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Abstract

For a full assessment of the environmental risk posed by dredged sediments not only the
anthropogenic enrichment of contaminants, but also their mobility and biological impact
should be considered. This study reports on the enrichment factor (EF), mobility, and
Adverse Effect Index (AEI) of metals and metalloids in nine dredged sediments. Significant
enrichment of As, Cd, Pb and Zn with respect to background values is detected, and
calculated AEI values for these elements suggest that it is possible that a corresponding
biological effect may be observed. Correlation coefficients also reveal a link between mobility
in HCI and enrichment for Cd, Cr, Ni, Pb and Zn, however As and Cu do not display such a
link, possibly suggesting that the source of contamination for these elements is less recent.
Mobility and enrichment are two parameters which are often studied separately; however
this paper shows that in some cases strong correlations occur.

1. Introduction

The accumulation of heavy metals in dredged sediments is based upon a range of key
factors including the mineralogical texture of the sediment, natural background levels of
heavy metals, recent and historical anthropogenic inputs, dredging activities and port
development. Metal toxicity and bioavailability are influenced by various physical and
chemical characteristics including metal speciation; pH and redox potential of the sediment,
degree of organic chelation, salinity and temperature. The determination of the total
concentration of heavy metals in sediments is not sufficient to predict the potential adverse
effect of those metals on the environment. Many studies focus on an evaluation of
anthropogenic inputs (Muniz et al., 2004; Chen et al., 2007); others focus on the potential
bioavailability of elements in dredged sediments (Guevara-Riba et al., 2004; Di Palma and
Mecozzi, 2007). For a comprehensive environmental risk assessment, both approaches are
essential in order to fully characterize the sediments. Methods used to determine the total
metal concentration of a sample include (i) microwave assisted acid digestion (HNO3 and
HCI), (ii) alkaline fusion and (iii) tri-acid attack (HNO3—-HCI-HF).

However, alkaline fusion can cause the loss of volatile elements (As and Pb) and the tri-acid
attack does not give the total concentration of Si due to the formation of SiF4 gas. Despite
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the fact that microwave assisted digestion provides only a pseudo-total concentration of the
major elements (Al and Si), it allows a good estimation of volatile elements and Cu, Pb and
Zn.

Various indices have been developed to assess the contamination level of heavy metals in
soils and sediments. These indexes, outlined in Table 1, rely on a geochemical background
value for an element in order to calculate an enrichment/contamination factor for that
element. The background value chosen can either be a feature of the area of interest (for
example a measurement taken upstream of a contamination point source), the value from
the sample with the lowest concentration, the concentration value at the base of a core
sample or an accepted background value. For the most accurate estimate, the best
approach is to establish a background value for the area of interest. The index chosen will
require different input variables which can restrict its use. For example, Allen and Rae (1986)
use Rb concentration (as internal reference), and Dickinson et al. (1996) require a core
sampling.

Many authors (Audry, 2003; Leleyter and Baraud, 2005; Dubrulle et al., 2007; Meybeck et
al., 2007; Leleyter et al., 2012) use the enrichment factor (EF) approach to easily visualize
atypical enrichment which may be anthropogenic. The EF formula (Covelli and Fantolan,
1997) uses an internal reference, known as a normalizer, to moderate the deviations
produced by heterogeneous sediments (Magesh et al., 2011). In the absence of
geochemical background data of the area studied, the average shale values reported by
Turekian and Wedephol (1961) are often used as background reference values (Dubrulle et
al., 2007; Christophoridis et al., 2009; Magesh et al., 2011). These shale reference values
correspond to the theoretical geochemical composition of particular material likely to be
exported to the ocean (Turekian and Wedephol, 1961). Calculated enrichment factors
cannot be used to evaluate the probability of adverse effects on benthic biota. In the
absence of toxicity studies, Mufioz-Barbosa et al. (2012) suggest that element
concentrations can be compared with Threshold Effect Level (TEL) sediment quality
guidelines (SQG) developed by Long et al. (1995) in order to assess an Adverse Effect
Index (AEI). TEL SQGs were developed in order to interpret metal concentrations in
sediments in the context of their potential biological effect. Lability studies are usually
conducted using chemical extractions to determine the fraction of total metal in a sample
which is mobile under the conditions of the extraction procedure; this value is then used as a
proxy for potential metal bioavailability in a sample. Such extractions may be sequential or
single reagent and assume that leached metal concentration corresponds to non-residual
metal content in a sample. Whilst sequential extractions allow a more detailed understanding
of which phase is hosting the metals of interest in the sample, single extractions are a simple
and cost-effective way to investigate the labile metal fraction of soils and sediments.
Although there are numerous reagents that may be used for single extractions, they
generally fall into three categories: acids, unbuffered salts and complexing reagents.

