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Abstract 

 

 

Silicon plays a key role in the ocean biogeochemical cycles by its direct link with the carbon 

cycle through the chemical weathering of silicate minerals and transfer of carbon dioxide 

from the atmosphere to the lithosphere and the massive transfer of carbon from the surface to 

the deep seawater through sinking of marine siliceous phytoplankton such as diatoms. 

Despite the great importance of silicon in biogeochemical cycles budgets of this element at 

the scale of marginal seas, as Mediterranean sea, which are among the main contributors to 

the global ocean, are scarce. On the other hand Mediterranean sea is well suited to monitor 

elemental fluxes towards the open ocean because of the narrow connection with it. Recent 

observations evidence that the silica cycle in the Mediterranean sea is characterized by a net 

deficit of silicon. Observed fluxes are only partially able to compensate net losses, and 

suggest a net accumulation in the western basin and a deficit in the eastern basin. 

This research presents a review of the mass balance of the silicon through the exploration of 

the potential role played by the atmospheric dust and particulate forms from river inputs, 

taking into account also of the dynamic biogeochemical of the basin. 

In addition, analysis of trace elements chemistry in seawater particulate, provides a good tool 

to investigate on natural and anthropogenic sources influencing different area of the 

Mediterranean basin. 

The resulting contribution to dissolved Si contribution from atmospheric and river 

particulates, shows a relatively low impact, in relation to the strongly variability of the 

system, meant as a variation of atmospheric flows and river flows. There are considerable 

difficulties associated with the assessment of the role of the particulate in the budget of the 

silicon, therefore further investigations are needed to better constraint the silicon budget by 

more specific data collection of particulate in seawater associated to estimates of 

atmospheric deposition from satellite observations. 

However the revisited budget based on an updated mass fluxes, specifically of deep waters, at 

the Sicily strait , allows us to formulate a new hypothesis concerning biogeochemical 

behavior of silicon in marine systems. 
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Overview 
 

 

Silicon is the second most abundant element in the Earth’s crust, and is a main constituent in a 

variety of matrices such as soils, sediments, phytoplankton, plants, natural waters, primary and 

secondary minerals.  

The continental silicate crust is exposed to the atmosphere and hydrosphere and thus to the 

physical and chemical disintegrative processes of weathering. The products of leaching occur in 

particulate and dissolved form and are carried by wind and by rivers into the sea. The two forms 

of reactive Si considered are dissolved silicate (DSi) and biogenic silica (bSiO2). Because of 

biological activity,  surface waters throughout most of the marine realm are depleted in dissolved 

silicate, reaching values as low as a few micromoles per liter. When organism from the siliceous 

biota die, their skeletons settle through the water column, where more than 90% of the silica is 

regenerated via inorganic dissolution. Part of the bSiO2 is deposited in riverine sediments, but a 

significant fraction reaches the coastal waters thus contributing to the total riverine input of silica 

to the sea [Conley, 1997].  

The Mediterranean basin is an effective  receptor of matter; it receives atmospheric and river 

inputs of considerable importance for the biogeochemistry of the basin, which appear strongly 

associated with the hydrodynamic patterns, with a close relationship between chemical 

parameters and water mass distribution.  

Estimates of flows in and out the straits [Ribera d’Alcala’ el al., 2003] have shown that the 

Mediterranean basin is characterized by a net loss of silicon in the eastern and western 

Mediterranean. 

Recently, Lavezza, (2010) provided a new elaborated composite profiles of Si along the water 

column and different budgets for the Mediterranean basin, also taking into account more updated 

estimates of river inputs [Ludwig et al., 2009]. In particular, it was observed that influxes are 

only partially able to compensate net losses, and the new estimate has revealed a net 

accumulation in the western basin and a deficit in the eastern basin. 

Aim of this work is to improve the knowledge of the silicon mass balance in the Mediterranean 

Sea and to understand what is the potential role played by the atmospheric and river particulate 

on the Si budget at basin scale.  

The main objectives of this research effort can be synthesised as follows: 
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 To contribute through new datasets of i) nutrients, ii) trace metals in the particulate phase 

collected from key areas of the Mediterranean sea to a revised budget of Si at basin scale; 

 To explore the different sources of silicon in the Mediterranean basin and in particular 

the role played by the atmospheric dust and river particulate in terms of basin scale mass 

balance; 

 To explore the role played by the transitional Eastern Mediterranean Deep Water in terms 

of Si transport from the deep Eastern to the deep Western basin;   

 To discriminate influences of natural and anthropogenic sources of atmospheric dust in 

terms of chemical signatures, on the Mediterranean sea.  
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Chapter 1 

THE MASS BALANCE OF SILICON IN THE 

MEDITERRANEAN SEA 

 

 

 

1.1-The Mediterranean basin 
 

1.1.1- Basin characteristics  

The Mediterranean sea is the largest  semi-enclosed sea on the Earth, its surface being similar to 

that of the largest semi enclosed [e.g., the Gulf of Mexico] and open marginal sea [e.g., the 

Caribbean Sea] of the ocean [Meybeck et al., 2007]. The Mediterranean Sea is a concentration 

basin; evaporative losses [E] exceed the freshwater inputs resulting from precipitation [P] and 

river runoff [R] [Béthoux ,1980; Garret, 1996; Gilman and Garret, 1994].  

Its surface is approximately 2.51 million Km
2 

and has a width of about 6000 Km. It is a 

paradigm of semi-enclosed seas with specific characteristics that makes its study an exciting 

oceanographic issue from many points of view. This intercontinental sea is connected to the 

Atlantic Ocean to the west, across the Strait of Gibraltar, and on the other side, the 

Dardanelles/Marmara Sea/Bosporus straits system connects the Mediterranean basin to the Black 

Sea [Theocharis et al., 1999; Malanotte-Rizzoli et al., 1997]. 

The Mediterranean Sea is divided by the Strait of Sicily into two main sub-basins [Figure 1.1] the 

western and eastern Mediterranean. It is bordered by Europe to the North, Asia to the East and 

Africa to the south. 

The western basin is formed by the Alboran and Algero-Provencal basins and the Tyrrhenian 

Sea. The eastern basin includes the Adriatic Sea, the Ionian Sea, the Levantine basin and the 

Aegean Sea. In the western basin there are external forcing that affect the eastern basin; the latter 

is subjected to the influence of the dynamics of the Adriatic and Aegean. 
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 a) 

 

 b) 

Figure 1.1: The geography of the Mediterranean Sea and nomenclature of the major sub-basins and straits (a) and 

bathymetry (b). 

 

1.1.2- Circulation and ocean dynamics 

The Mediterranean sea is considered a miniature ocean basin extremely suitable for investigating 

process occurring at global scale. Also, being relatively small, the Mediterranean is a test basin 

for general circulation and dynamic studies. 

The general circulation of the basin is composed by three predominant and interacting spatial 

scales: the basin scale (including the thermohaline –3D circulation), the sub-basin scale, and the 

meso-scale. Complexity and dynamic scales arise from the multiple driving forces, from strong 

topographic and coastal influences, and from internal dynamical processes. There exist: free and 

boundary currents and jets which bifurcate, meander and grow and shed ring vortices; permanent  
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and recurrent sub-basin scale cyclonic and anticyclonic gyres, and small but energetic mesoscale 

eddies. 

