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Abstract:  

The magnitude and the chronology of anthropogenic impregnation by Hg and other trace metals of 
environmental concern (V, Cr, Ni, Cu, Zn, Ag, Cd and Pb, including its stable isotopes) in the 
sediments are determined at the DYFAMED station, a site in the Ligurian Sea (Northwestern 
Mediterranean) chosen for its supposed open-sea characteristics. The DYFAMED site (VD) is located 
on the right levee of the Var Canyon turbidite system, at the end of the Middle Valley. In order to trace 
the influence of the gravity current coming from the canyon on trace metal distribution in the sediment, 
we studied an additional sediment core (VA) from a terrace of the Var Canyon, and material collected 
in sediment traps at the both sites at 20 m above sea bottom. The patterns of Hg and other trace 
element distribution profiles are interpreted using stable Pb isotope ratios as proxies for its sources, 
taking into account the sedimentary context (turbidites, redox conditions, and sedimentation rates). 
Major element distributions, coupled with the stratigraphic examination of the sediment cores point out 
the high heterogeneity of the deposits at VA, and major turbiditic events at both sites. At the 
DYFAMED site, we observed direct anthropogenic influence in the upper sediment layer (< 2 cm), 
while on the Var Canyon site (VA), the anthropization concerns the whole sedimentary column 
sampled (19 cm). Turbiditic events superimpose their specific signature on trace metal distributions. 

According to the 210Pbxs-derived sedimentation rate at the DYFAMED site (0.4 mm yr− 1), the Hg-
enriched layer of the top core corresponds to the sediment accumulation of the last 50 years, which is 
the period of the highest increase in Hg deposition on a global scale. With the hypothesis of the 
absence of significant post-depositional redistribution of Hg, the Hg/Corg ratio changes between the 
surface and below are used to estimate the anthropogenic contribution to the Hg flux accumulated in 
the sediment. The Hg enrichment, from pre-industrial to the present time is calculated to be around 
60%, consistent with estimations of global Hg models. However, based on the chemical composition of 
the trapped material collected in sediment traps, we calculated that epibenthic mobilization of Hg 
would reach 73%. Conversely, the Cd/Corg ratio decreases in the upper 5 cm, which may reflect the 
recent decrease of atmospheric Cd inputs or losses due to diagenetic processes. 

Keywords: Marine sediments, sediment traps, Canyon, Mercury, Trace metals, lead isotopes, 
geochronology 
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1. Introduction 
In contrast to other trace metals (TMs) of environmental concern, Hg can be singled out as a global 

(or at least hemispheric) contaminant, since it has a long residence time in the atmosphere (0.5-2 
years; (Schroeder and Munthe, 1998), resulting in its ubiquitous distribution. Indeed, global Hg 
emissions have substantially increased during the past 150 years (e.g. Mason et al., 1994), and there 
is evidence for the impact of atmospherically transported anthropogenic Hg emissions in remote 
regions of the globe (Fitzgerald et al., 1998). This impact is detectable in lake sediment and peat bog 
records of remote regions, which have been revealed as reliable archives for estimating historical Hg 
accumulation (e.g. Muir et al., 2009). In spite of the difficulty of establishing homogeneous geochemical 
Hg backgrounds, the relative importance of natural versus anthropogenic sources of this TM on a 
global scale has been documented in peat bogs (Shotyk et al., 2003) and lake sediment achieves 
(Swain et al., 1992). 

In the marine environment, most investigations have been made on continental shelves (e.g. Canals 
et al., 2006; Palanques et al., 2008; Costa et al., 2011). There, anthropogenic and natural Hg inputs 
are accumulated in sediment and concentrations above the natural background levels have been 
observed (e.g. GESAMP, 1990; Gobeil and Cossa, 1993). In the open ocean, several natural 
processes may alter Hg levels in sediments, including sub-marine hydrothermal activity (Boström and 
Fisher, 1969; Grousset and Donard, 1984), high organic matter flux events resulting in organic rich 
sediments such as sapropel (Gehrke et al., 2009), turbidites (Mercone et al., 1999), or diagenetic 
redistribution of Hg at the oxic/post-oxic boundary. 

In the Mediterranean Sea, very few studies address the Hg transfer, deposition and accumulation in 
open sea sediments (Mercone et al., 1999; Ogrinc et al., 2007; Gehrke et al., 2009). Cossa and 
Coquery (2005) addressed the question of Hg mobilization and burial in the abyssal sediments at a site 
in the middle of the Algero-Provencal sub-basin. In spite of the observation of a two-fold decrease of 
organic carbon (Corg) content in sediment between surface and 5cm-depth, which supports the 
hypothesis of a diagenetic post-depositional Hg redistribution, the authors assumed the presence of 
traces of anthropogenic Hg contamination in the surface sediments. 

In the Northwestern Mediterranean basin, the DYFAMED site has been chosen as an example of an 
open ocean site, supposedly isolated from major lateral inputs from the continent by the persisting 
Ligurian current (Béthoux et al., 1988; Sournia et al., 1990; Schmidt and Reyss, 1996). The role of the 
sediment as an archive for the deposition of contaminants at this site has received little attention until 
recently, when Martin et al. (2009) reported on sediment concentration of Cr, Ni, Cu, Zn and Pb. The 
results of their sediment core study, compared to atmospheric data (Migon et al., 2008), suggest that 
atmospheric deposition is the main entrance route of anthropogenic TMs accumulated in the recent 
sediments. However, occasional lateral advection of sediment by currents and sediment gravity flow 
may also contribute to the pre-industrial accumulation of TMs. Indeed, Miquel et al. (1994) noted that 
2100m sediment traps at the DYFAMED site received amounts of material in excess of those collected at 
depth of 200 and 1000m. The site is in fact located in an active sedimentary system, which may receive 
material via sediment gravity flows (Migeon et al., 2006; Khripounoff et al., 2009) and deep water 
formation during winter convection (Martin et al., 2010). 

We present here the first Hg, Ag, and Cd profiles in sediment at the DYFAMED site (VD). In order to 
trace the influence of the gravity current, which might be an additional source for TMs in the VD 
sediment core, we studied an additional sediment core (VA), sampled within the Var Canyon, on a 
terrace of the Upper Valley, and material collected in sediment traps along the channel. 
Complementary results on Cr, Ni, Cu, Zn and Pb (with its stable isotopes) allow comparison with 
previous measurements by Martin et al. (2009). However, before interpreting sedimentary TM profiles 
in term of anthropization, a careful examination of the geochemical context of the sediment is required. 
Changes in mineralogy, granulometry, sedimentary conditions, physical or biological mixing, and early 
diagenesis processes can alter TM profiles. Thus, here, we will first study the sedimentary context 
before examining the anthropization degree, pathways, sources of TMs and their changes with time. 
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2. Material and methods 
2.1. Description of the sampling sites 

The sites VA (43°29.82N, 7°20.92E, 1850m-depth) and VD (43°24.60N, 7°51.64E, 2400m-depth) 
are located after the confluence of the Var and Paillon Canyons, and at the DYFAMED site, respectively 
(Fig. 1). The VA is located on a terrace of the Var Canyon and VD in the eastern part of the Var 
Sedimentary Ridge, corresponding to the enlarged right levee of the turbidite system at the end of the 
Var Middle Valley (Mas et al., 2010). 

The Var Canyon is connected to the Var River through a narrow shelf with a steep margin. These 
features, together with the flush flood regime of the Var River, promote the formation of sediment 
gravity flows, which may export material into the deep basin (Mulder et al., 1997; Migeon et al., 2006; 
Khripounoff et al., 2009; Mas et al., 2010). Sediment transfer covers low-magnitude, high-frequency 
(yearly) turbid plumes to turbidity currents generated by large slope failures. 

The DYFAMED site, between Nice and Calvi, is supposedly protected from lateral inputs in the central 
part of the Ligurian Sea (Béthoux et al., 1988; Sournia et al., 1990). Suspended particles in the water 
column originate from atmospheric deposition (Migon et al., 2002) and from primary production (Marty 
and Chiavérini, 2002; Marty et al., 2002). Their vertical transport derives from intense episodic blooms, 
without any direct influence of continental inputs. However, the deposited sediment may be partially fed 
by advection of the turbidity current, mainly from the Var Canyon (Martin et al., 2009), since it is located 
within the Middle Valley of the Var Canyon turbidite system, on the lowest part of its right-hand side 
levee, elevated at less than 30m above the channel floor. 

2.2. Sampling and chemical analysis 
Interface cores were collected using a multi-corer at the sites VA and VD during the cruise “Envar-4” 

on board of the R/V Suroît in September 2006 (Khripounoff et al., 2009). The cores of 19 and 17cm-
length from VA and VD respectively, were sliced aboard the vessel, immediately after sampling (each 
0.5cm from the water-sediment interface to 5cm, each 1cm from 5 to 10cm, and each 2cm below). 
Sub-samples were frozen (-18°C), freeze-dried and stored under cold (4°C) and dark conditions 
awaiting analysis. 

