-
case better highlights the dynamic and the dispersion of fine
sediments on the anthropogenic area (on and around the
dumping site); however, the natural sedimentary processes
(at the NE) are not clearly identified. Moreover, the semi-
variographic analyses indicate that measurement error exists
in a shorter distance. This is explained by the presence of
many samples with a plurimodal distribution on the study site,
causing errors when estimating the grain size parameters, es-
pecially the mean size. Yamashita et al. [33] highlighted the
same problem in their study of a hydrodynamical environment
with mixed transport processes, when using height

granulometric parameters (mean and median grain size,
sorting, coefficient of variance, skewness, kurtosis, mud and
gravel log-ratios) performed into a PCA. These authors con-
cluded that the P-GSTA approach allows to reconstruct sedi-
ment transport patterns under mixed sediment transport pro-
cesses in comparison with classical GSTA approach.
Nevertheless, in a first way, it is regrettable that the authors
didn’t use the protocol proposed by Poizot and Méar [26] but
instead compared their P-GSTA to the established GSTA
method which is known to be difficult when applied to a
mixed sediment environment. In a second way, their semi-
variographic studies and models (Fig. 6 in Yamashita et al.

31.5

Fig. 4 Grain size trend vectors (A
and B) and geochemical trend
vectors (C and D) with
delimitation of disturbed and
dynamic equilibrium areas from
Baux et al., ([1]; c.f. legend on A).
A: classical GSTA case FB-
performed on grain-size
parameters; B: classical GSTA
case CB+ performed on grain-size
parameters; C: innovative
GSTA* approach performed on
TOC concentration (H case); D:
innovative GSTA* approach
performed on the concentrations
of TOC, Ca and Si (see Table 2
for further description of the
cases). H: Higher concentration;
L: Lower concentration
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[33]), reveals a high uncertainty at short distance, in particular,
for the parameters of skewness and kurtosis, for which the
model’s choice is questionable. The relative success of the
P-GSTA approach is likely to be relevant only on studied sites
such as those used by Yamashita et al. [33].

In the new results reported here, the results of semi-
variographic study were not satisfactory in a shorter distance
it was thus decided to focus on the geochemical parameters to
describe the sedimentary processes and to propose the GSTA*
approach (c.f. section 4.4).

Moreover, both the GSTA and GSTA* approaches require
a precise preliminary semi-variographic study to establish the
degree of confidence to be placed in the results at the finest
scale and define the scale of interpretation. This scale can vary
widely according to the site studied and involve different ob-
jectives. In this present study site, the area covers 160 km2

compared to 3000 km2 for the work of Duman et al. [18] and
38,400 km2 for that of Li et al. [22]. The density of samples is
also very different, with ~1.12 samples per km2 in this present
study, contrasted against ~0.03 samples per km2 in Duman
et al. [18] and Li et al. [22]. The differences in the geograph-
ical scales and in the sampling density do not allow the study
the sedimentary processes at the same scale [66]. For each
scale of study, the sampling density corresponds an interpre-
tation scale. In the present study, the relatively high density of
sampling enables a higher resolution in the interpretation of
the sedimentation processes occurring in relation to the
dumped. This is in contrast to the work reported by Duman
et al. [18] and also and Li et al. [22], both of whom studied
sediment sources at a larger scale.

4.4 GSTA* (GSTA adapted to geochemical study)

4.4.1 Method validation with TOC

The new methodology proposed under the name GSTA* was
firstly tested using the TOC concentration which enabled the
identification of the gradients and mobility of fine particles
(Fig. 4C).

The semi-variogram for the TOC values (Fig. 3) reveals a
good spatial dependency. The y intercept of the fitted curves
goes through the origin (i.e., the nugget effect is zero for the
model), indicating both that measurement error are insignifi-
cant and that the processes studied at a fine scale can be
interpreted with confidence. The fine-scale TOC values struc-
turation is better than the granulometric semi-variograms. The
Dg chosen for the GSTA*model based on TOC concentration
was 0.046 dd(~ 500 m). The corresponding semi-variogram
study exhibited a high degree of reliability meaning that this
method was promising for the study site.

To applied GSTA* approach on TOC content in the
“GiSedTrend” plugin, the values corresponded initially to
the mean are replaced by the interpolated TOC data and a

trend is defined in the direction of increasing value of TOC
concentration (H). The trend vectors directions (Fig. 4C) are in
accordance with those reported by Baux et al. ([1]; Fig. 1B)
and provide amore precise information base for interpretation.
In the northern part of the study site, two opposite TOC gra-
dients are observed: (1) from the coast to the offshore area and
(2) from the offshore area to the coast. The TOC accumulation
between these two regions is clearly identified by a change of
direction and a reduction in the size of the TOC vectors. The
undisturbed area at the NE is clearly marked out. In the south-
ern part of the study site, trend vectors are directed towards the
dumping site, where fine particles, rich in OM content, were
accumulated. On the dumping site itself, TOC gradients are
directed towards the northern part, where harbour sediments
are mainly dumped. An area where TOC accumulates was
observed in the south-eastern part of the study site, spatially
under the dumping site, with the TOC vectors oriented to-
wards the south. Finally, the GSTA* model provides supple-
mentary information, close to the NE part of the dumping site
(shown on Fig. 4 C), which are comparable with the interpre-
tations of Baux et al. [1]. Many of the gradients are oriented
towards the dumping site, indicating an influence of the
dredged sediment on the OM accumulation at the NE part of
the study site. This information really exists in the dataset and
the high sampling density enabled its validation. However,
previously, on the base of considering the raw data only, and
despite the high sampling density, this information was not
detected.