The circulation of the Mediterranean Sea is usually described in a schematic way as an open 

thermohaline cell with two closed secondary cells, one for each sub-basin [Figure 1.2].  

 

 (a)  (b) 

Figure 1.2: Schematic representation of the thermohaline circulation in the Mediterranean Sea (Lascaratos et al; 

1999) (a); (Pinardi e Masetti 2000) (b).  

 

The principal cell describes the transformation of the surface Atlantic Water [AW] to the 

Levantine Intermediate Water [LIW], which is the main contributor to the Mediterranean 

outflow into the Atlantic. The two secondary cells describe the transformation of the surface and 

intermediate waters to the Western Mediterranean Deep Water [WMDW] and to the Eastern 

Mediterranean Deep Water [EMDW]. The existence of an intermediate depth cell is mainly 

controlled by the presence of the two relatively shallow sills [Gibraltar and Sicily Straits] 

[Ribera et al 2003]. Furthermore, the sill in the Strait of Sicily prevents a direct communication 

between the EMDW and WMDW; coupling is achieved via the LIW layer. 

Surface waters in the Mediterranean have their origin in the inflow of Atlantic waters through the 

Strait of Gibraltar; they are warmed up by solar irradiation and evaporation causes a steady 

increase in salinity. As the inflowing waters, by now known as Modified Atlantic Water, arrive 

in the easternmost Mediterranean, the salinities are very high reaching more than 39 salinity 

units, compared with about 36 in the original Atlantic inflow, or with the global ocean’s average 

salinity of 5. The high salinity in the easternmost Mediterranean would cause a high density, 

which is partially compensated by very high temperatures, which in summer reach 26°C or more 

[Rohling 2001; Lascaratos 1999]. 

Crucially, winter cooling reduces sea surface temperatures in the general easternmost 

Mediterranean to around 17°C; the density increase due of the to the high salinity is now no 

longer compensated by temperature and as a consequence, deep water formation takes place in 
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the area between Cyprus and Rhodes. This water does not sink all the way to the bottom, but 

settles between 150/200 and 600 m depth and is normally called Levantine Intermediate Water. 

The formation of this water mass (known to be formed around Rhodes cyclonic gyre in the NW 

part of the Levantine Basin) is essentially driven by a salinity increase to >38 psu. The Levantine 

Intermediate Water is found everywhere in the Mediterranean. Spilling through the Strait of 

Sicily at depth, it is also distinctly present in the western Mediterranean, and represents the 

largest contribution of outgoing water from Gibraltar. 

 

 

Figure 1.3: The water mass production rate in the Rhodes gyre region as a function of years for the PE4 interannual 

experiment (Pinardi and Masetti, 2000).   

 

The interannual variability of LIW fluxes is very large, ranging from a minimum of 0.1 Sv in 

1991 to a maximum of 1.4 Sv in 1985–1986. [Figure 1.3].  

Thus, the amplitude of the interannual variability of the formation rate, is larger than the average 

value, indicating that the vertical water mass structure in the upper thermocline is varying in 

terms of volume of water renewed every year [Pinardi and Masetti, 2000]. 

Most of  this flow returns to the Atlantic Ocean as Levantine Intermediate Water  (LIW), formed 

during winter convection in the Levantine sub-basin, while another part is transformed into 

Eastern Mediterranean Deep Water (EMDW) in the Adriatic and the Aegean sub-basins and into 

Western Mediterranean Deep Water (WMDW) in the Gulf of Lions; the cold temperatures and 

strong winds in the northern part of the basin allow for the formation of these dense waters also 

in the Gulf of Lions and in the Northern and Southern Adriatic. 

The deep waters of the eastern Mediterranean (EMDW) are formed in the southern Adriatic 

[Pollak 1951]. The Adriatic Sea has historically been considered as the most relevant contributor 

to the deep waters of the Ionian and Levantine basin. Most deep waters in the east Mediterranean 
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come from the south Adriatic Sea (but see below), with small contributions of waters from the 

northern part of the basin that become denser during winter time by effect of cooling and 

evaporation associated to local meteorological conditions, mainly associated to the sudden wind 

blowing of the cold Bora. 

The deep waters of the western Mediterranean (WMDW), are formed during periods of strong 

Mistral. The intermediate water in the Gulf of Lion, thanks to the presence of a cyclonic turn, is 

brought at the surface; excessive cooling and evaporation winter makes this water cold and 

saltier and falls to the bottom. 

The Tyrrhenian Sea, is another important source of dense waters, as the mixing of LIW with 

WMDW, creates the deep water of the Tyrrhenian Sea, coming out of the channel of Sardinia. 

New experimental data [Astraldi  et  al.,  1996],  have demonstrated  that  the  Eastern 

Mediterranean outflow is actually composed of two different water types [Figure 1.4], one of 

which is the classical  LIW while the other is a colder water that was observed to flow at the 

bottom of the Sicily Channel all year round, following approximately the same route as LIW. 

 

Figure 1.4: T-S diagram relative to the intermediate and deep waters in the Sardinia Channel and in the 

Sicily Strait in January 1997 (Astraldi et al 1999). 

 

This dense water, fresher and colder than the LIW, is present in the Ionian Sea filling the 

transitional layer between LIW and Eastern Mediterranean Deep Water. It was referred to as 

transitional Eastern Mediterranean Deep Water (tEMDW) [Sparnocchia et al.1999].  

The two masses of water move separately, while the LIW flows at the known depth, for this type 

of water namely between 500 and 800 m, a considerable volume of transitional EMDW was seen 

to sink from a depth of about 300 m in the Sicily Channel to a maximum depth of 1850 m in the 
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Tyrrhenian Sea, where it floats over the Tyrrhenian Deep Water TDW. The sinking is a 

consequence of the higher density of the incoming water  >29.10  with respect to that of the 

intermediate Tyrrhenian waters ≈29.00–29.05 . The  entrainment resulting from the turbulent 

flow down the slope determines the major part of the mixing between the bottom vein and the 

fresher and colder resident water.  

Recent observations conducted during the past two decades showed that important changes in the 

characteristics of the intermediate/deep waters of the Mediterranean basin had occurred; two 

climatic events affected the general Mediterranean circulation [Roether et al., 1996; Theocharis 

et al., 2002] the first event, called Levantine Transient (LT) occurred during the mid-sixties and 

early seventies [Theocharis et al., 2002; Skliris and Lascaratos, 2004] in the Levantine Basin, 

and the second, called Eastern Mediterranean Transient (EMT), occurred during the late 80s and 

early 90s, and originated in the Aegean Sea [Roether et al., 1996; Klein et al.,1999]. 

Specifically, consequently to an established pattern of warming and increasing salinity of deep 

waters in the western basin of origin and the Levantine Intermediate Water, in the 90's there was 

a sudden change of the hydrological characteristics or geographical origin of Eastern basin deep 

water (Eastern Mediterranean Transient, EMT). This is completely distorting the vertical 

stratification and circulation, also modifying the hydrological characteristics of the water that 

enters at an intermediate level through the Strait of Sicily in the Western basin. EMT is a process 

of slow advection and with significant anomalies of salt and temperature. 