Settling particles were collected using automated sediment traps moored 20m.a.b. (1830m and 
2380m at VA and VD, respectively) at VA and VD from 11/12/2005 to 10/10/2007. The cone-shaped 
traps (PPS-5, Technicap) have a sampling aperture of 1m², covered with a honeycomb baffle of 1cm 
diameter and with 10cm deep cells at the top. Twenty-four collection bottles were set to a sampling 
interval of 9 days. The sampling bottles of all sediment traps were filled with filtered seawater and 
sodium borate buffered formalin to give a final concentration of 3%. After recovery, each sediment trap 
sample was examined under a dissecting microscope to sort and count all organisms, and to remove 
swimmers. The remaining particles were rinsed with deionized water (Milli-Q®), freeze-dried and 
weighed. Organic carbon (Corg) and nitrogen (N) concentrations were measured with a WR12® (LECO) 
elemental analyzer after removing carbonates with a 2N HCl solution. Details are given elsewhere 
(Khripounoff et al., 2009). 

Mercury analyses were carried out on a semi-automatic AMA-254® (ALTEC) analyzer. Aliquots of 
sediments were introduced into the system, exposed to a high temperature (550°C), so that Hg was 
volatilized and concentrated by amalgamation on a gold trap before being thermally dissociated and 
vaporized, and measured by atomic absorption spectrometry (Cossa et al., 2002). The method 
detection limit was 0.007µg g–1 calculated as 3.29 times the standard deviation of the blank. The 
reproducibility was 1.8% for material of which Hg concentration was 0.092µg g–1. Certified reference 
material (CRM) MESS-2 was used to assure the quality control of the method, and the values obtained 
(0.092 ± 0.002µg g–1) were always within the range of the certified values 0.092 ± 0.009µg g–1 (Table 
S1). 

Iron and Al concentrations were determined by atomic absorption spectrophotometry (AAS, Varian, 
SpectrAA 600®). Other TM (Li, V, Cr, Mn, Ni, Cu, Zn, Ag, Cd and Pb, including its stable isotopes) and 
major elements (Mg, Si, Ca) analyses were performed after total dissolution of the sediment with a 
mixture of HCl, HNO3, and HF in hermetically sealed Teflon bombs according to the protocol described 
by Loring and Rantala (1990) and modified by Chiffoleau et al. (2004). All reagents used were 
SupraPur®, obtained from Merck. Concentrations were determined using inductively coupled plasma 
mass spectrometry (ICP-MS, Thermo Electron Corporation, Element X Series®). The determinations 
were validated using CRMs MESS-3 and BCSS-1. A blank sample and CRM were included with each 
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batch of 15 samples in the total digestion procedure and then analyzed with ICP-MS and AAS. The 
blank values were always below the detection limits. Values obtained for major element analysis were 
always within the range of certified values (Table S1). 

Radioelement analyses (234Th, 210Pb, 226Ra, 137Cs) were performed on 8-12g dried sediment 
using a semi-planar germanium detector (EGSP 2200-25-R, EURYSIS Measures) (Schmidt et al., 
2009). Calibration of the γ detector was achieved using certified reference material (IAEA: RGU, IAEA-
314), activities are expressed in mBq.g-1 and errors are based on 1 SD counting statistics. Excess 
234Th and 210Pb data were calculated by subtracting the activity supported by their parent isotope, 
238U and 226Ra respectively, from the total activity in the sediment, and then by correcting 234Th 
values for radioactive decay that occurred between sample collection and counting (this correction is 
not necessary for 210Pb because of its longer half-life). Errors on 234Thxs and 210Pbxs are calculated 
by propagation of errors in the corresponding pair, 234Th and 238U, or 210Pb and 226Ra. Taking into 
account its very short half-life and the mean oceanic sedimentation rates (usually < 10mm yr-1), 
234Thxs should be present only at the water-sediment interface. Its penetration to variable depths 
indicates efficient mixing of the upper sediments, usually by bioturbation (Schmidt et al, 2002). The 
sedimentation rates can be calculated from 210Pbxs profiles using the constant flux-constant 
sedimentation (CFCS) model (Robbins, 1978):  

[210Pbxs]z = [210Pbxs]0 e-λ(z/s) 

where [210Pbxs]0, z are the activities of excess 210Pb at surface, or the base of the mixed layer, and 
depth z, λ the decay constant of 210Pb (0.0311yr-1), and S the sedimentation rate. 

 

2.3. Statistical Analysis and Normalization 
We applied Principle Components Analysis (PCA), a multivariate technique, to reduce the in which 

the numbers of variables are reduced to a smaller number of factors that describe the principal 
variability or joint behavior of the data set. Geometrically, this new set of variables represents a 
principal axis rotation of the original coordinate axes of the variables around their mean (Jackson, 1991; 
Huang et al., 2010). The statistical computations were performed with XLSTAT® software from 
Addinsoft. 

In order to test if the observed variations in the profiles were the result of mineral changes within the 
cores, the Ag, Cd and Hg concentrations were geochemically normalized by the use of tracer elements 
(Kersten and Smedes, 2002). Aluminum and Li were chosen as granulometric normalizer elements to 
take into account the clay fraction with its high specific surface, which favors metal binding (Loring, 
1990). 

 

3. Results 
The results of chemical analyses, including isotopic measurements are given in tables 1, 2, 3 and 4 

for particles from sediment traps, VA and VD sediment cores respectively. 

3.1. Major elements, organic matter and Mn in marine sediments 
In both sediment cores Si distribution mirrored the Ca distribution (Fig. S1). Silicated material 

dominated the carbonated material in core VD (except at the surface), while it was the inverse in the 
VA core (Figs. S1a and b). Aluminium and Fe vertical distributions were parallel and less variable 
ranging between 4 and 5%, and between 2 and 3%, respectively (Figs. S1c and d). A sub-surface Ca 
peak is located between 1.25 and 3.25cm below the surface in core VA (Fig. S1a). Below, between 
2.75 and 4.25cm, a Si enrichment (Figs. S1a and b), associated with relatively low Al content (Figs. 
S1c and d), was observed in both sediment cores. The Si/Al and Mg/Ca ratios in the 2.75 to 4.25cm 
strata suggest the presence of a sandy deposit layer dominated by silicated and carbonated materials 
at the bottom and top of the layer, respectively (Figs. 2a and b). 

Organic carbon varied from 0.43 to 0.66 and 0.32 to 0.54% at VA and VD respectively; these typical 
values for offshore Mediterranean sediment (Buscail et al., 1990) indicate highly mineralized organic 
matter (OM). The VA profile does not show any systematic trend, whereas the VD profile showed 
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higher values at the upper cm of the core followed by a rapid decrease (Fig. 2c). Sandy layers are 
generally poor in OM compared to fine-grained sediments. 

Manganese profiles (Fig. 2d) exhibited in both sediment cores typical sub-surface maximum 
peaking at 0.75 and 2.25cm at VA and VD respectively; this indicates that the redox front was deeper 
at the VD site than in VA. In addition, since sulfate reduction within the 20cm core at DYFAMED is 
unlikely (Fernex et al., 1992), the redox condition in the VD core between 2.5cm and the bottom can be 
qualified as sub-oxic. In trapped particles from VD the high Mn content suggests oxidized material 
(Table 1). 

3.2. Trace metals in marine sediments and trapped particles 
Core VD presents the highest Hg, Cd and Ag enrichments in the upper centimeters with a slight 

continuous decreasing trend towards the bottom (Fig. 3b), whereas in core VA, Hg shows the same 
enrichment values in the upper centimeters and only little down-core variability (Fig. 3a). Cadmium and 
Ag present similar type of variability, but do not show any specific down-core trend. The occurrence of 
the sandy layer can be discerned from the Cd profile, which mirrors the Si/Al profile (Fig. 2a). 

The vertical variation of TMs within the cores is similar with or without the normalization procedures 
(Figs. 3c-f). The only noticeable changes are in the VD core, where Ag/Li and Cd/Li profiles (Fig. 3d) 
show more convincing evidence of increasing values from the bottom to the top of the core compared 
to the Ag and Cd profiles (Fig. 3b). The normalized Ag, Cd and Hg distributions in core VD (Figs. 3d 
and f) permit the smoothing of the profiles, and reveal that the TM surface enrichments follow the 
following order: Hg > Cd > Ag. (Fig. 3d). At VA, the normalization resulted in complex distributions, with 
a maximum occurring at the surface for Hg and between 6 and 10cm for Ag and Cd (Figs. 3c and e). 
While at VA, Cr, Ni, Cu, Zn and Pb exhibited  surface enriched distributions, at VD only Pb, and, to a 
lesser extent Cu and Zn, testified of a surface enrichment (Tables 2 and 3, Fig. S2). Those results are 
consistent with the observations of Martin et al. (2009) at the DYFAMED site. Trapped particles were 
enriched in TMs and OM compared to the underlying sediments (Tables 1-3). 