The developed GSTA* model precisely defines several
areas with different sedimentary OM dynamic. Geochemical
parameters can reveal the dynamic processes associated with
sediments. In the context of the dredge deposit studied, the
chemical concentration trend can be interpreted as the direc-
tion of transport from the sediment source area to sediment
sinks area, areas where is finally deposited (sediment sinks
area).

Interpretations assessed by experts are under influence of
their scientific background and that entices them towards al-
ready known ideas. The developed GSTA* model is a non-
subjective, informative and interpretation aid useful method-
ology. Provided trends result from calculations with a
geostatistical analysis as prerequisite leading to an improve-
ment of the robustness of the interpretation.

4.4.2 GSTA*: A full three elements application

Following on from the promising results from applying the
GSTA* model to a TOC dataset, a second GSTA* implemen-
tationwas conducted using three distinct chemical parameters:
TOC, Ca and Si, replacing respectively the “mean”, “sorting”
and “skewness” values. These three chemical elements were
tracers of different sources and may supply various additional
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information. It is interesting to challenge these three chemical
parameters in a GSTA* analysis.

Tracing the changes in Si and Ca concentration enables the
identification of the origin of sediment, with the Si as marker
of detritic fraction and coarse sediments and the Ca as marker
of fine carbonates originating from Seine estuary and biolog-
ical coarse material. The semi-variograms for Ca and Si were
very similar and reveal a good spatial dependency (Fig. 3).
The y intercept of the fitted curves goes through the origin
(i.e.; the nugget effect is null), indicating again that measure-
ment errors are insignificant and a great structuration at the
fine-scale distance. TheDg value chosen to this GSTA* mod-
el was 0.046 (~ 500 m), corresponding to the highest values of
the three calculated Dg (as discussed by Poizot et al. [25]).

The case HLL (black vectors) is logically dominant across
the study site (229 vectors on of the 263 vectors, Table. 2). This
scenario reflects a TOC concentration gradient running from
low to high concentrations, in opposition to the concentration
gradients for Ca and Si which can be interpreted as a gradient of
refinement. TOC is mainly present in fine sediment, whereas
Ca and Si are associated with coarser particles. In this HLL
case, the granulometric factor is dominant. Trend vectors of
HLL case are directed from offshore (both north and south)
towards the dumping site and from the coast towards the off-
shore, reflecting the presence of a large quantity of fine particles
on study site and along a stripe extending from the dumping site
to the north-eastern part of the study area.

The simultaneous presence of high concentrations of Si and
TOC along with a low concentration of Ca (blue vectors in
Fig. 4, case HLH) is incompatible in this study site, where
TOC is present on the finest sediment and Si in the coarser
sediments. Consequently, the case HLH is poorly represented
(only 13 small vectors) and can be considered negligible.

The cases HHH and HHL (distinguished by orange and red
vectors respectively in Fig. 4) are observed predominantly along
a coastal fringe and at the northern part of study site, on both
sides of the area where OM accumulates and to the south of
dumping site. The case HHL (74 red vectors) are less apparent
that the case HLL but it still provides some useful information:

(1) The littoral coarse sand is mainly composed of a high Si
content and a low Ca and TOC concentration (Fig. 2).
The interpolated Ca concentrations (Fig. 2) highlight the
presence of this element in the fine sediment. The Si-rich
littoral sands become finer to the offshore area, with an
increase in concentration of Ca and TOC. This case can
be interpreted as the gradient of refinement and reflects
the transition areas between terrigenous littoral sand and
the sediments that are rich-in OM.

(2) The offshore siliceous sands becomeCa and TOC-rich to
coastal area. This HHL case corresponds to a gradient
from siliceous to carbonate sands enabling some

interpretation of the sources of particles (continental or
marine).

Finally, considering the case HHH; this indicates that TOC,
Ca and Si concentrations change when moving in the same di-
rection. This case is observed in the highly hydrodynamic areas;
that is, between the dumping site and the coast and also at the
North in the offshore region of the study site. This is the most
complex case (represented by 26 orange vectors in Fig. 4) and
can be explained by several distinct causes in different locations:

(1) The southern part of the historical dumping site corre-
sponds to an area prone to erosion due to a high energy
level giving rise to the domination of coarse sediment.
The high level of agitation is due to the proximity be-
tween the historical dumping site dome and the coast [1].
In this area, widely varying TOC and Ca concentrations
were observed and the presence of “hot spots” with a
high Si concentration directs the vectors.