Several theories have been formulated regarding the causes of this change, some authors 

attributing it to the reduction of the rainfall occurring at that time [Theocharis et al.,1999], others 

authors showing that human activities have influenced, inputs of fresh water (for example 

through the construction of dams), and the thermohaline circulation [Skilirs Lascaratos 2004]. 

EMT-induced spread through the Sicily Strait to the WMed, with Tyrrhenian sea playing a more 

important role than before in the dynamics of WMed [Roether and Lupton, 2011]. Indeed, a 

significant warming and salinification of the whole water column has been observed also in the 

Western Mediterranean, comparable to the EMT, both in terms of intensity and observed effects 

[Schroeder et al., 2008]. This event of high production of anomalously warm and salty new deep 

water during winters 2004/2005 and  2005/2006 is now known as the Western Mediterranean 

Transition (WMT). Currently, thus, the subsurface distributions of temperature and salinity, as 

well as of most other properties in the entire Mediterranean are far from a steady state.   
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1.1.2.1.- Water exchange through the Strait of Gibraltar and the Strait of Sicily  

 

The flows through the Strait of Gibraltar and the Strait of Sicily are subjects to different forcing 

factors: 1. the tidal component particularly active in the coastal areas [Artale et al., 1989] and 2.  

the seasonal component as indicated by the increase of the mean energies of MAW and LIW 

during winter. This is clearly evidenced by current measurements reported by Manzella et al. 

(1988) that recorded a doubling of transport of  LIW  in winter with respect to summer (3,2 Sv  

in winter and 1,5 Sv in summer, respectively). 

The estimation of inflows and outflows from direct observations has technical and operational 

limitations, and several disparate values have been reported in literature. 

We report the transport of water at the two straits of the Mediterranean basin, a minimum and 

maximum values [Table 1.1]. 

 

 

Strait of Sicily   [1 Sv = 10 
6
 m

3
 s

-1
 ] 

Authors Inflow (Sv) Outflow (Sv) 
Moretti 1993 Bethoux and Gentili 1999 0,76 ± 3,53 AW           0,53 ± 3,47 LIW 

Astraldi 1996 1 ± 1,4        AW           0,95 ± 1,35 LIW 

Astraldi 1999 1 ± 1,4        AW           0,58 ± 1,1    LIW 

K Shroeder 2008 

Sparnocchia 1999 

1,65             AW           1,18             LIW 

           0,2    ± 0,3 tEMDW 

 

Strait of Gibraltar  [1 Sv = 10 
6
 m

3
 s

-1
 ] 

Authors Inflow (Sv) Outflow (Sv) 
Bryden 1994 Bethoux and Gentili 1999 0,76 ± 1,68 AW            0,68 ± 1,6 LIW 

Bethoux and Gentili 1999; Hopkins 1999 1,28 ± 1,68 AW            1,2 ± 1,6    LIW 

Bryden 1994;Lacombe and Richez 1982 0,72 ± 1,2    AW -  

 

Table 1.1: Water fluxes at the two main Straits of the Mediterranean Sea 
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1.1.3- The Mediterranean Climate 

Climatologically, the Mediterranean resides at the transition between the high-to mid-latitude 

and the subtropical atmospheric systems, which interact and, in a way, may be regarded to 

compete with one another [Lionello et al., 2006]. As a consequence, the Mediterranean climate 

depends on the latitudinal shift of these climate systems with the seasons and typically varies 

between mild wet winters and hot, dry summers [Eshel, 2002; Rohling et al., 2008]. 

Specifically, the winter regime is dominated by mild and wet conditions related to the southward 

spreading of the temperate westerlies from central and northern Europe [Lolis et al., 2002], with 

occasional out breaks of cold polar/continental air masses funnelled through the valleys of the 

northern Mediterranean margin [Maheras et al., 1999]. 

In summer, warm and dry conditions prevail due to a northward shift of the subtropical high-

pressure belt over the basin [Rodwell and Hopskins 1996; Saaroni et al., 2003; Ziv et al., 2004]. 

It is worth noting that before the anthropogenic curtailment of the freshwater discharge of the 

Nile River, another climate system, namely the northern African monsoon, used to have an 

impact on the Mediterranean system and specifically on the basin’s hydrography. 

The influence of the African monsoon on the Mediterranean hydrography is however indirect as 

there is no actual latitudinal displacement of this climate system onto this region but rather a 

modulation of the basin’s freshwater inputs via the Nile River and other North African drainage 

system [Rohling and Bryden,1992; Rohling et al., 2002b, 2004; Scrivner et al., 2004; Skliris and 

Lascaratos, 2004] [Figure 1.5] . 

 

 

 

Figure 1.5: Principal winds in the Mediterranean area. 

 

 

1.1.4- Biogeochemical cycles in the Mediterranean Sea 

A biogeochemical cycle is the pathway by which chemical elements or molecules move through 

both biotic (biosphere) and abiotic (lithosphere, atmosphere, hydrosphere, cryosphere) 
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compartments of the Earth [Figure 1.6].  The geochemical cycle of the elements in a marine 

system is strongly dependent or influenced by biological activity. In effect, an element is 

chemically recycled, although in some cycles there may be places (called "sinks") where the 

element accumulates and is held for a long period of time.   

The production of organic matter acts as a major process of transfer of elements from the 

dissolved to the particulate state as soft or hard tissues. On the other hand, respiration or 

biological degradation may lead to the re-dissolution of particulate species. As primary 

productivity is strictly limited to the photic zone and decay of organic matter is pursued in the  

deeper water masses of the oceanic system, the distribution of many elements exhibits a strong 

vertical gradient. 

 

 

Figure 1.6: The biogeochemical cycle. 

The Mediterranean basin is an active processor of matter, it receives atmospheric and river input 

of considerable importance for the biogeochemistry of the basin, which strongly associated with 

the hydrodynamic patterns, with a close relationship between chemical parameters and water 

mass distribution. The Mediterranean Sea is one of the most oligotrophic oceanic systems of the 

World Ocean [Dugdale, 1976]; it is traditionally assumed that an eastward flow of Atlantic 

nutrient-poor surface waters is compensated by a deep countercurrent of Mediterranean nutrient 

rich waters.  

The dissolved inorganic nutrients (nitrates, phosphates and silicates) are important tracers of 

biological cycles, whose distribution is controlled by the physical processes of convection, 

advection, mixing and diffusion (as mentioned before), but also by biogeochemical processes. 
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In the Mediterranean sea there are few studies on the distribution and budgets of nutrients 

[Ribera d’Alcala’ et al 2003; Bethoux et al 2002] and few studies on the fluxes trough the Straits 

of Sicily and Gibraltar [Bethoux et al 1998].   

During the last century, the eastern Mediterranean basin has also become increasingly 

oligotrophic since the construction of the Aswan Dam on the river Nile, whereas the western 

basin remains well supplied by the Rhone and Po river inputs and entering Atlantic surface 

waters [Bethoux et al., 1998]. 

After building the Aswan Dam in 1964, the river with the largest drainage basin and water load 

in the Mediterranean until the early 1960s, was dramatically reduced. Damming of the Nile 

River, represents an efficient silica trapping, that should have reduced the Si delivery to the 

Mediterranean by 100*10
3
t  yr 

-1
 [Nixon,  2003]. 