Acids are often used to determine the total element composition of soils and sediments.
However, dilute acids (e.g.; CH3COOH 0.10 mol L 1; HCI 0.10 mol L 1 or a mixture; HCI
0.05molL 1and H2SO4 0.0125 mol L 1 (Mulchi et al., 1992)) can also be used to
estimate the mobile fraction of an element. HC| 1.00 mol L 1 is assumed to extract metals
due to its acidic properties combined with the chelatant property of ClI . Hydrochloric acid
has been used extensively as a reagent in this type of study and is recommended by many
authors (Duinker et al., 1974; Scouller et al., 2006; Doherty et al., 2000); for harbor
sediments 1.00 mol L 1 is often suggested (Szefer et al., 1995; Burton et al., 2005; Larner
et al., 2008; Leleyter et al., 2012). The phyto-available fraction of the element is often
estimated by extractions performed using complexing agents which are assumed to extract
elements present in the sample on the exchange sites of both the carbonate and organic
fractions. The most widely used chelating agents for bioavailability assessment are ethylene
diamine tetra-acetic acid (EDTA) and diethylene triamine penta-acetic acid (DTPA)



(Fangueiro et al., 2002; Di Palma et al., 2005; Leleyter et al., 2012). Unbuffered salt
extractants are rarely used for marine samples because they are not adapted to the high
ionic strength of these samples (Leleyter et al., 2012).

The objective of the study is to investigate the both (i) the relationship between metal
enrichment (based on geochemical background) and biological effect (based on sediment
guality guidelines) and (ii) the relationship between metal enrichment and mobility (assess
through chemical extraction); in nine harbour dredged sediments from the UK and French
sides of the English Channel.

2. Materials and methods
2.1. Sediment sampling and pre-treatment

This study forms part of a European project on the sustainable, environmental treatment and
re-use of marine sediments (SETARMS), the project aims to find treatment and re-use
options for marine dredged sediment. The studied samples are coded Sed1l to Sed9 and
were sampled from nine harbors from both the UK and French sides of the English Channel
(Fig. 1). Samples were collected using a grab, a diver or a suction dredger depending on
locally available technigues. Sediment samples were collected between March 2010 and
June 2011 at a single GPS point from each harbor. The water depth during sampling varied
between 4 and 11 m. The sediment samples were homogenized, and then air-dried for 4
days, sieved at 500 Im using a nylon sieve, and ground manually using an agate pestle and
mortar.

2.2. Geoaccumulation index
2.2.1. Enrichment factor (EF)

The enrichment factors were calculated using the method outlined in Table 1 (Covelli and
Fantolan, 1997). The calculation used total element concentrations obtained after acid
digestion as the [X]sediment value, the value for shales as reported by Turekian and
Wedepohl (1961) was used as [X]background, and Al was chosen as the normalizer (Y).
According to Dubrulle et al. (2007), if EF 1 element X is representative of the shale
reference value, if EF < 1 element X is depleted with respect to the shale reference and if EF
> 1 element X is enriched with respect to the shale reference.

All reference values can be found in Table 3.