3.3. Stable Pb isotopes 
In both cores, Pb isotopic ratio distributions (Figs. 2e and f, Table 4) showed lowest values at the 

surface: 1.180 and 1.184 for the 206/207Pb ratio, and 0.479 and 0.480 for the 206/208Pb at VA and VD, 
respectively. Within the VA core, the shape of the vertical 206/207Pb ratio profile exhibits a maximum 
between 2 and 4cm (Fig. 2e) associated to the sandy layer with bigger grain size (Mas et al., 2010). 
For VD the possible increase due to the presence of the sandy layer is engulfed within a regular 
increase from 1.194 to 1.202 downward (Fig. 2e). This pattern confirms the findings of Martin et al. 
(2009) at the DYFAMED site. Higher 206/208Pb ratios (0.484; Fig. 2f) occurred at 7.5cm (and at 13cm to a 
lesser extent) down in the VA core, coincidental with minimal Cr, Ni, Zn and Pb concentrations (Fig. 
S2a). 

Particles from sediment traps exhibited a large range of 206/207Pb ratios (1.172-1.190). Conversely, 
lowest 206/208Pb ratios were associated to highest Cr, Ni, Cu, Zn, Hg, Pb and Corg concentrations 
(Tables 1 and 4). 

 

4. Discussion 
The aim of this paper is to determine the magnitude and chronology of the anthropogenic 

impregnation by Hg, and other TMs of environmental concern (Cr, Ni, Cu, Zn, Ag, Cd and Pb) in the 
sediments accumulated at the DYFAMED station. Although, this scheme has been partially confirmed by 
Martin et al. (2009) for Cu and Pb in a similar study, the same authors suggest that the lateral 
advection of sediment from the adjacent Var Canyon by gravity flow accounts for a fraction of TMs 
accumulated in DYFAMED sediments. Based on a sediment trap deployment during 2005-2007, 
Khripounoff et al. (2009) concluded that the Var River flood did not reach the DYFAMED site. Although, 
this does not preclude that this type of event may exceptionally occur.  

4.1. Sedimentary context and geochronology 
The VA core, collected in the Var Canyon, comes from a terrace, where recent sedimentary 

processes are dominantly depositional (Mas et al., 2010). The high 210Pbxs and 234Th activities of the 
uppermost sediments attest to a layer of recently deposited material. Relatively low 206/207Pb ratio 
values in the surface layer (Table 4), suggest anthropogenic Pb inputs. Two other sequences are found 
below: from 0.8 to 2.1cm, a graded sequence is observed and has been interpreted as a deposit of a 
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slope-failure turbidity surge. From 2.1 to 5.1cm, a sequence deposited by a river-flood induced turbidity 
current (Mas et al., 2010), with a succession of various proportions of Al, Si and Ca (Figs. S1a and c) 
and higher 206/207Pb ratios is observed (Fig. 2e). Turbiditic deposits are also suggested by the higher 
values of the 206/208Pb ratios at 7.5, 13 and 19cm (Fig. 2f, Table 4). Those 206/207Pb ratios indicate the 
presence of significant anthropogenic Pb inputs (Komareck et al., 2008). The 210Pbxs profile of the VA 
core is not appropriate to derive sedimentation rates due to the occurrence of multiple turbidite 
deposits. Although, by considering only the top and bottom activities (Fig. S3a), it is possible to derive a 
maximum apparent sedimentation rate of about 10mm yr-1, of the same order as the value obtained 
from the distribution of 210Pbxs in a 80cm long core taken from the same terrace (Mas et al., 2010). The 
high activity of 137Cs in depth corroborates our estimate from the 210Pbxs data. These results strongly 
suggest that the sediments at the bottom of the VA core (32cm) have been deposited within the last 50 
years in a complex manner as a result of multiple turbiditic events mixing old and more recent (and 
anthropized) sediments. 

At the DYFAMED site (VD), 210Pbxs activity is highest at the top core and, followed by an exponential 
decay that is suitable for calculating a sedimentation rate by using the CFCS model (Fig. S3a). The 
estimate of 0.4mm yr-1 is coherent with values calculated in a nearby core (Martin et al., 2009). 
Consistently, 137Cs profile exhibited high activities within the two upper centimeters to become 
negligible below 3cm, indicating sediment being deposited before 1950 (Fig. S3b). 

Martin et al (2009) have validated their estimation by exploring the presence of sandy layers 
throughout the core, searching for chronostratigraphic references. These converging clues suggest that 
the sediment at the bottom of the VD core (17cm) was deposited circa 400 years ago. Moreover, the 
values of the 206/207Pb ratios, which approach the value of natural Pb (Komarek et al., 2008) from 4cm 
to the bottom of the core (Fig. 2e, Table 4). Considering all those evidences, we are confident with the 
age estimate for this core.  

The large difference in the sedimentation rates of the sediment deposited in the two cores (>10 
compared to 0.4mm yr-1 at VA and VD, respectively), suggests that, in spite of the similarity of their 
vertical position in the cores (between 2 and 4cm in both cores), the two identified sandy layers do not 
refer to the same event. The major event at VA would be recent, while the turbidite at VD would have 
occurred one century ago. According to Khripounoff et al. (2009), high frequency sediment gravity flow 
events have occurred in the Var Canyon system during our sampling period (six events in two years). 
These events at VA occurred during Var River floods due to rainstorms, rainfall and snow melt. On the 
contrary, at the DYFAMED site, the particle flux, calculated from the sediment trap data, has increased 
only on one occasion (February 2006), but independently of the Var River flood, as a result of re-
suspension of the sediment triggered by the intensification of the “Ligurian/Northern current” 
(Khripounoff et al., 2009) and a winter convection that reached >2000m-depth (Marty and Chiavérini, 
2010). The occurrence of a 100-year old turbidite, with variable thickness, present at the DYFAMED site 
(Gehlen et al., 1997) is a result of the 1887 earthquake that occurred in the Ligurian region Martin et al. 
(2009). The distinct temporal scales of sedimentary events at VA and VD are thus evidenced. In 
addition, the distinct sources of material deposited at VA and VD are supported by stable Pb isotope 
ratios of materials collected in sediment traps (Table 4). The anthropogenic fraction of Pb in material 
collected in the sediment traps is higher (low 206/207Pb ratios) at DYFAMED, which is located at the 
eastern part of the sedimentary ridge (VD), than in the Var Canyon (VA). This may be related to the 
relative abundance of atmospherically transported contaminated material, compared to those of 
riverine sources. 

 

4.2. Turbidites effect on TM distributions 
We have taken into consideration the mineralogical and granulometric aspects by identifying the 

main changes of major elements (Si/Al and Mg/Ca, Figs. 2a and b). These ratios give indications about 
the nature of the sediment: sand, carbonate or clay. Normalization to Li and Al (Figs. 3c-f and S4) 
allowed us to correct the grain size effect on TM concentrations (Loring, 1990). Major marked 
discontinuities within both VA and VD cores appear between 2 and 4cm (Figs. S1 a and b), which are 
associated with high Si/Al (Fig. 2a) and low Corg (Fig. 2c). At 11 and 17cm in VD, similar features can 
be seen, although with a smaller amplitude. These chemical characteristics, notably the high Si/Al 
ratios (>3.8), are consistent with the presence of a sandy layer carried there as a turbidite. As 
previously discussed (4.1.), the sequences identified in the VA core result from turbidity currents 
generated by slope-failures or by the Var River floods, while in the VD core it is more likely an 
advection material from a large-scale turbidity current triggered by an earthquake that occurred at the 
end of the XIXth century. 
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The main sequences, identified in the VA core, have been documented by Mas (2009) and 
summarized by Mas et al. (2010). They consist of the superposition of three layers: the first one, 
named “s1” in Mas et al. (2010), from 0 to 0.8cm is a red layer of terrigenous matter; the second one, 
named “s2”, from 0.8 to 2.1cm is a green-brown silt-clay layer (mainly quartz and carbonate) and the 
third one, named “s3”, from 2.1 to 5.1cm is a yellow-brown layer of increasing then decreasing grain 
size, named “hyperpycnite” by Mulder et al. (2001). This assemblage of three sequences is well 
characterized by the Ca and Si changes between 0.75 and 1.25, between 1.75 and 2.75 and at 4.25cm 
(Fig. S1). The VA “s2” and “s3” events result in lower Hg concentration in the layer located between 1.5 
and 3.5cm (Fig. 3a), whereas Hg concentrations increase below 4cm-depth, testifying that the 
sediments on which the “s2” and “s3” have deposited were already anthropized. The fact that 
comparable vertical variations were observed for total Hg concentrations and normalized values might 
reflect different sources of the deposited material. Similar effects are more marked for certain other 
TMs (Figs. S2 and S4). The turbidite effect is striking for V and Cr and also apparent to a lesser extent 
for Cu, Zn and Pb. These differences among TMs derive from the amplitude of the difference between 
the TM concentrations of the “s2” and “s3” turbidites and those of the adjacent sediment in the core, 
leading to apparent increase or decrease in the turbiditic layers. These changes are related to the 
origin of the sediment: turbidity current generated by slope failure and hyperpycnal current may have 
distinct compositions with distinct anthropization degree related to their source and “geochemical 
history”. After normalizations to Li, the lowering of TM concentrations induced by the VA turbidites is 
still detectable, with lower ratios for V, Cr, Ni, Cu, Hg and Pb (Figs. 3c and S4a); this suggests that the 
dilution by the turbidite is not only the consequence of grain size differences but probably also of 
differences in the anthropization level of the various layer of the core. Hyperpycnal currents, for 
example, directly generated by floods are a continuation of the river flood under submarine condition 
supplying continental material in part from the heterogenous Var River basin drainage, whereas 
turbiditic currents generated by slope failure may carry ancient and reworked deposits. For Ag and Cd 
the Li normalization smoothes the profiles (Fig. 3c), suggesting a lower anthropogenic impact of those 
two TMs. However, both are highly soluble and are desorbed by chlorocomplexation during sediment 
resuspension (Comans and van Dijk, 1988; Kramer et al., 2002). At VD the turbidites are poorly visible 
in the Ag, Cd, Hg, and Pb vertical profiles; whereas lower V and Cr concentrations were associated to 
the turbidite layers (Figs. 3d, S2b and S4b). 