Skliris  and Lascaratos [2004] observed through modeling, what was the impact of Nile river 

damming. The model results show that the absence of the Nile freshwater input induces a saltier 

surface layer in the vicinity of the Rhodes Gyre thus favoring the preconditioning for the 

formation of the Levantine Intermediate Water (LIW). This results in about 30% increase of the 

LIW formation rate. Intermediate waters become saltier, and as they are transported westward 

they reduce the stability of the water column in the deep water formation sites, namely the South 

Adriatic and the Gulf of Lions. Thus, saltier and larger amounts of dense waters are formed 

filling the deep parts of the Mediterranean Sea. 

 

1.2-Silicon in seawater 
 

1.2.1- Silicon and Marine Cycle 

Silicon is the second most abundant element in the Earth’s crust, 27% by weight [Faure, 1986], 

exceeded only by oxygen. The position of silicon in the periodic table of elements shows a clear 

relationship with carbon, sharing the same possible valence states [þ4, þ2 and þ4]. In natural 

environments, however, Si is most stable in the þ4 form, in which it is found in various forms of 

solid silicon dioxide [silica, SiO2], as mineral silicates and as the dissociated anions of silicic 

acid [H4SiO4].  

During silicate weathering dissolved soil CO2 is used in a reaction where ortho-silicic acid 

[H4SiO4] is dissolved and released from the crystalline structure of silicate minerals. In the 

environment dissolved silicate [Dsi], i.e. ortho-silicic acid [H4SiO4], is transported through soil 

and exported to rivers and eventually the ocean [Meybeck, 1994]. The silicate weathering process 



PhD Thesis of Barbara Capuozzo 

13 

consumes CO2, for example, in the weathering of anorthite [over kaolinite] to gibbsite, DSi is 

produced and CO2 is consumed [Stumm and Morgan, 1970]:  

 

CaAl2Si2O8+2CO2+8H2OCa
2+

+2Al[OH] 3 +2H4SiO4+2HCO
-
3 Ca

2+
 + 2HCO

-
3  CaCO3 + H2CO3 

 

Silicon is a very important nutrient in the ocean; the dissolved silicate in the ocean is converted 

by various plants and animals into particulate silicate (SiO2), which serves primarily as a 

structural material ( i.e., the biota’s hard part). 

The marine biogeochemical cycle of silica thus depends on the weathering of rocks on the 

continents. This temperature dependent process releases dissolved silica [DSi] into ground 

waters and rivers and DSi plays an important role in the production of phytoplankton and the 

burial of carbon in the coastal zone and in deep-sea sediments [Ragueneau et.al 2006]. 

All along the transport route over the continents, the dissolved silica may be used by fresh water 

diatoms and plants to build up biogenic forms of silica [bSiO2] [Conley and Schelske 1997]. 

When organisms from the siliceous biota die, their skeletons settle through the water column, 

where more than 90% of the silica is regenerated  via inorganic dissolution. The reason silicate 

cycling has received particular scientific attention is because diatoms are one of the dominant 

forms of phytoplankton responsible for the export production from the surface ocean [Dugdale et 

al; 1995]. Export production (called New Production), is the transport of particulate material 

from the euphotic zone (where photosynthesis occurs) down into the deep ocean. 

The relevance of this process can be appreciated because it takes dissolved inorganic carbon 

from surface ocean waters, where it is exchanging with carbon dioxide in the atmosphere, turns it 

into particulate organic matter, and then transports it to depth, where most of it is regenerated 

back into dissolved form.  

This process, called the biological pump along, is along with deep ocean circulation, responsible 

for the transfer of inorganic carbon into the deep ocean, where it is unable to exchange with the 

atmosphere for hundreds or even thousands of years.  

Silicate and silica play an important role in the carbon cycle, which affects the world’s climate 

through greenhouse feedback mechanisms.  

Briefly the silica cycle can be represented in this way [Figure 1.7 ] 
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Figure 1.7: Marine silica cycle. 
 

IN = BUR 

PROD = IN + DIS  (a) 

Furthermore, we can define the dissolution (or recycling) efficiency  

α =DIS /PROD (b) 

where 0 < α < 1. In the modern ocean, α is on the order of 0.97, reflecting very efficient silica 

recycling. Combining Equations (a) and (b) it is possible to obtain 

PROD = IN/(1−α ) (c) 

The denominator in Equation (c), (1−α), can also be viewed as the ocean-wide biogenic silica 

preservation efficiency. The numerator and denominator on the right-hand side of Equation (c) 

are related to processes such as silicate weathering, volcanic-seawater interaction, dissolution 

plus ageing of biosiliceous shells, and sediment burial. In other words, Equation (c) links the 

global rate of silica biomineralization in the oceans to geological and geochemical processes that 

regulate the oceanic sources and sinks of silica. 

For a proper balance within the basin it is necessary to take into account inputs of silicon within 

the Mediterranean basin, with respect to the silicon from different sources, which are due to river 

inputs, atmospheric inputs, diatoms and hydrothermal flows. 

 

1.2.2- The river inputs and the Si distribution patterns in the Mediterranean Sea 

Rivers have a significant impact on the hydro geography and biogeochemistry of the 

Mediterranean Sea. Indeed, external inputs from the coasts play a significant role in the 

Mediterranean Sea. The Si exists in rivers in particulate and dissolved form; silica is largely 

transported in dissolved form while only a small part of the particles contain soluble forms 

(biogenic particulate silica), contributing to about 10-20% of the total silica flux [Conley 1997; 

Conley and Schelske 2001;Garnier et al 2002; Sferratore et al 2006]. 
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There are only three major rivers, the Po in the North Adriatic Sea, the Rhone in the Gulf of 

Lions and the Nile in the South East Levantine Sea. The Nile, however, has suffered a dramatic 

decrease in water transport over the last decades, possibly suggesting a concurrent, though not 

proportional decrease in nutrient inputs. In fact, the relevance of riverine runoff to overall 

nutrient fluxes is still uncertain, despite several general [e.g., Ludwig et al., 2009] and regional 

studies [e.g., Degobbis and Gilmartin, 1990; Skoulikidis and Gritzalis, 1998; Cruzado et al., 

2002; Moutin et al., 1998].  

Due to the presence of rivers, the concentrations of silicon are different. Concentrations in 

coastal areas are higher than in open sea. 

A reduction of the river freshwater discharge implies a reduction of the fluxes associated with 

the elements. Also human activities [damming, land use practices, deforestation] are affecting 

the natural terrestrial cycle of silica and its delivery to the ocean [Conley et al., 1993; Humborg 

et al., 2000; Ragueneau et al., 2005]. The temporal evolution of the river Si load could influence 

the marine productivity, as Si is considered as a limiting nutrient for diatoms, for which the 

Redfield Ratio can be written as C:N:Si:P=106:16:16:1. 

Ribera d'Alcala’ et al., 2003, summarized the variation of the ratios N:P and Si:N in the 

intermediate waters of the Mediterranean. In particular, the eastern basin appears characterized 

by higher values in the two relationships relative to the western basin. The same trend, with 

lower values, has been documented for the deep waters. The situation proposed by Ribera 

d’Alcalà et al., 2003 shows a marked imbalance in the ratio of Redfield especially in the eastern 

Mediterranean. Actually the two basins can be considered as two microsystems, characterized by 

different input; changes in Mediterranean riverine inputs are potential driver for long term 

changes in the marine ecosystems. 