Table 1
Exampie of Index used 50 assess contamimtion or adverse ialogical effects
Index Varuble References
Iy = pondimensional metal index tm = (Cos = Y NCe Co=metal concentration m sample
Yoo = metal concemntration i sedment at 2010 Rb
content
Cis, » Rb concentration in sample
Concemtration factor through the core CF (core) = Crg /O Coap * average concentration of metal upper 50 cm of
(EF vare
Cperren ™ AVETAgE concentration of metal below
100 cm n core
Ennchmemnt factor (EF EF = [IXNIY L rmere! I X1 AY bk X = concentration of metal
diw )
Y « concentration of normadizer
Adverse Effect Index AEl« | X|ITEL) ARl « Adverse Effects Index
| X] = Metal concentratson

TEL = Threshol Effect Level
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Fig. 1. Harbor and sample locations.

Table 2

Element recovery for certified sediment HR-1 after microwave-assisted acid digestion
(As, Cd, Cr, Cu, Ni, Pb, and Zn in mg kg~') and alkaline digestion (Al and Si in g kg™ !).

Element Certified values Measured values
Alkaline digestion Al 59.2+230 50.3+3.7

Si Not certified 240+ 72
Acid digestion As 6.0+£1.0 78+27

Cd 40+1.0 33+1.6

Cr 126 +45 90 + 10

Cu 800+11.0 68.4+128

Ni 39.0+15.0 31.1+34

Pb 139.0 +37.0 1136+9.2

Zn +0.1 1.12+0.03

2.2.2. Adverse Effect Index (AEI)

AEI values were calculated as suggested by Mufioz-Barbosa et al. (2012), using the
equation outlined in Table 1 (in his article, he used ERL instead of TEL to calculate the AEI).
The Threshold Effect Levels (TELS) used in the calculation of AEI values were derived by
Long et al (1995). According to Mufioz-Barbosa et al. (2012), if AEI 6 1 the metal
concentration in the sample is not high enough to produce adverse effects in biota, however
if AEIP1 the metal concentration in the sample could produce adverse effects.

2.3. Total metal concentration determination

Both alkaline fusion (for Al) and microwave assisted acid digestion (for As, Cd, Cr, Cu, Ni,
Pb and Zn) were used to determine the total metal and metalloid concentrations in the



sediments (performed in triplicate). Alkaline fusion based on NF ISO 14869- 2 was
undertaken on 0.2 g of ground sample which was oven heated in a platinum crucible at 450

C for 3 h. After cooling, the calcined sample was mixed thoroughly with 0.2 g of lithium
tetraborate (Li2B40O7) and 0.8 g of lithium metaborate (LiBO2).

The mixture was heated to 1100 C for 30 min, and then recovered in to an acid solution
(HNO3 1.0 mol L 1). Microwave assisted acid digestion was undertaken on 0.2 g of dry
sediment using aqua regia digest (3.33 mL of HNO3 and 6.66 mL of HCI) (Alloway, 1995)
and a Berghof speedwave MWS-2 microwave.

2.4. Mobility determination

Two separate single extractions were performed in triplicate as batch extractions. The
sediment samples were shaken using a ratio of 10:1 (liquid/solid), with either 1.00 mol L 1
HClor 0.05mol L 1 EDTA, for 1 h at room temperature. Following filtration at 0.45 Im, the
solutions were stored at 4 C until chemical analyses.

2.5. Analytical technigue and data validation

High-purity reagents were used in all experiments. Deionized water with a resistivity of 18.2
M X cm, produced by a Milli-Q water system (MAXIMA) was used throughout. Standard
stock solutions of 1000 mg L 1 for major elements and 100 mg L 1 for trace elements
(VARIAN, PLASMACAL, ULTRA scientific) were used for calibration. Glassware and plastic
materials were pre-soaked for 24 h in 10% nitric acid and rinsed with deionized water;
including the 50 ml polyethylene vessels used for storage of extractants.

All leachate solutions were analyzed by ICP-AES (Inductively Coupled Plasma-Atomic
Emission Spectrometry, Varian, Vista MPX, results are expressed on the average of 5
analysis). The analytical quality of the chemical data was controlled using standard certified
materials HR-1 (Canada Center for Inland Waters National Laboratory for Environmental).
As can be seen in Table 2; the recovery was satisfactory for all the elements of interest.