 

4.3. TMs redistribution and mobilization during OM transformation in 
sediments and the epibenthic layer 

In order to explore the nature of the OM in the sediment, we examined the Corg distribution (Fig. 2c) 
and the N/Corg ratios (Fig. S5). It has been recently shown by Perdue and Koprivnjak (2007) that N/Corg 
ratio is more suitable than Corg /N to decipher sources of OM in sediments. In both sediment cores the 
Corg is slightly lower in the turbidite layers and enriched in the superficial layers. Overall Corg values are 
around 0.38 and 0.50% at VA and VD, respectively, testifying of largely oxidized OM as usually found 
in Mediterranean sediments (Buscail et al., 1990). On the other hand, N/C ratios at VA decrease 
slightly from the top to the bottom of the core from 0.11 to 0.08, which could be attributed to early 
diagenetic processes that strip labile N first from the fresh sediment (Dauwe et al., 1999). At VD, the 
ratio remains rather stable with a mean value of 0.10 ± 0.01. These values are higher than those of VA, 
suggesting a larger influence of the marine phytoplankton in the VD deposits (with a Redfield ratio 
C106/N16, the N/C ratio of fresh marine phytoplankton is around 0.16, Quigg et al., 2003). In brief, the 
surface sediment at VA and VD is mainly constituted of a thin slightly organically enriched layer, where 
the OM oxidation is quite active, underlying largely oxidized OM from primary production. These 
distributions are disrupted by turbiditic events, characterized by lower Corg. Before exploring the 
anthropization of the studied sediments, the questions we want to address are: (i) does the OM 
degradation in the surface sediment mobilize TMs from the solid phase, and (ii) does this diagenetic 
process lead to a TM enrichment in the oxihydroxides present at the redoxcline? In the absence of 
“reactive Fe” (Fe not associated with crystal phase) data, the Mn peak position can be used to localize 
the redox front in sediment since it relates to the presence of oxihydroxides (e.g. Froelich et al., 1979; 
Haese, 2006). In VA and VD cores the Mn peaks appear not to be linked to the turbidite events (Fig. 
2d). In core VA the peak is located above the turbidite and, in VD, within its top part. To explore the 
possible TMs enrichment within the oxihydroxides, which would bring evidence for TMs redistribution 
effect in the sediments; we looked at the TMs versus Mn relationships. At VD no significant relationship 
between TMs and Mn were found. At VA, we found significant (p<0.01) relationships between Mn and 
Hg (R2=0.57), Cr (R2=0.48), Ni (R2=0.57), and Pb (R2=0.43). However, if we exclude the three highest 
Mn concentrations (interpreted as the Mn oxide peak) from calculations, it appears that the values of R2 
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increase to 0.76 and 0.83 for Ni and Cr respectively, and did not change for Pb (R2=0.44). This 
suggests that the correlation between these three TMs and Mn result most probably from mineralogy 
composition of the sediment. Thus, for all studied TMs, except Hg, the redistribution of within the 
sedimentary column, due to a possible oxihydroxide enrichment, is negligible and cannot significantly 
perturb the TM profiles. The behavior of Hg at VA deserves a particular attention since the 
oxihydroxides, occurring within the 1.5cm-thick surface layer of sediment, are Hg enriched compared to 
sediment below (Fig. 3a). Similar situations have been found in other marine sediments, along the 
Siberian shelf (Cossa et al., 1996) and in the deep Arctic (Gobeil et al., 1999). In the first case it has 
been attributed to the very high amount of Mn involved in the redox cycling on the Siberian shelf and in 
the second to the very low sedimentation rate which favors the TM redistribution in the sediment. None 
of these explanations seem to concern the Var Canyon sediments. At this stage we cannot conclude 
about the reality of an implication of Hg in the Mn recycling process in VA sediment, but our 
observations prohibit any further chronological interpretation of the Hg profile in the Var Canyon. 

The correlation coefficients between TMs and Corg exhibits marked differences between the two 
cores (Fig. S6, Tables S2 an S3). For the VA core the statistically significant (p<0.01) correlations with 
OM concern V, Cr and Cu, whereas for VD it concerns Cu, Zn, Ag, Cd, Hg and Pb. This suggests that 
the material bearing TMs differs according to the sites. This hypothesis is supported by the results of a 
Principal Component Analysis (PCA) showing that terrigenous proxies (Al, Li, Fe) were more 
influencing the TMs distribution in the VA core compared to the VD core (Fig. S6). This is consistent 
with the idea of a dominant marine origin of sedimentary material at the pelagic site VD, whereas the 
continental influence is more important at the Var Canyon site VA. Interestingly however, N versus Hg 
and Pb relationship are significant at VA (Fig. S6) suggesting that, even in the canyon, the marine OM 
serves as a sedimentation vector for atmospheric borne TM, such as Hg and Pb. 

Several studies pointed out the significant correlation between concentrations of Hg and OM in 
marine sediments (e.g. Hammerschmidt and Fitzgerald, 2004; Hollweg et al., 2009; Hare et al., 2010), 
showing that particulate Corg is the main vector for this TM to sediments. Therefore, at a constant Hg 
deposition onto sea-surface, the variation in the intensity of the biological production in the marine 
euphotic layer will generate variation in the Hg concentrations in the particulate matter settling down to 
the sea floor. Conversely, at constant primary production, the Hg concentration variations in the 
downward particulate matter flux would reflect the variation of the Hg atmospheric deposition. 
Alternatively, OM degradation in the sediment may cause changes in its complexation and/or sorption 
capacity toward Hg (because of the possible changes in the nature and abundance of ligands) causing 
changes in the Hg/Corg ratio. This latter hypothesis is not supported in the VD core, since the N/Corg 
ratio did not show large changes within the core (Fig. S5). 

At the DYFAMED site, removing the turbiditic layer data, the correlation of Hg with Corg is highly 
significant (p<0.01) with R2= 0.94 (R2 = 0.81 including the data from the turbidite samples). The Hg/Corg 
profile exhibits an exponential increase from the bottom to the top of the core (Fig. 4). This led us to 
suggest that a fraction of the Hg present in the freshly deposited sediment is mobilized from particulate 
OM during its mineralization. This process seems to reflect what we observed occurring in the 
sediment trap material in the epibenthic environment. 