(2) At the NE part of the study site, a reverse trend is ob-
served with local “hot spots” with a high TOC and Ca
concentration and low Si content increases. These vec-
tors are mainly directed according to the sporadic high
concentrations of TOC and Ca. The interpretation of this
set of orange vectors may be comparable to that the red
vectors (case HHL). Furthermore, some sporadic high
values can also be result to vectors direction anomalies.

With the developed GSTA* approach, operated with the
three geochemical parameters, the sedimentary processes and
the different areas previously defined by Baux et al. [1] have
been correctly highlighted with a supply of short-scale infor-
mation. Ca was excluded from the PCA analysis because the
multiple sources of carbonates (whether fine carbonate of con-
tinental origin or from marine biogenic sands) confused the
message. The GSTA* approach has allowed the geochemical
parameters comparison in a spatial way and discriminants the
dynamical behaviour of the two types of particles. Moreover,
the understanding of the dynamics of fine sediments obtained
based on the TOC variability alone, can be enhanced by the
combined approach using the three chemical parameters: for
example, by identifying the original source of the sand de-
posits. It can be assumed that the addition of supplementary
chemical parameters may upgrade the understanding of the
sediment transport: for example, the inclusion of arsenic, a
marker of glauconite which is enriched in the littoral sands.

4.5 Discussion on methodology

The GSTA* workflow is proposed on Fig. 5. Seven distinct
steps are identified: (1) sampling strategy; (2) raw data treat-
ment; (3) multivariate analysis (PCA); (4) semi-variographic
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study and Dg determination; (5) parameters selection; (6) reg-
ular grid generation and (7) the GSTA*.

Step 1: Sampling strategy

The appropriate sampling strategy will need to be adapted to
the scientific objectives and can be very different depending on
the study site. To be reliable, the semi-variographic study re-
quires a minimum number of samples. For example, this study
is based on 179 samples. Moreover, another important factor to
consider is the density of samples across the study area which
need to be balanced between (1) a minimum value enough to
get sufficient detailed information on the processes of interest
and (2) a maximum value to prevent noise sampling. Each
sampling scale corresponds to an interpretation scale.

Step 2: Raw data treatment

Geochemical data were previously standardized to set the
average of the distribution to 0 and the standard deviation
equal to 1. This approach enables the comparison between
parameters with very different ranges of values.

Multivariate analysis (PCA) and Semi-variogram study
were conducted simultaneously to enable the selection of the
most reliable and informative parameters.

Step 3: Multivariate analysis (PCA)

The PCA methodology allows (1) the identification of the
different groups of correlated parameters, (2) a progressive

reduction of the number of geochemical parameters and (3)
the selection of the best markers for distinguishing samples
from each other.

Step 4: Semi-variogram study and Dg determination

This procedure defines the geostatistical distance
(Dg) and gives the degree of confidence in a shorter
distance (Dg is defined according to the shape of the
semi-variogram model). Dg is the optimal distance
around a point to establish a vectors. If Dg is too small,
there is a loss of relevant information; if Dg is too
great, the signal is excessively smoothed. The semi-
variogram of chemical data reveals a best spatial depen-
dency (i.e.; the null nugget effect) in comparison with
the granulometric data (i.e.; the nugget effect is ob-
served), most probably due to the problem related to
the plurimodal data distributions.

Step 5: Parameters selection

The selection of parameters is based on previous multivar-
iate and semi-variogram analyses (quality of data) and will
depend on the objective of the study (requiring an expert’s
opinion).

Step 6: Regular grid generation

The generation of field vectors must be performed based on
a regular grid to minimize edge effects and to standardize
weight between neighbouring locations.

Fig. 5 The GSTA* workflow
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Step 7: The GSTA*

The trend vectors generated by the GSTA* demonstrate the
methodology to be non-subjective, informative and useful in
improving the interpretation of the dataset acquired. Many
applications might be expected. Work with non-normalized
geochemical data allows to preserve the grain size sorting
impact and to assess the natural sedimentary dynamic process-
es. On complementary way, the use of normalized data (for
example, normalized on aluminium) lead to the identification
of sources and spatial anthropogenic disturbances.

In the studied site, the lack of structuration at a shorter
distancewith granulometric data do not allow the combination
between the granulometric and geochemical parameters, but
the combination of these two types of dataset could be con-
sider on another sites.

5 Conclusions and perspectives

The developed GSTA* approach (GSTA adapted to a geo-
chemical study) enabled the combination of several geochem-
istry elements to describe the dynamic processes, sources,
sinks, etc., based on a robust statistical analysis.

In the current version, the “GiSedTrend” plugin is only
adapted to granulometric parameters and is difficult to adapt
for use with geochemical data.

To avoid anomalies in the vector calculations and any re-
lated misinterpretation, improvements could be added to the
intra-statistical tests which would consider the quantitative
aspects and precision of variables. A new program currently
being development by the CNAM-Intechmer team will also
allow for the integration of numerous geochemical parameters
(>3). It offers promising new perspectives for both geochem-
ists and sedimentologists.
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