3. Results and discussion
3.1. Total metal concentrations

Concentrations values determined in the sediments for Al, As, Cd, Cr, Cu, Ni, Pb, Si and Zn
are reported in Table 3 where each concentration value is the mean of three extraction
replicates and the standard deviation. Total concentrations reported in this study fall within
the range reported in the literature by other authors for dredged sediment around the world
(Table 4), including data from French harbor sediments from the Atlantic, Mediterranean and
English Channel coast (Padox et al. (2010)). The concentrations reported in the literature
show a wide concentration range for these elements both within and between harbors on a
national and international level.

Data from other studies are highly variable and therefore cannot be relied upon to assess
the quality of the sediments analysed in this study. This variability can either be explained by
the natural background inhomogeneity of the sampling areas or by anthropogenic inputs
related to specific activities. The interpretation of total concentrations must therefore be
based on the geological context and the use of enrichment factors (using the geochemical
background) is in order to evaluate sediment quality.



Table 3
Sackground reference values for Shales, TEL values, and total metal concentrations obtained after acd digestion (As, Cd Co, Cr, Cu. N1, Pb. and Zn in mg kg ' | and alkaline fusion
(Al and Siim g kg~ ") [average of three rephcates),

Al As cd Cr Cu Ni 54 S Zn
Shales 80 13 03 a0 45 68 20 nrx o5
TEL | 72 07 523 18.7 159 30.2 ns 124
Sed! 2465103 42:3 4101 744104 103204 271203 372102 114218 944204
Sed2 1722 1022 12201 185:03 18602 91101 3211 7322 9721
Sed3 2023 1721 120 B 59:1 141105 26326 160 2214 31619
Sodd 2523 162102 26202 455102 1129102 210202 755102 73t R2711204
Sed5 1521 2721 16201 1822 254223 96105 5715 G0e7 241221
Sed6 1321 3722 13103 az1 3124 12¢1 36¢5 505 09: 14
Sed? 2121 65202 22z010 1721 153205 1441 90:203 101 421
Sedf 154108 2120 38z Bl 10122 23¢1 3911 3722 123 14
Sed9 2021 623 15202 27¢1 5412 1820 501 Tie2 N6¢3
Mean 19 20 2 3t 73 16 67 75 164
Maximum 25 42 4 74 254 27 263 160 327
Minamam 13 15 ! 9 10 9 9 37 24

(¢ Standard deviation ), nr: oot reported

* Shales, Turckian and Wedepho { 1961)
" TEL = Threshold Effect Level [Long o1 al. 1995)
Table 4
Concentration ranges In marine sediments from harbor areas (mgkyg ')

Authews Location As <d < Cu NI ] n
werma-Garcia and Garde-Gomez (200 Ceuta harbor 442 nr 14-381 5-665 8671 10-516 29-655
sprovien of al, (2007 Naples harbor -1t 00t-23 7-1798 12-5743 4.362 19-3083 17-7234
wensen and Mdne (2009 Porirua harbor 24-87 006-019 7.7-17 85-30 45-10 14-34 130-410

Padox et al, (2010 French harbors a1-156 00-86 1-636 2-2651 1-214 5-1340 15-3493

ns: Not reported

Table 5
EF values for the studied sediments based on
shales content.

As |[Cd | Cr Cu|Ni|[Pb|Zn_
Sedl ['10 1441 3 071316 | 7
Sed2 188 1 | 2 | 0.6 [ENINSH
Sed3 24| 1 |5 08[53;13|
Sed4 281 2 V80| 1 |32ian |
1

0
4
5
4
Sed5s 11 27
17']
2
8
2

1 /29 07715113 |
Sed6 47 1 06 4 | 1 11| 7!
Sed7 28 0.7/ 1 (082 09]
Sed8 692 (122 (10| 7 j
Sed9 200 1 | 5|1 {1010}

I1<EF<2 | EF>2 i

3.2. Indices of contamination
3.2.1. Enrichment factor (EF) assessment

The calculated EF values suggest important anthropogenic inputs for As, Cd, Cu, Pb and Zn
(2-17; 15-69; 0.7-29; 2-53; and 0.9-13 respectively) and low anthropogenic inputs for Cr
(0.6—3) Ni (0.6—2) (Table 5). Enrichment factors reported in the literature for other sediments
can be seen in Table 6 and show that the level of enrichment found in this study is
characteristic of marine sediments in dredging areas. Port areas are subject to important
anthropogenic inputs which could explain these relatively high EFs. Comparing EFs of the
nine samples with those in Table 6, it appears that the samples in this study have particularly
high levels of Cd and Pb.