The material in the VD sediment trap, moored 20m.a.b., was enriched in TMs and organic carbon 
(Fig. S7b, Table 1) compared to deposited sediments; this confirms that the TM vector to the sediment 
is the biogenic particles and attests of a TM mobilization is occurring during the OM degradation in the 
epibenthic zone. A common anthropogenic (atmospheric) origin of Hg and Pb is more than likely 
according to the relationships found between Hg concentration and 206/207Pb ratio (Fig. S7a). Other 
anthropogenic TMs are also enriched, but to a lesser extent, i.e. Cr, Ni, Zn and Ag. Based on sediment 
trap data, the mass fluxes averaged 4.23 and 0.46g m-2 d-1 at VA and VD, respectively (Mas, 2009). 
The fluxes of the associated TM and their concentrations are given in table 5. The obtained values for 
Hg flux at the DYFAMED site of 0.083µg m-2 d-1 in sediment traps and 0.023µg m-2 d-1 in sediments are 
comparable to values (0.033 - 0.145µg m-2 d-1) recently published for the Hudson Bay (Hare et al., 
2010). We used the flux derived from sediment and sediment traps to calculate the TM remobilization 
from the sediment. According to these values, the TMs remobilized from surface sediment vary from 
55% for Zn to 73% for Hg and Cu, except for Cd for which it is only 37%. This latter value probably 
reflects the faster release of Cd from settling particles in the water column (Fisher, 1985); Cd 
mobilization probably occurs in the water column above the epibenthic layer. A similar calculation has 
already been performed for Hg by Cossa and Coquery (2005), in order to compare Hg concentration in 
sediment trap particles and surface sediments. They noted a large difference in the Hg concentration of 
settling particles collected in the sediment trap in the abyssal plain of the Algero-provençal sub-basin 
(between Sardinia and Balearic islands) and the deposited sediment, 50m beneath. Decreasing Hg 
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concentrations (from 0.10-0.16 to 0.08-0.09µg g-1) were parallel to the Corg content of the material, 
which decreased from 3-9 to 0.6%. The authors concluded that Hg was mobilized in the vicinity of the 
sediment. The present data confirm their findings; Hg and other TMs are enriched in the particulate 
matter collected in the sediment traps compared to the underlying surface sediment (Tables 1 to 4). 
The mobilization of TMs during the early diagenisis of the OM in the fluffy layer of the epibenthic zone 
is significant. 

 

4.4. Historical variations of contaminant fluxes and sources at the DYFAMED site 
Based on 206/207Pb and 206/208Pb ratios in the material from the VD traps, the particles transported 

20m.a.b. were highly anthropized (206/207Pb < 1.180 and 206/208Pb < 0.480). They differed markedly from 
the material brought with the main identified turbidites, which were characterized by the abundance of 
pre-industrial material (Table 4). These evidences strongly suggest an anthropogenic origin for the 
material currently collected at the DYFAMED site; this material is mainly of atmospheric origin with a 
strong anthropogenic signature (Migon et al., 2008; Heimbürger et al., 2010). The VA core consists of a 
succession of turbidites, and the only feature we can conclude from 210Pb and 137Cs data is that the 
material from the whole core is younger than 50 years. It is impossible to infer a real sedimentation rate 
from our data. For the VD core, after removing the turbidic event, we note an increase in the TM/Li 
signal from the bottom to the surface sediment (Figs. 3d and S4b). The amplitude of the increase is 
maximum for Hg-Zn, and decreases in the order Hg-Zn > Pb-V > Cr-Cu-Ni. According to the 210Pbxs-
derived sedimentation rate of 0.4mm yr-1 (Fig. S3a) at this site the Hg-enriched layer (the upper 2cm) of 
the sediment core corresponds to the sediment accumulation over the last 50 years, which is the period 
of the highest increase of Hg deposition on a global scale (Mason et al., 1994). It has been shown 
elsewhere that Hg emissions after a slow increase at the beginning of the XXth century, accelerated 
after the Second World War and peaked at the end of the sixties (Hylander and Meili, 2003). The Hg 
distribution, in the sediment layers at the DYFAMED site, is consistent with this chronological scenario. 
The beginning of the increase occurred indeed 50 to 100 years ago. However there is no point in 
showing the beginning of the expected deposition decrease, but only a reduction in the rate of increase 
within the upper 0.5cm (Fig. 4). The occurrence of smoothed TM profiles (including Hg, Figs. 3d and f, 
S4b and d) may not reflect real time variations of the inputs, as they may partially be the result of post-
depositional processes including local mixing and bioturbation.  

Elevated Hg concentrations in trapped particles and in the uppermost sediment layers from VD 
suggest recent inputs of anthropogenically-impacted material. If we hypothesize even partial but 
common atmospheric origin of Pb and Hg as a result of burning fossil fuel, especially coal (Fig. S7), 
206/207Pb and 206/208Pb ratio values on the top of the cores should represent the thickness of the man-
impacted sediment cores by these two air-borne elements. On the VD core the surface slice (0-1cm) 
206/207Pb and 208/206Pb reach values as low as 1.180 and 2.08, reflecting, as shown in figure 5, the 
signature of European coal and/or a mixture of anthropogenic Pb from coal and gasoline additives, with 
geogenic Pb (Komarek et al., 2008). A similar anthropogenic signal is also visible down to 1cm of the 
VD core and in particles from the VD sediment trap. Below 2cm-depth in the VD core, the regular 
increase in the 206/207Pb strongly suggests a slight mixing of the surface sediment after deposition, in 
agreement with evidence of low bioturbation as recorded by seabed 210Pbxs and 234Thxs. While the 
ratios in the VD core reach natural value (206/207Pb = 1.202; 206/208Pb = 0.485) at the base of the core, 
which correspond to pre-industrial period. The Pb isotopic ratios in the entire VA core reflect 
anthropized sediments (206/207Pb = 1.181-1.187; 206/208Pb = 0.480-0.483), which is consistent with our 
age estimation for the bottom of VA core. 

Thus, in summary, if we reasonably hypothesize (i) insignificant effects of turbiditic events (except 
the 1887 earthquake), (ii) negligible Hg mobility due to dissolution-precipitation of oxides during the 
redox change in the sedimentary column, and (iii) a stable Hg/Corg ratio when OM ages (which is 
supported by the absence of relationship between Hg and N/Corg ratio), thus the Hg/Corg ratio change 
between the surface and bottom (excluding the turbidite layer) can be used to estimate the 
anthropogenic contribution (Fig. 4). Indeed a hypothesis of a constant Corg flux during the last 200 
years from surface water to the sediment at the DYFAMED site is unlikely since the export of particulate 
organic matter occurs in pulses due to episodic water convection events (Martin et al., 2010). We 
observe an exponential trend in the Hg enrichment that started 250 years ago (11cm-depth), and 
accelerated between 50 and 100 years ago (2 to 4cm-depth). The Hg enrichment factor, from pre-
industrial time to the present, estimated from the Hg/Corg ratios (Fig. 4), is calculated to be around 60%. 
This estimation is consistent with the global model proposed by Lamborg et al. (2002), which 
concluded that the atmospheric Hg reservoir has experienced a 3-fold increase since pre-industrial 
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times, whereas the surface ocean and thermocline have only increased by a factor of 1.9 and 1.2, 
respectively. However, before we can firmly conclude about the merit of Hg/Corg ratio as a proxy for Hg 
deposition changes, further work on Hg early diagenesis is needed. 

No other TM, but Cd (Fig. S8), exhibits a significant trend with depth. Conversely to Hg, Cd/Corg 
ratio vertical distribution would suggest suggests a ∼30% decrease of its deposition in the last decades, 
if the Cd/Corg was conservative in the sediment. Although this result is consistent with the recent results 
of Heimbürger et al. (2010) who showed that Cd concentrations in marine aerosols sampled along the 
French Riviera (Cap Ferrat, near Nice) decreased by a factor larger than 2 within the last 15 years, the 
models of the Cd behavior in marine sediment (e.g., Gobeil et al., 1987) suggest that this kind of profile 
may more probably result for early diagenetic processes. 

 

5. Summary and Conclusions 
This paper documents the magnitude and the chronology of the anthropogenic impregnation by Hg 

and other TMs of environmental concern in marine sediment (core VD) accumulated at the DYFAMED 
site, in the Ligurian Sea (Northwestern Mediterranean). In order to check the possible lateral advection 
of material to this site, the characteristics of the sediments deposited at the Var Canyon (VA core) and 
the material collected with sediment traps moored at 20m.a.b. at the two sites was also examined. 
Major element distributions, coupled with the stratigraphic examination of the sediment cores allowed 
the nature and origin of the material accumulated to be characterized, including major turbiditic events. 
After discussion of the possible effects of lateral advection, redistribution of TMs among solid phases 
resulting from diagenetic processes, the Hg and stable Pb isotope distribution patterns pointed out the 
anthropogenic impregnation of the sediments at the DYFAMED site. We demonstrated conclusively that 
the DYFAMED site is suitable for addressing the temporal evolution of atmospherically-derived TMs in 
regional marine sediments. The Hg-enriched layer of the sediment represents the last 50 years, which 
is the period of the highest increase of Hg deposition at a global scale. With the hypothesis of the 
absence of significant post-depositional redistribution and a roughly constant Corg flux during the last 
250 years from surface water to sediment, the Hg/Corg enrichment between surface and pre-industrial 
levels is calculated at circa 60%, consistent with the estimations of global Hg models. Conversely 
Cd/Corg distribution would suggest a decrease in the Cd accumulation in the DYFAMED sediments during 
the last decades; however, for this very mobile TM, diagenetic processes probably govern the Cd/Corg 
distribution (Gobeil et al., 1987). The environmental response to changes in atmospheric inputs, due to 
enhanced fossil fuel burning are clearly visible for Hg in marine sediment records. However, further 
research is needed to explore the merit of Hg/Corg in marine sediment. Research should focus on its 
isotopic signature, which might have the potential to reveal further insights to its cycling, and in 
particular to trace changes in the hydrobiological setup (biological production, stratification, etc.) as well 
as changes of emission sources. 
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Figure 1. Location of the study sites. Sediment trap mooring station and two interface cores were 

collected at VA and VD. Map adapted from Khripounoff et al. (2009). 

