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Quantification of trace metal enrichments of Ligurian surface 
waters by atmospheric deposition

The mean residence time of Ligurian surface waters (0-200 m) is
102 days. During this period, the surface mixed layer (10-30 m
depth) constitutes a homogeneous water volume. It is therefore
possible to quantify the extent to which atmospheric deposition
affects surface waters for the duration of the stratification period
(May-November). On the basis of literature data on ten trace metals
(Al, Cd, Co, Cr, Cu, Fe, Hg, Ni, Pb, Zn), the ratios between total
seawater labile atmospheric deposition during 102 days (Δc) and
dissolved concentrations in Ligurian surface waters (c) illustrate the
impact of atmospheric deposition on surface seawater (Δc/c). These
Δc/c ratios may reach values as high as several hundred per cent (Al,
Fe, Hg, Pb, Zn) or may be less than 30% (Cd, Cr, Ni). High ratios
are related to surface enrichments, while low ratios indicate surface
depletion, due to the quasi-complete sorption and removal of trace
metals by plankton, which leads to surface-depleted profiles.
The mean increase of TM concentrations in the surface layer (Δc) 
may be expressed by:

Δc = [FTM * tR] / z

where FTM is the seawater labile atmospheric flux of a given TM, for
tR = 102 days and z is the depth of the Ligurian homogeneous mixed
layer (ML = 10 – 30m).

tR = V/LC

For a 0-200 m-deep surface layer, the volume V of surface waters of
the Ligurian Sea is 0.53 x 1011 m2 x 200 m = 10.6 1012 m3. The
Ligurian current (LC) flow rate is 37.8 x 1012 m3 year-1.

The impact of the atmospheric input of seawater labile TMs on the
surface layer can then be computed as Δc/c.
Where c is the dissolved TM concentrations in Ligurian surface
waters.

The use of a Δc/c ratio allows to quantify the impact of
individual TMs on surface waters. While Cd, Cr and Ni do not
raise any concern, other TMs, such as Hg, Pb and Zn, with
elevated Δc/c ratios, are not effectively removed from Ligurian
surface waters during their passage and within their local
residence time.
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Seasonality of methylmercury distributions in relation with 
biological activity in an oceanic water column of the 

North-western Mediterranean

We present here a short-term times-series of high-resolution vertical profiles of methylated mercury (MeHgT = monomethylmercury +
dimethylmercury) distributions of the open Mediterranean Sea. Methylated mercury has been measured monthly on 20 research cruises
between July 2007 and May 2009 at 12 depths in a 2350m deep-water column of the Ligurian Sea (North-western Mediterranean Sea).
Methylmercury concentrations ranged in the very low picomolar level (0.3 ± 0.17 pmol L-1, n = 214) with the lowest values at surface,
increasing with depth up to the oxygen minimum zone (200-600m). While concentrations in the upper 100 m never exceeded 0.4 pmol L-1,
highest concentrations where encountered in autumn in a highly stratified water column, with a maximum of 0.82 pM at 400 m. Our data
suggests the existence of two methylation zones, one in the euphotic zone in relation to the microbial food web and a second, more
pronounced zone, in the aphotic layer as a result of the activity of the microbial loop, recycling sinking organic matter. Atmospheric and
sediment sources of methylated mercury seem to be of minor importance.
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Trace metal concentrations in the North-western 
Mediterranean atmospheric aerosol between 1986 and 2008: 
Seasonal patterns and decadal trends