Previous authors (Hughes, 1999; Pirrie et al., 1997, 2002, 2003) reported the presence of
As, Cu, Hg, Pb and Zn in estuarine areas of Falmouth and Fowey due to mining activities.
Sediments from estuaries of the Thames, Stour and Orwell also present significant
enrichments of Cd, Cu, Hg, Pb and Zn (Wright and Mason, 1999). Chiffoleau et al. (1999)
argues that the Seine is an important source of contaminant for the sediments in the Bay of

nr
¥

Seine.

Table 6

EF valaes in manne sediments from harbor aress [based on shales content

Authors Location Internal reference  Ceochemacal background  Cd Cr Cu NI I'b in
Thermaikos Culf Fe Shale nr 2-7 2-5 nr 2-10 09-2
Kaohsiung Harbor Al Talor. 1594 3-36 03-84 06-7 nr 24-136 3-138
Sawarkin hasbor Fe Reference material nt ne 1-5 nr 02-5 1-5
Indiana harbor e Shale nr 2.3 2.4 -3 3 3.5
El Sauxzal and Ensenada harbar Al Shale 10 12 06 23 1.7
1-3

ny: Net reported

Table 7

Bay of Sedne

Shale

3-8

AEI values for As, Cd, Cr, Cu, Ni, Pb and Zn (based on Threshold

Effect Level).

As Cd Cr Cu Ni Pb Zn
Sedl 58 61 14 06 17 12 16
Sed2 14 | 14 | 04 [ 10| 06 | 1,1 | 08
Sed3 ' 24 | 26 05 [ 31 09 | 87 25
Sedd4 122 | 38" 09 160 1325 | 26
Sed5 38 24 03 136 06 | 19 | 19
Sed6 |50 | 35 | 02 | 1,7 |07 | 12 | 09
Sed7 0.9 32 0.3 0.8 0.9 0.3 0.2
Sed8 |29 | 58 | 07 |54 | 15 |13 | 10 ;
Sed9 09 22 05 29 11 17 18

3.2.2. Adverse Effect Index (AEI)

05-2 2-8

These results shown in Table 7 suggest adverse biological effect for at least one element.
Conclusions drawn from a consideration of the calculated EF values are not always

consistent with those drawn from the calculated AEI values. For example, the EF for Ni is 1
for Sed4 and Sed9 but the AEI is greater than 1 for these sediments. To better elucidate
possible links between these different indices, correlations are made and can be seen in Fig.
2.

3.3. Relationship between enrichment and AEI

The correlations between AEI values and EF values are displayed in Fig. 2. The linear
regression between EF and AEI is significant for each element with r2 values ranging from
0.61 to 0.98. These values show significant relationships (from R2 = 0.6) exist between EFs
and AEls for As, Cd, Cr, Cu, Ni, Pb and Zn. Despite a confirmed link between AEIl and EF
observed phenomena are sometimes different from one element to another. In the case of
Cr and Ni, a sediment with a moderate EF may produce biological effects. For Ni,



enrichment factors below 2, could often associated with an AEI values exceeding 1. In the
case of Cr, the AEI predicts that samples are not expected to generate an adverse biological
effect despite the fact that the EFP1 (1-3) for six of the sediments. In contrast, Cd, Pb and
Zn have calculated EF values which are very high and are associated with high AEI values.
The interpretation of the relationship between AEI and EF can be very different from one
element to another. Mufioz-Barbosa et al. (2012) found an adverse effect for Cd, Cu, Ni and
Zn for different values of enrichment factor ( 6, 1, land 2 respectively). EFs calculated
were different in this study because Mufioz- Barbosa et al. (2012) use Fe as internal
reference.
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3.4. mobility determination