 

1.2.3- The atmospheric contribution to Silicon patterns in the Mediterranean Sea 

Dust plays an important role in terrestrial and oceanic biogeochemical cycles. 

The deposition of atmospheric dust at the sea surface is important, although it is extremely 

difficult to reliably quantify that due to the limited sampling sites distributed at basin scale and 

dedicated to exploration of dust deposition from atmosphere. Furthermore, dust aerosol 

distribution has a high spatial and temporal variability, and large uncertainties exist in 

quantitative estimates of large-scale dust loads. Modern global dust distribution and properties 

can be characterized by satellite data and by concentration measurements at surface stations. So 

far, quantitative estimates of dust optical thickness by satellites are possible only over ocean 
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surfaces, although qualitative patterns of dust distribution can be observed over land, for 

example, by the Total Ozone Mapping Spectrometer satellite instrument [Herman et al. 1997].  

In contrast, surface station measurements of dust concentrations [e.g., Prospero and Lamb 2003] 

and deposition flux measurements are too sparse to obtain regional averages through 

extrapolation of the local observations. 

Recently, some studies have focused on the importance of dust transport to the Mediterranean in 

terms of biogeochemical cycles and additional source of nutrients. Despite the associated 

uncertainties, budget calculations [Ribera d’Alcalà et al., 2003; Krom et al., 2004] and, more 

recently, isotopic data [Krom et al., 2004; Sandroni et al., 2007; Schlarbaum et al., 2009] 

suggested that atmospheric inputs support a significant amount of new production, especially in 

the Eastern Mediterranean Sea (EMS).  

Other authors [Volpe et al., 2009] provided new information on modes and frequencies of 

Mediterranean Dust events and associated impacts on phytoplankton biomass ad blooming.  

Through Satellite observations it is possible to investigate the phytoplankton-dust linkage on 

various space and timescales, and to establish the reproducibility of the effect. The Sea-viewing  

Wide  Field-of-view  Sensor (SeaWiFS) provides estimates of chlorophyll, a widely used proxy 

for phytoplankton biomass, and aerosol optical thickness (AOT) and offers reliable constrain to a 

deeper exploration of impact of atmospheric particulate and associated deposited marine 

particulate on the biogeochemical balance at basin scale. 

Silicon can be transported through the atmosphere associated with airborne particles; flying ash 

produced by industrial burning can contain Si, and those particles are abundant in heavily 

industrialized areas, but reliable and accurate global estimates of industrial Si emissions are not 

available.  

There are two important sources of dust and associated Si in the Mediterranean sea, from 

southern ―Sahara dust‖ and from northern ―industrialized European countries‖. The origin of the 

source depends on the winds. In summer and fall, atmospheric cyclonic systems develop over the 

African continent, thereby mobilizing and transporting dust, making it the dominant aerosol over 

the MED; in winter, the meteorological conditions tend to favor aerosol transport from the north 

where anthropogenic pollutants are dominant [Alpert et al., 1990; Israelevich et al.,2002]. 

 

1.2.4- Kinetics Dissolution of Silicon from marine particulate  

Different experiments have been conducted to test the effects of sea water dissolution of clay 

minerals. Studies of the distribution of clay minerals in near-shore marine environments [Grim et 
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al., 1949 ; Grim and Johns, I954 ; Powers, 1954, 1957] suggest that diagenesis of such minerals 

may occur when they are transferred from fresh-water to sea-water by river action. 

Silicon is transported to the sea as particulate loads of rivers, as biogenic silica and as 

atmospheric dust.  

How much of flux of particulate silica (lithogenic and biogenic) actually dissolves remains 

unknown. Whereas the lithogenic component of this flux is fairly insoluble, the amorphous, 

largely biogenic component (phytoliths, freshwater diatoms, sponge spicules) is easily 

dissolvable. 

The exact mechanism of any changes that take place is not known, but a first stage must involve 

reactions of the cations and anions in sea-water with the minerals through exchange. 

During the reaction of clay minerals with seawater small amounts of SiO2, A12O3, and Fe2O3 are 

dissolved by sea-water, but it is not known if this solubility is due to a surface effect as indicated 

by Nash and Marshall (1956), to the solubility of SiO2 and Al2O3 (the latter is slightly soluble at 

pH 8.0) at the pH of sea-water  [Correns, 1949 ; Krauskopf, 1956], or to the release of A12O3 

from H-clays by a saline solution [Mukherjee, Chatterjee and Ray, 1948]. 

Caroll and Starley have examinated these effects by allowing seawater to remain in contact with 

the minerals for certain periods of time; small amounts of SiO2 and A12O3, for a total of less than 

1 percent of the sample, were removed from these clay minerals.  

The dissolution of biogenic silica produced in surface waters is strongly influenced by intrinsic 

factors such as temperature, structure, degree of silicification, and trace metals within organic 

coatings and within the opal matrix such as Al [Van Bennekom et al., 1988; Van Cappellen and 

Qiu, 1971]. 

The nanostructural nature of biogenic silica commonly is described as globular spheres 

constructed of colloidal silica. Mineralogically biogenic silica is commonly called opal-A. The 

solubility of  biogenic silica is highly temperature dependent varying from 800–1,000 mM Si at 

38°C to 1,500–1,700 mM Si at 23°C [Lawson et al., 1978; Kamatani, 1982]. Pressure also 

affects the solubility of biogenic silica (increasing solubility with increasing depth), but the total 

effect is only 200 mM (or  20%) over the depth ranges commonly observed in the ocean [Willey, 

1974]. The solubility of biogenic silica can be affected by the adsorption of cations on its surface  

[Lewin,  1961], which is why ―acid- cleaned‖ biogenic silica commonly has higher solubilities 

(and a more rapid rate of dissolution) than those from natural siliceous assemblages of 

phytoplankton [Lawson et al., 1978]. The solubility of biogenic silica also is affected by its 

aluminum content. Van  Bennekom et al. (1991) reported that the Al/Si atomic ratio in siliceous 

material collected from various marine environments varied from 0.6*10 
-3

 to 7*10 
-3

 with a 
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corresponding change in silica solubility from 1,080 μM to 660 μM. The amount of aluminum 

incorporated into siliceous skeletons during growth appears to be dependent on the Al/Si ratio in 

the surrounding water as well as the particular species of siliceous biota. 

The mineral composition of dust particles reflects the mineralogy of the rocks at the earth’s 

surface, and the percentage of particulate Si that dissolves in the seawater from dust depends on 

the mineral composition. How much dissolves is difficult to estimate because of large differences 

in the solubility of the varieties of lithogenic and biogenic silica that constitute dust [Durr et al. 

2011].  

Silicon solubility ranges from 0.02% to 1.1% for Saharan dust, which is mainly quartz [Baker et 

al. 2006]. However, 10% of silicon may be soluble from feldspar dust [Harrison 2000], and even 

more may be soluble from biogenic silica present in dust. 