Climatic and anthropogenic changes are able to engender modifications in
the aerosol composition at different geographical and temporal scales. The
present study addresses this question for the trace metal concentrations
(TM = Al, Fe, Mn, Co, Ni, Cu, Pb, Cd and Zn) of aerosol from the North-
western Mediterranean coast of France (Cap Ferrat, nearby Nice) between
1986 and 2008. From seasonal variations (2006-08) and decadal trends
(1986-2008) of TM concentrations, three groups of elements can be
distinguished. They consist of different aerosol sources: crustal-derived
elements (Al, Fe, Mn and Co), a second of principally anthropogenic
sourced trace metals (Pb, Cd and Zn) and a third, intermediate, group of
trace metals that presented both anthropogenic and natural/crustal
influences (Ni and Cu). Reproducible seasonal patterns were observed for
crustal and intermediate elements with highest concentrations between
May and November, while anthropogenic trace metals did not show a
pronounced seasonal cycle. Nevertheless, highest concentrations of
anthropogenic traces metals occurred mostly in autumn/winter. Aerosol
concentrations of anthropogenic TM decreased remarkably over the last
two decades, while crustal trace metals did not show any evolution. Nickel
and copper aerosol concentrations remained constant, as well. Lead
concentrations decreased from 1986 (29.34 ng m-3) to 2008 (3.33 ng m-3),
overall by 90%. Cadmium and zinc aerosol concentrations decreased by
66 and 54%, respectively, between 1998 and 2006-08, from 0.27 to 0.09
ng m-3 and from 23.9 to 10.9 ng m-3, respectively. These findings
demonstrate the response of the atmospheric environment to the
implementation of antipollution policies. Possible changes of trace metal
emissions sources and local influences are discussed.
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Abstract
My PhD thesis deals with the chemical forcing of trace-metals (TMs) and persistent organic contaminants (POPs) to the Ligurian Sea, a region of the Northwestern Mediterranean where the inputs of
elements and chemical compounds are mainly controlled by atmospheric deposition. The chemical cycling of TMs and POPs was studied for the first time in a holistic perspective, from the
atmospheric input over exchange processes at the atmosphere-ocean interface, biological feedback, vertical transport, mineralisation and recycling to the final deposition on the marine seabed.
Monthly sampling campaigns were carried out over a period of 2 years in order to study the water column distributions of dissolved and/or particulate TMs and POPs. In addition, a mooring line with
sediment traps allowed the bimonthly collection of sedimentary material. Sediment coring completes the sampling design. Trace-metals (Al, Ag, Cd, Co, Cu, Fe, Hg, MeHg, Ni, Pb and Zn), and POPs
(PBDEs, PCBs and PAHs) were determined at a 2350m deep reference station (DYFAMED site located between the French Riviera and Corsica) in order to explore their seasonal variation patterns
and causal relationships between atmospheric inputs and the marine environment response. The DYFAMED site, the longest marine Mediterranean times-series site, is sheltered from any fluvial inputs
by the Ligurian current and therefore mainly influenced by atmospheric sources, including those of anthropogenic TMs and POPs. Measurements of the aerosol content, wet and dry deposition at the
Cap Ferrat reference site (on the French Riviera coastline), the oldest operational atmospheric sampling site in the Mediterranean region, give an estimation of atmospheric inputs to the Ligurian Sea.
Focus was the definition of main sources, trends and evolution of TMs and POPs. Seasonal variation of distributions, partitioning and fluxes of TMs and POPs in the water column allow a better
understanding of the impact of such atmospherically introduced chemical contaminants and trace elements on the oligotrophic waters of the Northwestern Mediterranean and its ecosystems. Their
cycling, biological roles and ocean-atmosphere exchange processes were examined in relation with auxiliary parameters such as hydrological parameters, nutrients, oxygen and chlorophyll a. This
works aims to establish a present state of the contamination (TMs and POPs) of the open western Mediterranean and to provide pioneer data of environmentally dangerous species as methylated
mercury and PBDEs.

Acquired data with ongoing exploitation

•Wet and dry deposition of TM on Cap Ferrat 2006-08 

•POPs (PCBs, PBDEs and PAH) in aerosols (project EXTREMA)

•Hg in atmosphere (project EXTREMA)

•POPs(PCBs, PBDEs and PAH) in sediment traps 

•POPs (PCBs, PBDEs and PAH) in SPM (in situ pumps)

•TMs and Hg in SPM (in situ pumps)

•Hg in SPM (in situ pumps)

•TMs and Hg in sediment core

Forecasted outcome in terms of publications:

� Persistent organic contaminants (PCBs, PAHs, PBDEs) in sediment traps, on suspended particulate matter and sediment

�Extreme input events such as (heavy rain, Saharan dust): marine response (atmosphere vs. surface seawater)

�POPs, TMs and black carbon (BC) in aerosols at Cap Ferrat: a 3 month survey

�Anthropogenic part of atmospherically-transported iron in the Ligurian region

Seasonal variations of trace elements in the water column of 
the Ligurian Sea, North-western Mediterranean

Some trace metals (TMs) are essential for planktonic microorganisms and
thus involved in organic matter synthesis and regeneration processes
according to the Redfield model, while the biogeochemical cycling of
other TMs is more governed by passive scavenging processes. We present
here recent data of a 20 month survey (July 2007 - May 2009) of TM
distributions (Ag, Cd, Co, Cu, Ni, Pb, Zn) in a 2350 m deep water column
in the centre of the Ligurian gyre, Western Mediterranean. This LNLC
region is characterised by a long stratification period during which surface
waters are nutrient depleted. Ag (3.5 - 14 pM) and Cd (91 - 193 pM) depict
conservative profiles with seasonal variation, while Ni (3.6 - 5.1 nM)
depicts typical nutrient-like profiles. Despite its known bioactive
character, Co depicts a scavenged-like profile (35-130 pM) which suggests
high atmospheric inputs in comparison to the biological uptake. Cu (1.4 –
3.6 nM) also presents non-nutrient-like profiles, even though less
pronounced, during most of the observed time, except during spring bloom
when it depicted a nutrient-like profile. The mechanisms controlling
biogeochemical cycling of TMs (atmospheric inputs, physical forcing and
interactions with planktonic microorganisms) are discussed according to
their physicochemical properties and their biological importance.
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Sediment core with 
multiple layers
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