The percentage each element relative to the total concentration recovered by both HCI and
EDTA are presented in Fig. 3 and Table 9 for each sample. From these results HCI (1.00
mol L 1) appears more aggressive than EDTA (0.05 mol L 1) and release more As, Cd, Cr,
Cu, Ni, Pb and Zn. Nevertheless, Leleyter et al (2012) show that EDTA is suitable tor
estimating Pb mobility and sequential extraction for Cu and Zn.

According to Sahuquillo et al. 2003, the mobility of Cu and Pb with EDTA can be attributed to
two processes: first, Cu and Pb have high complexation constants with EDTA (log KPb-
EDTA = 18.03, log KCu-EDTA = 17.08); second, Cu and Pb are highly associated with Fe
oxides and hydroxides, and they may be remobilized due to the complexation of Fe with
EDTA (log KFe-EDTA = 25.1). The differences between the extraction efficiency of HCI and
EDTA for the mobilization of Pb can be explained by the proportion of calcium carbonate in
sediments. According to Di Palma et al. (2007) EDTA extraction can cause an increase in
pH and thus a dramatic reduction in Ca2+ content and the development of exchange
reactions between the EDTA-metal complexes previously formed with Ca2+.

Mobility of an element varies greatly from one sediment to another for the two types of
extraction. Baize et al. (2009) argues that extractants suitable for one element is not
necessarily good for another. Nevertheless, the nature of sediments can be an important
parameter in the choice of extractant. So, as recommended by Sahuquillo et al. (2003) an
appropriate extractant must be selected as a function of the trace element target and the
total concentration of the element.

Al is poorly mobilized by the two extractants (<9%), probably because Al is widely present in
the residual fraction. The calculated EF show that enrichment is suspected in the sediments
characterized in this study for As, Cd, Cu, Pb and Zn. The mobile fractions for these
elements also have a range with the mobile fractions reported as As (4—33%), Cd (5—22%),
Cu (3-70%), Pb (10-56%); and Zn (17-39%). There is clearly an increased environmental
risk where elements have both a high EF value and a high labile or mobile fraction.

Table 8
Correlation coefficient matrix of element mobility (by HCl and EDTA) and enrichment
factor for the nine samples.

HCl (mgkg™') versus EF EDTA (mg kg~ ') versus EF
As 0.16 0.10
Cd 0.60 0.30
Cr 0.91 0.65
Cu 0.10 0.16
Ni 0.79 0.51
Pb 0.65 0.96
Zn 0.79 0.62

Strong correlation for a transitive correlation between 8.0 and 1.0.
Affinity for a transitive correlation between 0.6 and 0.8.
Fairly good correlation for a transitive correlation between 0.5 and 0.6.
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Fig. 3. Percentage of Al (a), As (b), Cd (c), Cr {d), Cu (e}, NI (1L ¥b (g) and Zn (h) mobilized by HCE and EYTA for the nine samples (3 replicates were analyzed for each

extraction)
Tabike 9
Percentage of Al, As. Cd, Cr, Ca. Ni, I'b and 2n mobilized by HO and EDTA for the mine samples {3 replicates were analyzed for each extraction )
Al As [} Cr Cu Ni " n
Sedi HCI 1400 57106 129103 #1:08 17788 168£37 150£25 305 £ 60
EDTA 12100 17108 57110 50220 168207 57103 90210 136¢31
Sed2 HC 85218 61101 62201 179238 82:88 22292 1124101 169 £ 67
EDTA 76200 88:00 65200 18100 56202 175202 17200 73:00
Sed3 HCI 25102 97120 132173 8585:£30 15475 236244 45410 385279
EOTA 21200 28103 120108 3412 3485:05 20:03 24310 272219
Sedd HCl 23202 263406 78:01 6607 37202 171217 257206 28708
EDTA L4100 76204 64106 25222 242207 541203 133204 128145
S HCI L7402 73207 49:05 S52:00 10:03 218202 168407 183200
EDTA 22101 211200 391210 38210 28202 69:02 35200 42102
Sedls HC L6202 42:04 81108 34:05 G707 144214 291228 3331133
EDTA 10202 12204 44:07 21108 130205 5403 71200 14919
Sed? HCl EEYLIRY 188229 77108 4100 T4H0 125213 4252112 330103
EDTA 21200 24101 41:00 14200 514202 46202 I8 00 260200
Sedfl HCL 29203 134213 107211 112211 12693 226223 45621186 240104
EDTA 21100 37s:00 58s00 51200 24202 73202 193200 17700
Sed9 HCl L3200 93:01 211272 4605 352:85 26036 356476 362¢76
EDTA L2:010 no:02 178207 20£30 25703 82203 259203 282 £09
{t5andard deviation)