Several authors have investigated the solubility of silicon from the dust. In particular, Treguer et 

al. (1995) assume that 5-10 percent of the silica transported to the ocean surface by Aeolian dust 

dissolved in the surface water; Guerzoni et al 1999 report 1 percent solubility for Si in Sahara 

dust samples collected at Sardinia, Gehlen et al 2003 assume a 3 percent solubility of 

aluminosilicates in seawater in their model investigation.  

Taking these studies into account, it is possible to assume that the solubility of particulate Si 

from dust ranges between 1-10 percent. 
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1.3 -The mass balance of Si in the Mediterranean sea: a state of 

the art 
 

1.3.1- Mass Balance  

Many processes may act to control the distributions of chemicals in the ocean. The method of 

putting these processes together in a model utilizes the principle of mass balance applied to the 

system as a whole or some parts of it (control volumes). The system as a whole is linked to the 

environment by external inputs and outputs. Box models are especially useful for understanding 

geochemical cycles and their dynamic response to change. Describing a model first requires 

choosing a system, that is, the division between what is "in" and what is "out". The second step 

involves choosing the complexity of the description of the "internal" system. The goal in 

modelling is to analyze all the relevant processes simultaneously. The concept of mass balance 

serves as a way to link everything together. To use the idea of a mass balance, the system is first 

divided into one or several "control volumes" which are connected with each other and the rest 

of the world by mass fluxes. A mass balance equation is written for each control volume and 

each chemical. The Change IN = Sum of all Inputs + Sum of Internal Sources ‒ Sum of Outputs 

‒ Sum of all Internal Sinks   

1.3.2- Budget of Si in the Mediterranean Sea 

Despite the great importance of silicon there are currently not many studies on this element’s 

budget at the basin scale. 

A first estimate on the budget of the silicon in the Mediterranean was made by Schink 1976, 

which showed the flows of silicates in Gibraltar as substantially balanced. 

A subsequent study on the balance of silicon was carried out by Ribera d’Alcala’ et al. (2003), 

trying to balance the flows into and out of the two straits; the Strait of Gibraltar and the Strait of 

Sicily. 

The values for the mass transport of water used by Ribera d’Alcala’ et al. (2003) and the values 

of concentrations of silicates are indicated in the table [see Table 1.2]. 

Strait of Gibratar Strait of Sicily 

In [Sv] 0.76
(a)  

-  1,68
(c,d)

 In [Sv] 0.58
(b)  

-  3.52
(e)

 

 
[mmol m

-3
] 1.27    -   2.40 

 
[mmol m

-3
] 0.69    -  1.20 

Out [Sv] 0.68
(a)  

-   1.60
(c,d)

 Out [Sv] 0.53
(b)   

-  3.47
(c)

 

 
[mmol m

-3
] 7.61    -   8.40 

 
[mmol m

-3
] 6.00     -  7.15 

Table 1.2: Concentrations and Transports of Si at the Two Main Straits of the MED; (a)- Bryden et al [1994] (b)- Moretti et 

al [1993]  , (c) - Bethoux [1980], (d)- Bethoux and Gentili [1999], (e)- Bryden and Stommel [1984] 
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From the estimation of atmospheric inputs [Guerzoni et al. 1999 - Herut and Krom 1996-Loye 

Pilot et al 1990] and considering river inputs [Moutin 1998 - Balboni et al. 1999 - Schink 1957] a  

budget deficit was recorded in both the western and eastern basins [Table 1.3]. 

Table 1.3: Silicon budget in the Mediterranean Sea (by Ribera d’Alcala’ et al., 2003) 

Recently, Lavezza (2010) showed a different budget situation, especially taking into account 

more recent estimates of river inputs to the Mediterranean from 1960-2000 proposed by Ludwig 

et al., 2009. In particular he has presented an extensive datasets on the nutrients in the 

Mediterranean basin, through a recovery and reorganization of available silicon data and other 

nutrients from two different sources (oceanographic cruises and date published).  

The database used by Lavezza is summarized in Table 1.4. 

 

Source Cruises Stations 

MEDAR 50 1704 

MATER 28 327 

SESAME 125 3396 

Report Cruises 18 669 

ToT 221 6096 

Table 1.4: Database (cruise oceanographic and data published from 1960-2000) used by Lavezza  

The basin was divided into 14 homogeneous areas [Figure 1.8] and for each area a quality control 

of data sets has been carried out; the data have been reorganized in a single matrix and validated, 

using statistical parameters as maximum, minimum, mean and standard assuming a normal 

distribution of the data. 

 

 

WMED EMED 

Si in/out Min Si in/out Max Si in/out Min Si in/out Max 

Atmospheric input 0,709 2,2 0,009 5,1 

Rivers input 11,5 39,2 12,2 78,7 

Input (Tot) 12,2 42,1 12,8 83,8 

Sicily 179 304 -179 -304 

Gibraltar -288 -424   

Input TOT -109 -120 -179 -304 

Deficit -97 -77,9 -166 -220 
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Figure 1.8: Mediterranean area(Lavezza 2010). 

It was observed that inputs were only partially able to compensate net losses, and a new estimate 

has revealed an accumulation in the western basin and a deficit in the eastern basin [Table 1.5].  

A possible interpretation would be that the basin is slowly loosing silicon; however from 

statistics analysis reported by Lavezza it is evident that, despite recorded deficits of silicon in the 

east basin, the trend is not negative, so we can interpret this situation to be due to underestimated 

inputs in the system. 

Table 1.5: Silicon budget in the Mediterranean Sea (by Lavezza 2010) 

 

 

 

 

 WMED EMED 

Si in/out Min Si in/out Max Si in/out Min Si in/out Max 

Atmospheric input 0,709 2,2 0,009 5,1 

Rivers input 11,7 13,1 21,2 23,5 

Input (Tot) 12,4 15,3 21,2 28,8 

Sicily 165 235 -165 -235 

Gibraltal -147 -199   

Input TOT 18 36 -165 -235 

Deficit 30,4 51,3 -143,8 -206,4 
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1.3.3 Objective of this research work 

Starting from the available basic information, our aim is to understand what is really causing the 

recorded deficiency of Si in the eastern Mediterranean basin and to understand whether and how 

dust potentially affects the mass balance of silicon at basin scale.  

Several authors have attempted to estimate the atmospheric flows of metals for ocean’s surface 

[Chester et al, 1989;. Guieu et al, 1991;. Migon et al,.1991; Guerzoni et al, 1993;  Migon et al, 

1997] and have focused their attention on deposition patterns and source signature of Saharan 

aerosols, collecting samples in a variety of sites around the Mediterranean Sea. However, there 

are many gaps in the data of the silicon in the atmosphere, so in addition to the lack of 

knowledge of this element we have to consider that the available data on silicon are actually few. 

The only data particularly useful to our work, concerning a study over the Gulf of Aquaba, by 

Chen 2008, during which are monitored the concentrations of aerosol trace elements, during a 

two years period (August 2003- to September 2005). Back trajectories of the air masses over the 

Gulf, were calculated and categorized into six characteristic source sectors, to identify the source 

of trace elements. 