 

Figure 2a and b. Down-core variability of Si/Al and Ca/Mg ratios in the sediment cores from VA in the 

Var Canyon and VD at the DYFAMED site (ratios in weight). On VA, 3 distinct layers have been 

documented by Mas (2009) and Mas et al.(2010). “s1” from 0 to 0.8cm is a red layer of terrigenous 

matter; “s2”, from 0.8 to 2.1cm is a green-brown silt-clay layer (mainly quartz and carbonate) and “s3”, 

from 2.1 to 5.1cm is a yellow-brown layer of increasing then decreasing grain size, named 

“hyperpycnite”. In VD core the layer from 2.5 to 4.0 cm has been documented by martin et al. (2009) as 

the result of advection material from a large-scale turbidity current triggered by an earthquake that 

occurred at the end of the XIXth century (see text). 
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Figure 2c and d. Organic carbon and Mn vertival profiles in the sediment cores from VA in the Var 

Canyon and VD at the DYFAMED site. 

 

Figure 2e and f. Stable Pb isotopic ratio (a: 206/207Pb; b:206/208Pb) variations in the sediment cores from 

VA in Var Canyon and VD at the DYFAMED site. 
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Figure 3a and b. Hg, Ag and Cd vertical profiles in the sediment cores from VA in the Var Canyon and 

VD at the DYFAMED site. 

 

 

Figure 3c-f. Hg, Ag and Cd to Li and Al ratio variations in the sediment cores from VA (a, c) in the Var 

Canyon and VD (b, d) at the DYFAMED site. 
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Figure 4. Hg/Corg ratio (weight) variations in the sediment core from VD at DYFAMED site (the turbiditic 

layer has been removed from the graph). 
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Figure 5. Isotopic composition of Pb in sediment and particles from traps. VA: Var Canyon site and VD: 

DYFAMED site. Graph adapted from Komarek et al. (2008). 

 



Table 1. Element composition of particles collected in sediment traps. (1) Depth of the water column at the mooring site; (2) Position of the sediment trap 

from the sea bottom. VA: canyon (Upper Valley of the Var turbidite system); VD: Eastern par of the Var Sedimentary Ridge (DYFAMED site). See figure 1 

for locations. 

 

Site Depth1 Position2 Corg N Li V Cr Mn Ni Cu Zn Ag Cd Pb Hg Al Mg Ca Fe 

 m m % % µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g % % % % 

VA1 1850 20 0.84 0.0147 62 87 68 390 38 25 81 0.146 0.169 21 0.041 5.19 1.08 16.8 2.3 

VD1 2400 20 0.96 0.1470 64 113 140 741 79 85 151 0.176 0.221 62 0.181 6.22 1.56 11.6 3.0 

VD2 2400 20 2.56 0.3150 72 108 94 785 57 47 107 0.121 0.177 44 0.088 5.84 1.35 14.4 2.6 

 



Table 2. Elemental composition of sediment at the VA site from the Upper Valley of the Var canyon (see figure 1 for locations). 

Level Corg N Li V Cr Mn Ni Cu Zn Ag Cd Pb Hg Mg Al Si Ca Fe 
cm % % µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g % % % % % 

0.25 0.57 0.063 52.6 77 65.5 462 38.7 23.9 78.2 0.11 0.16 22.66 0.061 1.41 5.15 16.5 17.8 5.15 

0.75 0.54 0.058 51.6 75 64.5 569 39.3 24.8 83.9 0.09 0.14 22.73 0.057 1.34 5.13 16.4 18.3 5.13 

1.25 0.47 0.046 47.8 65 52.2 444 31.5 21.0 71.7 0.12 0.14 17.87 0.036 1.24 5.84 16.2 20.0 5.84 

1.75 0.52 0.048 54.0 71 54.5 333 32.9 21.4 75.7 0.16 0.17 18.55 0.036 1.19 4.81 15.5 19.3 4.81 

2.25 0.50 0.046 50.9 68 - 325 - - - 0.13 0.16 - 0.035 - - - - - 

2.75 0.43 0.037 51.8 66 52.9 340 33.3 21.1 71.1 0.13 0.15 18.95 0.032 1.18 4.70 16.2 19.3 4.70 

3.25 0.47 0.046 52.7 68 55.2 346 34.0 21.2 71.8 0.14 0.15 19.82 0.035 1.13 4.51 16.6 18.01 4.51 

3.75 0.46 0.042 44.3 67 53.7 340 32.8 21.2 67.7 0.12 0.15 19.35 0.037 1.09 4.44 16.5 17.4 4.44 

4.25 0.49 0.044 44.8 63 53.5 329 32.1 20.1 70.2 0.11 0.14 19.31 0.043 1.09 4.35 16.0 17.0 4.35 

4.75 0.54 0.049 48.5 70 57.3 339 32.9 20.4 71.6 0.14 0.16 20.01 0.043 1.12 4.65 15.6 17.3 4.65 

5.50 0.51 0.047 49.0 68 53.8 331 31.7 19.9 69.6 0.14 0.15 19.46 0.037 1.12 4.56 15.7 18.0 4.56 

6.50 0.53 0.045 44.7 70 52.9 328 30.2 20.5 66.8 0.14 0.17 16.77 0.033 1.10 4.43 15.4 18.2 4.43 

7.50 0.48 0.041 44.8 64 49.9 317 30.2 20.7 70.3 0.15 0.17 17.07 0.030 1.05 4.22  - 18.08 4.22 

8.50 0.51 0.044 49.6 71 54.1 341 31.7 22.8 72.4 0.15 0.17 17.99 0.034 1.06 4.45 15.9 18.1 4.45 

9.50 0.53 0.044 47.6 68 54.0 337 31.6 21.6 73.4 0.15 0.18 18.87 0.041 1.07 4.43 16.2 17.9 4.43 

11 0.50 0.044 51.2 72 55.8 354 32.8 20.6 72.2 0.14 0.16 19.13 0.037 1.08 4.47 16.3 17.6 4.47 

13 0.51 0.045 50.6 71 58.4 362 33.5 21.8 73.2 0.14 0.16 19.21 0.034 1.08 4.52 16.0 18.0 4.52 

15 0.53 0.045 49.9 70 57.8 351 33.8   73.9 0.13 0.15 19.60 0.037 1.11 4.57  - 17.4 4.57 

17 0.62 0.050 59.8 79 61.3 372 36.7 25.6 83.7 0.17 0.19 - 0.035 1.19 5.02 16.3 16.6 5.02 

19 0.66 0.049 53.8 73 58.4 361 34.7 23.9 73.7 0.15 0.16 21.35 0.038 1.13 4.57 16.1 17.3 4.57 

 



Table 3. Element composition of marine sediment at the VD site (DYFAMED, see figure 1 for location). 

Level Corg N Li V Cr Mn Ni Cu Zn Ag Cd Pb Hg Mg Al Si Ca Fe 

cm % % µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g % % % % % 

0.25 0.53 0.052 45 72 56 396 30.6 19.4 64 0.07 0.14 20.3 0.049 1.17 4.68 16.2 16.5 2.14 

0.75 0.54 0.051 46 75 58 406 31.3 20.2 72 0.08 0.13 20.7 0.049 1.13 4.85 16.7 16.4 2.20 

1.25 0.50 0.050 51 80 60 421 31.7 20.9 67 0.08 0.14 19.8 0.042 1.13 4.98 16.7 16.1 2.22 

1.75 0.38 0.036 47 69 53 397 29.0 17.2 59 0.07 0.12 17.1 0.029 1.07 4.57 17.3 16.5 2.11 

2.25 0.34 0.035 49 74 57 987 35.2 19.3 63 0.06 0.14 17.9 0.027 1.10 4.75 17.0 16.3 2.21 

2.75 0.32 0.033 47 69 55 750 32.5 17.5 60 0.06 0.12 17.1 0.029 1.09 4.62 18.1 15.9 2.25 

3.25 0.33 0.036 46 69 56 341 32.3 17.4 57 0.07 0.12 16.5 0.027 1.09 4.58 19.1 15.2 2.28 

3.75 0.32 0.030 44 63 50 255 29.5 15.1 52 0.12 0.10 15.2 0.023 1.06 4.30 18.5 15.5 2.28 

4.25 0.35 0.035 48 71 57 271 34.1 16.1 57 0.06 0.11 15.6 0.023 1.16 4.70 17.9 16.0 3.06 