3.5. Correlation between enrichment and mobility

Correlations analysis between element lability and enrichment factor are reported in Table 8.
In the case of HCI extraction, the correlations presented indicate a positive correlation

10



between Cd, Cr, Ni, Pb and Zn mobilized with enrichment factor (r = 0.60— 0.91). For EDTA
extraction, the correlations indicate a positive correlation between Cr, Pb and Zn lability and
enrichment factor (r = 0.65—-0.96) showing a link between enrichment and mobility, as
defined by the labile fraction. This indicates that the geochemical mobility of an element may
depend on its level of enrichment.

Following the conclusion of these studies, a hypothesis can be advanced that the
enrichments of Cr, Ni, Pb and Zn could be attributed to recent contamination (the recent
connections can be weak and therefore easily reversible). According to Baize et al. (2009),
Varrault (2012) and Leleyter et al. (2012) an anthropic enrichment can imply a high element
mobility from sediments. Rao et al. (2010) show that the accidentally polluted soil
(contaminated by mining activity) had the highest recoveries by HCI extraction; Rousseau et
al. (2009) simulated enclosed harbors areas in order to study the impact of sacrificial anode
dissolution. The experiment lasted 12 months proves an increase of zinc lability, due to
contamination.

No relationship was found between the enrichment and mobility of As and Cu for both
extractions (r = 0.16-0.10). Indeed, samples with a high enrichment of Cd (14.9-68.9)
present a weak mobility (5—22%) by HCI. Following the assumption made previously,
anthropogenic inputs of As and Cu were likely caused by historic contamination. Indeed,
these results could be explained by the fact that during the exposure period, the
geochemical speciation of the elements had changed. Thus, a long period of exposure may
alter the mobility of elements. Other possible explanations are that the significant enrichment
is of natural origin and/or that HCI extraction could not be suitable for mobility assessment
for these elements.

4. Conclusion

The aim of this work was to determine the environmental risk assessment of harbor
sediments. The harbor sediments sampled from English Channel and analyzed in this study
were found to contain high concentrations of As, Cd, Pb and Zn which are indicated by the
EF values to be due to anthropogenic input. The AEI values reveal that the sediments
studied are likely to provoke adverse biological effect due to As, Cd, Cu and Zn. Linear
regression showed that the EF and AEI are significantly linked, however a high EF is not
systematically responsible for potential adverse effect (e.g. Pb).

The sediments studied are very different from one harbor to another which may explain the
highly variable mobility of elements between sediments. As stated by Meybeck et al. (2007)
each element has a specific contamination pattern, moreover, according to Sahuquillo et al.
(2003) it is necessary to study the characteristics of each sample and apply different type of
extractant in order to enhance the assessment of environmental risk. Correlations prove a
strong link between mobility and potential enrichment for Cd, Cr, Ni, Pb and Zn. These
results suggest a more recent contamination in Cd, Cr, Ni, Pb and Zn in port areas sampled.

Enrichment of an element in sediment can be one reason that the environmental risk of that
sediment is increased; however a consideration of the relationship between mobility and
enrichment as presented in this paper allows a more detailed understanding of the human
impact and element mobility in dredged material.
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