However to have a reliable information on the magnitude and the geographical distribution of the 

dust deposition on seawater, the use of a credible numerical model is considered as essential, 

because the use of satellite images and/or analyses of ground in sampling sites, to measure the 

amount of dust that covers the Mediterranean, are actually powerful tools because it allows a 

regular temporal and spatial coverage, but has a limit, it is not certain that dust measured in the 

air is deposited on the surface of the sea. 

We decided to observe the dust phenomenon through atmospheric modeling that in the last two 

decades has experienced important improvements.  

We considered the Earth Sciences Department at BSC-CNS (Barcelona Supercomputing Center 

– Centro Nacional de Supercomputación) conducts modelling research and developments for 

short-term prediction as well maintains dust forecast operations with BSC-DREAM8b. Since 

May 2009, BSC-DREAM8b [Pérez et al. 2006a, Pérez et al. 2006b] provides the operational 

dust forecast at BSC-CNS; its main improved features include a more detailed size bin 

distribution and the inclusion of dust-radiation interactions.  

In order to achieve the goal and to understand what is really causing the recorded deficiency of 

Si in the eastern Mediterranean basin it is necessary to be aware of high difficulty of the 

problem. The actual condition of the system is difficult to determine because the Mediterranean 

is subject to interannual variability which is difficult to predict and influenced by the dynamics 

of the straits, internal dynamics and by the redistribution of water masses. 

http://www.bsc.es/earth-sciences/mineral-dust-forecast-system/bsc-dream8b-forecast
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Chapter 2 

MATERIALS AND METHODS 
 

 

 

2.1-  Sampling activities: nutrients and  trace metals in seawater 

 
Seawater samples were collected and analysed for nutrients and trace elements concentration in 

dissolved and particulate phases during two oceanographic cruises in the central Mediterranean.   

 

2.1.1- The sampling area 

Seawater samples were collected in the Mediterranean sea during the oceanographic cruise 

BONIFACIO_2010, in November 2010 on board of the N/O Urania. 

Samples were collected for analysis of trace elements (dissolved and particulate phases), and 

nutrients [Figure 2.1;Table 2.1]. 

During the oceanographic cruise ―AEOLIAN_2010 in May 2010 on board of the N/O UraniaV, 

seawater samples were collected for analysis of nutrients [Figure 2.2;Table 2.2]. 
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Figure 2.1 : Sampling sites from the BONIFACIO_2012 Cruise. 

 

 

 

 

CRUISE 

 

STATION LAT LONG DEPTH (m) METALS NUTRIENTS 

Bonifacio 2010 VECT 39°29.995N 13°29.968'E 3250 X X 

Bonifacio 2010 51 39°46.428'N 11°53.264'E 3498 X X 

Bonifacio 2010 212 38°02.986'N 12°05.442'E 190  X 

Bonifacio 2010 215 38°08.743'N 11°45.960'E 1199 X X 

Bonifacio 2010 218 38°13.912' N 11°31.870'E 228  X 

Bonifacio 2010 432 37°44.002'N 12°19.959'E 160 X X 

Bonifacio 2010 433 37°30.850N 11°55.358'E 105  X 

Bonifacio 2010 436 37°13.575'N 11°23.803'E 412 X X 

Table 2.1 :Summary of samples collection during the Bonifacio_2010 cruise 

 

Bonifacio 
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Figure 2.2 Sampling sites from the AEOLIAN_2010 cruise. 

 

 

 

 

 

 

CRUISE 

 

STATION LAT LONG DEPTH (mt) NUTRIENTS 

Aeolian 2010 Palinuro1 39°36.239'N 14°51'356'E 1760 X 

Aeolian 2010 Marsili 39°15.00'N 14°23.40'E 2793 X 

Aeolian 2010 Palinuro2 38°07.890'N 12°49.627'E 2760 X 

Aeolian 2010 Capogranitola 36°47.375'N 12°16.128'E 1240 X 

Table 2.2 : Summary of samples collection during the Aeolian_2010 cruise 

 

 

 

 

 

Aeolian 
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2.1.2- CTD Rosette sampling 

Data of temperature, salinity during the two oceanographic cruises BONIFACIO_2010 and 

AEOLIAN_2010 were collected by a CTD Rosette; Niskin bottles were used to collect seawater 

samples [Figure 2.3]. 

 

 

Figure 2.3 : Niskin bottles fitted on a rosette with CTD instrumentation. 

 

 

2.1.3- Sampling techniques  

On board, samples for nitrate, nitrite, phosphate and silicate analyses were kept in 60 ml HDPE 

bottles no filtration was employed nutrient sample were stored at -20°C. 

In order to minimise any contamination risk for trace elements analysis of seawater, all apparatus 

with potential contact with seawater samples (bottles, pipette tips, filtration system etc.) was pre-

conditioned [as described by Scelfo, 1997]. Plastic bottles for seawater sampling were filled up 

with HNO3 10% and placed under hood for 4 days at room temperature. After this time, the 

bottles were rinsed 2-3 times with ultrapure water and, after drying, singularly, were stored in 

polyethylene bags until final sampling.  

Polycarbonate membrane filters, for particulate collection, were stored in petri dishes for the 

transport. Samples for trace metals were collected in 1L polyethylene pre-cleaned bottles and 

then filtered through 47 mm, 0.4 µm pore size, polycarbonate membrane filters or cellulose 

acetate. Samples, for total dissolved trace metal analysis, were acidified to a pH ~2 with suprapur 

HNO3 and stored at room temperature. These samples, filtered and acidified, were returned to its 
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original bottle contained within a plastic bag, while the polycarbonate membrane filters were 

kept at T= -20°C [Figure 2.4]. 

 

 

a                   b 

Figure 2.4: Sampling techniques for trace elements analysis;  a) filtration on 0,4 μm nucleopore PC membrane and 

acidified with HNO3; b) membrane stored at -20°C. 

 

2.2 Analytical procedures for nutrients and trace elements  

 

2.2.1- Nutrients  

The dissolved nutrient concentrations have been determined in the laboratory of CNR-Capo 

Granitola, using Auto Analyzer Sial (QUAATRO), following classical methods [Grasshoff et al., 

1999]. 

The multi-channel AutoAnalyzer allows the simultaneous and continuous orthophosphate, 

nitrate, nitrite, nitrate and silicate dissolved. The chemical procedures followed for the analytical 

determination of dissolved nutrients are based on classical methods [Grasshoff et al., 1999] 

adapted to automated measurement systems. The samples, taken from an automatic sampler, 

slide one after the other, interspersed with washing water and are mixed with the various 

reagents  injected in the flow under controlled conditions by means of peristaltic pumps. The 

chemical reactions leading to the final formation of colored compounds, whose intensity of 

staining is proportional to the concentration of the nutrient present in the sample. A colorimeter 

allows the measurement of the concentration values at specific wavelengths through 

interferential filter. 
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The dissolved silicates that are determined by following the procedure [Grasshoff et al., 1999]: 

dissolved silicates react, in an acid medium, with a solution of molybdate forming 

silicomolybdic acid which is reduced, with the addition of ascorbic acid, to a colored complex 

(molybdenum blue), whose concentration is quantified  by determining absorbance at 820 nm.  

 

2.2.2- Analytical procedures for analysis of trace elements in  particulate 

phase  

 

2.2.2.1-  Analytical procedures for analysis of trace elements in particulate phase  

 

The particulate phase is all that remained on polycarbonate filter when the sample were filtered 

by vacuum through 0.45 µm 

All apparatus and all samples were treated under a laminar air flow hood to minimize the 

contamination risks. 