4.75 0.41 0.041 56 88 69 284 38.2 20.9 65 0.07 0.13 15.2 0.027 1.14 5.04 17.2 15.6 2.36 

5.5 0.36 0.037 53 81 64 294 36.3 19.7 62 0.07 0.14 15.0 0.026 1.12 4.79 17.7 15.7 2.13 

6.5 0.39 0.038 54 83 66 310 37.5 20.1 63 0.06 0.13 15.6 0.026 1.18 4.94 18.1 15.6 2.16 

7.5 0.37 0.039 55 83 65 312 36.6 19.8 63 0.06 0.12 15.3 0.027 1.16 4.91 17.7 15.8 2.20 

8.5 0.38 0.042 57 86 67 334 38.6 19.1 64 0.05 0.12 15.6 0.023 1.19 5.13 17.7 15.8 2.39 

9.5 0.38 0.043 57 87 68 340 38.4 22.3 65 0.06 0.13 15.7 0.027 1.20 5.15 17.9 15.5 2.32 

11 0.32 0.034 51 73 57 318 32.4 16.8 58 0.05 0.10 14.6 0.020 1.13 4.60 18.6 15.3 2.19 

13 0.38 0.038 53 76 57 316 32.2 17.7 63 0.06 0.12 14.5 0.022 1.15 4.77 17.7 15.6 2.19 

15 0.37 0.039 52 74 57 313 32.2 16.4 60 0.05 0.12 14.9 0.021 1.13 4.70 17.7 15.4 2.16 

17 0.33 0.032 48 66 52 292 28.5 15.1 54 0.06 0.11 14.8 0.018 1.07 4.38 18.2 15.3 2.04 

 



Table 4 Pb isotopic ratios in sediment cores and particles for sediment traps (see figure 1 for 
locations). 

Type of sample Depth (cm) 206Pb / 207Pb 206Pb / 208Pb 
VA core 0.25 1.180 0.479 
VA core 0.75 1.186 0.481 
VA core 1.25 1.186 0.481 
VA core 1.75 1.191 0.482 
VA core 2.75 1.189 0.480 
VA core 3.25 1.191 0.483 
VA core 3.75 1.185 0.482 
VA core 4.25 1.186 0.482 
VA core 4.75 1.183 0.480 
VA core 5.5 1.185 0.481 
VA core 6.5 1.185 0.481 
VA core 7.5 1.186 0.484 
VA core 8.5 1.183 0.482 
VA core 9.5 1.181 0.480 
VA core 11 1.183 0.481 
VA core 13 1.185 0.482 
VA core 15 1.185 0.480 
VA core 17 1.184 0.480 
VA core 19 1.187 0.481 

    
VD core 0.25 1.185 0.480 
VD core 0.75 1.184 0.480 
VD core 1.25 1.188 0.482 
VD core 1.75 1.194 0.481 
VD core 2.25 1.192 0.482 
VD core 2.75 1.194 0.482 
VD core 3.25 1.195 0.482 
VD core 3.75 1.197 0.484 
VD core 4.25 1.198 0.483 
VD core 4.75 1.196 0.483 
VD core 5.5 1.194 0.482 
VD core 6.5 1.198 0.483 
VD core 7.5 1.197 0.483 
VD core 8.5 1.197 0.484 
VD core 9.5 1.198 0.484 
VD core 11 1.195 0.483 
VD core 13 1.198 0.485 
VD core 15 1.199 0.485 
VD core 17 1.202 0.485 

    
VA trap  1.188 0.481 

VD1 trap  1.172 0.477 
VD2 trap  1.180 0.479 
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Figure S1. Major element (Ca, Mg, Si, Al, and Fe) concentration variations in sediment cores from VA 

(a, c) in the Var Canyon and VD (b, d) at the DYFAMED site. On VA, 3 distinct layers have been 

documented by Mas (2009) and Mas et al.(2010). “s1” from 0 to 0.8cm is a red layer of terrigenous 

matter; “s2”, from 0.8 to 2.1cm is a green-brown silt-clay layer (mainly quartz and carbonate) and “s3”, 

from 2.1 to 5.1cm is a yellow-brown layer of increasing then decreasing grain size, named 

“hyperpycnite”. In VD core the layer from 2.5 to 4.0 cm has been documented by Martin et al. (2009) as 

the result of advection material from a large-scale turbidity current triggered by an earthquake that 

occurred at the end of the XIXth century (see text). 
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Figure S2. Trace metal (Li, V, Cr, Cu, Zn and Pb) concentration variations in sediment cores from VA 

(a, c) in the Var Canyon and VD (b, d) at the DYFAMED site. 
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Figure S3. Profiles of 210Pbxs and of 137Cs with depth in cores VA (dark circle) and VD (open circle) 

collected during Envar-4 cruise. Vertical bars represent the layer thickness; horizontal bars to the errors 

on radionuclide activities. The dashed line on the 210Pbxs profile shows the regression used to calculate 

the sediment rate of core VD. 

 

Figure S4. Trace metal (V, Cr, Ni, Cu, Zn, and Pb) to Li and Alx10-4 ratios (by weight) variations in 

sediment cores from VA (a) in the Var Canyon and VD (b) at the DYFAMED site. 
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Figure S5. N/Corg profiles in the sediments cores from VA in the Var Canyon and VD at the DYFAMED 

site. 

 

Figure S6. Above the schematic representation of the results of PCA performed independently for 

cores from VA (Var Canyon) and VD (DYFAMED site). Pearson correlation coefficients between 

chemical measurements are given in Tables S2 and S3. For both PCA factors 1 and 2 together explain 

the 2/3 of the total variance of the data sets. For VA, factors 1 (55%) is strongly correlated with Al, Cr 

and Ni (R>0.94) reasonably refer to the terrigenous component, whereas Cd and Ag strongly linked to 

factor 2 (R>0.87). For VD, factor 1 is link to nitrogen (R=0.87) and bioactive TMs (R>0.90 for Cu and 

Zn), suggests biomaterial, whereas factor 2 suggest a terrigenous particles (R>0.78 for Ni and Li). 
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Figure S7. Relationship between Hg concentration and 206/207Pb ratio and organic carbon (Corg) in the 

deposited sediments and particles from traps. VA: sediments cored in the Var Canyon; VD: sediment 

cored at the DYFAMED site. Significant (p<0.01) correlations between Hg and 206/207Pb ratio were 

observed for the material in the sediment traps (R2=0.84) and for sediment in VD core (R2=0.88). 

Significant (p<0.01) correlations between Hg and Corg was observed for the sediment in VD core 

(R2=0.81). 

 

 

Figure S8. Cd/Corg ratio (weight) variations in the sediment core from VD at the DYFAMED site (the 

turbiditic  



  MESS-2 MESS-3 BCSS-1 
detection 

limit 
  certified values this work certified values this work certified values this work   
Li µg/g 73.9 ± 0.7     73.6 ± 5.2 66 N.A. 36 0.83  
V µg/g 252 ± 10     243 ± 10 234 93.4 ± 4.9 85 1.67 
Cr µg/g 106 ± 8     105 ± 4 99 123 ± 14 100 1.67 
Mn µg/g 365 ± 21     324 ± 12 307 229 ± 15 222 0.67 
Ni µg/g 49.3 ± 1.8     46.9 ± 2.2 44.8 55.3 ± 3.6 51.4 0.17 
Cu µg/g 39.3 ± 2     33.9 ± 1.6 34.1 18.5 ± 2.7 19.1 0.83 
Zn µg/g 172 ± 16     159 ± 8 149 119 ± 12 104 0.83 
Ag µg/g 0.18 ± 0.02     0.18 ± 0.02 0.22 0.11 ± 0.03 0.13 1.67 
Cd µg/g 0.24 ± 0.01     0.24 ± 0.01 0.26 0.25 ± 0.04 0.29 0.01 
Pb µg/g 21.9 ± 1.2     21.1 ± 0.7 23 22.7 ± 3.4 23.4 0.83 
Hg µg/g 0.092 ± 0.002 0.092 ± 0.009 0.091 ± 0.009 0.090 N.A. N.A.  0.007 
Mg % N.A.     1.6    1.70 1.47 ± 0.14 1.33  0.40 
Al % 8.57 ± 0.26     8.59 ± 0.23 8.40 6.26 ± 0.22 6.14 0.20 
Si % 27.8 ± 1.1     27    26.5 30.9 ± 0.5 30.9  0.40 
Ca % N.A.     1.47 ± 0.06 1.54 0.54 ± 0.05 N.A.  0.40 
Fe % 4.35 ± 0.22       4.34 ± 0.11 4.18 3.29 ± 0.1 3.10 0.01 

 
 
Table S1. Quality control showing certified reference material MESS-2, MESS-3 and BCSS-1, our measured values and detection limits. 

 



Table S2. Correlation coefficients (Pearson) for VA and VD cores. A value ≥ 0.56 is required for a significance level of p = 0.01 with a degree of 

freedom = 18 (n=20). 

 

VA N Corg Li V Cr Mn Ni Cu Zn Ag Cd Pb Hg Mg Al Si Ca Fe 
N 1 0.574 0.419 0.719 0.864 0.738 0.805 0.630 0.693 -0.350 -0.011 0.786 0.868 0.813 0.804 0.209 -0.142 0.506 

Corg 0.574 1 0.530 0.751 0.613 0.211 0.469 0.692 0.543 0.282 0.470 0.504 0.312 0.225 0.438 -0.084 -0.501 0.159 
Li 0.419 0.530 1 0.720 0.603 0.252 0.650 0.693 0.751 0.324 0.354 0.554 0.135 0.432 0.699 0.253 -0.084 0.637 
V 0.719 0.751 0.720 1 0.849 0.467 0.741 0.807 0.761 0.162 0.512 0.638 0.468 0.515 0.783 0.143 -0.320 0.404 
Cr 0.864 0.613 0.603 0.849 1 0.696 0.941 0.783 0.806 -0.293 0.079 0.899 0.772 0.701 0.857 0.380 -0.337 0.565 
Mn 0.738 0.211 0.252 0.467 0.696 1 0.753 0.597 0.679 -0.623 -0.306 0.656 0.753 0.824 0.765 0.422 0.216 0.563 
Ni 0.805 0.469 0.650 0.741 0.941 0.753 1 0.803 0.838 -0.386 -0.069 0.934 0.751 0.787 0.894 0.559 -0.211 0.744 
Cu 0.630 0.692 0.693 0.807 0.783 0.597 0.803 1 0.861 -0.002 0.329 0.702 0.444 0.555 0.723 0.415 -0.250 0.549 
Zn 0.693 0.543 0.751 0.761 0.806 0.679 0.838 0.861 1 -0.063 0.234 0.729 0.540 0.648 0.837 0.336 -0.134 0.660 
Ag -0.350 0.282 0.324 0.162 -0.293 -0.623 -0.386 -0.002 -0.063 1 0.801 -0.578 -0.654 -0.495 -0.247 -0.378 -0.137 -0.291 
Cd -0.011 0.470 0.354 0.512 0.079 -0.306 -0.069 0.329 0.234 0.801 1 -0.336 -0.252 -0.218 0.061 -0.260 -0.277 -0.160 
Pb 0.786 0.504 0.554 0.638 0.899 0.656 0.934 0.702 0.729 -0.578 -0.336 1 0.836 0.662 0.779 0.521 -0.310 0.606 
Hg 0.868 0.312 0.135 0.468 0.772 0.753 0.751 0.444 0.540 -0.654 -0.252 0.836 1 0.759 0.677 0.329 -0.141 0.488 
Mg 0.813 0.225 0.432 0.515 0.701 0.824 0.787 0.555 0.648 -0.495 -0.218 0.662 0.759 1 0.920 0.335 0.284 0.823 
Al 0.804 0.438 0.699 0.783 0.857 0.765 0.894 0.723 0.837 -0.247 0.061 0.779 0.677 0.920 1 0.263 0.082 0.825 
Si 0.209 -0.084 0.253 0.143 0.380 0.422 0.559 0.415 0.336 -0.378 -0.260 0.521 0.329 0.335 0.263 1 -0.152 0.310 
Ca -0.142 -0.501 -0.084 -0.320 -0.337 0.216 -0.211 -0.250 -0.134 -0.137 -0.277 -0.310 -0.141 0.284 0.082 -0.152 1 0.319 
Fe 0.506 0.159 0.637 0.404 0.565 0.563 0.744 0.549 0.660 -0.291 -0.160 0.606 0.488 0.823 0.825 0.310 0.319 1 

 

 

 

 

 

 

 



VD N C org Li V Cr Mn Ni Cu Zn Ag Cd Pb Hg Mg Al Si Ca Fe 
N 1 0.964 0.116 0.449 0.372 -0.058 0.103 0.689 0.848 0.606 0.664 0.734 0.853 0.509 0.579 -0.765 0.510 0.099 
C org 0.964 1 -0.051 0.294 0.209 -0.061 -0.071 0.571 0.784 0.647 0.621 0.787 0.898 0.357 0.416 -0.818 0.602 -0.052 
Li 0.116 -0.051 1 0.901 0.867 -0.226 0.831 0.559 0.406 -0.325 0.182 -0.463 -0.346 0.692 0.802 0.028 -0.353 0.398 
V 0.449 0.294 0.901 1 0.977 -0.161 0.871 0.830 0.683 0.060 0.438 -0.099 0.055 0.782 0.948 -0.255 -0.076 0.463 
Cr 0.372 0.209 0.867 0.977 1 -0.185 0.925 0.801 0.612 0.052 0.369 -0.141 0.018 0.771 0.921 -0.141 -0.119 0.523 
Mn -0.058 -0.061 -0.226 -0.161 -0.185 1 -0.003 0.125 0.152 0.059 0.385 0.417 0.184 -0.233 -0.025 -0.274 0.439 0.023 
Ni 0.103 -0.071 0.831 0.871 0.925 -0.003 1 0.656 0.417 -0.167 0.237 -0.288 -0.192 0.718 0.815 0.031 -0.192 0.589 
Cu 0.689 0.571 0.559 0.830 0.801 0.125 0.656 1 0.867 0.522 0.744 0.378 0.501 0.629 0.869 -0.498 0.256 0.369 
Zn 0.848 0.784 0.406 0.683 0.612 0.152 0.417 0.867 1 0.516 0.751 0.561 0.660 0.583 0.791 -0.684 0.457 0.224 
Ag 0.606 0.647 -0.325 0.060 0.052 0.059 -0.167 0.522 0.516 1 0.619 0.694 0.774 -0.153 0.151 -0.516 0.488 0.013 
Cd 0.664 0.621 0.182 0.438 0.369 0.385 0.237 0.744 0.751 0.619 1 0.594 0.613 0.245 0.511 -0.692 0.486 -0.122 
Pb 0.734 0.787 -0.463 -0.099 -0.141 0.417 -0.288 0.378 0.561 0.694 0.594 1 0.941 -0.013 0.114 -0.713 0.772 -0.082 
Hg 0.853 0.898 -0.346 0.055 0.018 0.184 -0.192 0.501 0.660 0.774 0.613 0.941 1 0.135 0.218 -0.735 0.706 -0.053 
Mg 0.509 0.357 0.692 0.782 0.771 -0.233 0.718 0.629 0.583 -0.153 0.245 -0.013 0.135 1 0.815 -0.228 0.000 0.362 
Al 0.579 0.416 0.802 0.948 0.921 -0.025 0.815 0.869 0.791 0.151 0.511 0.114 0.218 0.815 1 -0.356 0.103 0.522 
Si -0.765 -0.818 0.028 -0.255 -0.141 -0.274 0.031 -0.498 -0.684 -0.516 -0.692 -0.713 -0.735 -0.228 -0.356 1 -0.808 0.156 
Ca 0.510 0.602 -0.353 -0.076 -0.119 0.439 -0.192 0.256 0.457 0.488 0.486 0.772 0.706 0.000 0.103 -0.808 1 -0.199 
Fe 0.099 -0.052 0.398 0.463 0.523 0.023 0.589 0.369 0.224 0.013 -0.122 -0.082 -0.053 0.362 0.522 0.156 -0.199 1 

 

 

 

 

 

 

 



Table S3. Cosinus square for the PCAs. In bolt the highest cos2 for each variable. Cos2 refer to 

the representativeness of a variable on F1 or F2 axis. 

 
 

VA : Cos2 of variables 
  F1 F2 

N 0.77 0.00 
Corg 0.32 0.40 
Li 0.44 0.22 
V 0.64 0.26 
Cr 0.90 0.01 
Mn 0.63 0.17 
Ni 0.95 0.00 
Cu 0.70 0.12 
Zn 0.78 0.05 
Ag 0.11 0.76 
Cd 0.00 0.80 
Pb 0.78 0.03 
Hg 0.61 0.13 
Mg 0.70 0.12 
Al 0.87 0.00 
Si 0.19 0.08 
Ca 0.02 0.21 
Fe 0.54 0.04 

 

VD : Cos2 of variables 
  F1 F2 

N 0.76 0.10 
Corg 0.62 0.23 
Li 0.19 0.71 
V 0.57 0.40 
Cr 0.49 0.46 
Mn 0.01 0.11 
Ni 0.26 0.61 
Cu 0.86 0.03 
Zn 0.91 0.00 
Ag 0.28 0.32 
Cd 0.60 0.07 
Pb 0.31 0.60 
Hg 0.45 0.46 
Mg 0.43 0.27 
Al 0.72 0.24 
Si 0.51 0.26 
Ca 0.22 0.45 
Fe 0.08 0.24 
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