The filters are subjected to acid digestion in a microwave oven (CEM MARS-5); the method is 

simple and fast. Mixtures of HNO3, HCl, HF and H2O2 are commonly applied: 

Nitric acid (HNO3): It has a strong oxidant power and a remarkable ability to form soluble salts 

with most of the elements. Furthermore, it does not generate significant interference in ICP-MS.  

Hydrochloric acid (HCl): It is a strong acid, with reducing power under conditions of high 

temperature and pressure. These features make it capable to attack oxides, hydroxides, 

carbonates and sulphates forming soluble compounds in water.  

Hydrofluoric acid (HF): It dissolves also the more resistant crystal silicate phases. 

H2O2. This is, such as HNO3, a strong oxidant. 

Filters, for particulate matter analyses, were put in Teflon vessels with a mixture of 3,0 ml of 

HNO3, 1,0 ml of HCl, 50 µl of HF and 2,0 ml of H2O2 and brought in a CEM Microwave Mars 

at 96°C for 3 h [Figure 2.5] 

A number of precautions should be taken for safe operation of the microwave system: the vessels 

are placed in the support modules with the load distributing caps, and tightened with a torque 

wrench to 5 ft*lbs. Blue pressure caps (with pressure  membranes inserted) are to be hand tight.  

Pressure sensor and Thermowell must be attcehd to the control vessel. Support modules are the 

placed on the carousel and the top ring attached. During microwave digestion , temperature and 

pressure are controlled. The metals thus obtained can be analyzed with inductively coupled 

plasma mass spectrometry (ICP-MS) or with inductively coupled plasma optical emission 

spectrometry (ICP-AES). 
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 (a)     (b)  

Figure 2.5: (a) From left to right; control vessel in the support   module with pressure sensor attached and fiber optic 

temperature sensor inserted, a typical reaction vessel in a support module, and an assembled reaction vessel showing 

The explosion-proof Kevlar sleeve and the load distributing cap piece placed on the vessel lid. (b) From left to right; 

threaded blue cap that fits on the reaction vessel lid and into which a pressure membrane (in the black box) is placed 

with the pen-sized suction devise. 
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Chapter 3 

RESULTS 

 

 

 

3.1- Nutrients 
 

3.1.1- Silicates - the Bonifacio_2010 cruise 

The distribution patterns of silicates, [Figure 3.1] from the sampling sites of the Bonifacio_2010 

cruise show maximum concentration in the intermediate and deep waters (800-1200 m depth 

interval). The strong reduction of concentrations in the surface waters is due to the effects of 

assimilation by phytoplankton in the euphotic zone. The chemical analysis are reported in 

Appendix I. 

The concentrations of silicates in the stations Vector and 51 (both in the Tyrrhenian sea) are 

averagely 0.90 ± 0.30 μmol/L and 1.23 ± 0.44 μmol/L in surface waters , 4.22 ± 1.18 and 4.36 

±1.12 μmol/L in intermediate waters and 7.31 ± 0.64 and 7.54 ± 0.18 μmol/L in deep waters with 

values of the standard deviations which evidence relevant uniformity in deep waters [Figure 3.1 

(a)(b)]. 

The silicate concentrations along the transect of stations 212, 215 and 218 are 1.52 ± 0.84, 0.86 

±0.38 and 1.50 ± 1.22 μmol/L in surface waters [Figure 3.1 (f)(g)(h)]. The average concentrations 

in intermediate waters at stations 215 and 218 are respectively 4.21 ± - ( n=1) and 4.22± - ( n=1) 

μmol/L [Figure 3.1 (g)(h)]; the average concentration at station 215 is 6.28 ± 0.46 μmol/L for the 

deep water [Figure 3.1 (g)]. 

The surface concentrations in the stations 432, 433 and 436 are on average 1.48 ± 0.82 μmol/L 

1.01 ± 0.41 μmol/L and 0.73 ± 0.13 μmol/L, respectively [Figure 3.1 (c)(d) (e)]. 

  (a)  (b) 



PhD Thesis of Barbara Capuozzo 

31 

(c) (d) (e) 

 (f)  (g) (h) 

  

    Figure 3.1 :  Distribution of silicates, sampled in the Bonifacio cruise. 

 

3.1.2- Silicates - the Aeolian_2010 cruise  

The distribution patterns of silicates from sampling sites of the Aeolian_2010 cruise [Figure 3.2] 

again show a strong reduction of concentrations in the surface water and enriched values at the 

deeper levels. The chemical analysis are reported in Appendix II. 

The C. Granitola station, which is located within the Sicily strait, has silicate concentrations of 

0.77 ± 0.96, 4.14 ± 1.35, 4.64 ± 1.07 μmol/L in surface, intermediate and deep water, 

respectively [Figure 3.2 (a)].  

In the Palinuro 1, Palinuro 2 and Marsili stations the silicate concentrations are on average 1.17 

± 0.87, 1.50 ± 1 and 0.79 ± 0.39 µmol/L for the surface water; in the intermediate  water the 

silicate concentrations are on average 4.41 ± 0.02, 4.15, and 4.18 ± 0.94 µmol/L, and they are 

5.68 ± 1.83, 6.65 ± 0.78, 6.63 ± 0.81 µmol/L for the deep water [Figure 3.2 (b)(c)(d)].  
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                 (a) (b)             

(c)  (d) 

                  

Figure 3.2 : Distribution of silicates sampled in the Aeolian cruise. 
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3.2- Trace Metals in the particulate phase  

Chemical composition of particulate from the different sampling sites are reported in Appendix 

III and the graphical representation by box-wiskers plot is reported in Figures. 3.3.  

 

 

 

 Median  25%-75%  Non-Outlier Range  

Figure 3.3: Metals particulate concentrations in seawater sample collected during Bonifacio cruise 2010. 
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3.2.1- Aluminium (Al)  

Vertical profiles of Aluminum in particulate from the surface to the bottom water in the different 

sampling stations, are shown in Figure 3.4. 

The distribution of Alp in the surface water clearly evidence maximum of concentration at the 

432 station along the column water, and at the 436 station, probably due a direct impact of the 

desert dust.  

The Vector station, which is located in the Tyrrhenian sea, has aluminum concentrations of   

2.41 ± 2.32, 1.40 ± 0.36, 2.98 ± 1.93 mg/g in surface (0-150 m), intermediate (150-600m) and 

deep water (600- bottom) [Figures 3.4 (a)]. 

Concentrations of Al in the particulate at the stations, 432 and 436  in first 150 m of the water 

column are respectively, 7.64 ± 6.89, 2.08 ± 1.78 mg/g [Figures 3.4 (b) (c)]. 

In the 215 station the aluminum concentrations are on average 0.85 ± 0.89, 3.02 ± - (n=1)  and 

2.05 ± 0.81 mg/g in surface intermediate and deep water [Figures 3.4 (d)]. 

 

           (a)  (b) 

          (c)  (d)  
Figure 3.4: Aluminum particulate collected during Bonifacio cruise. 

 

3.2.2- Iron (Fe)  

The distribution pattern of [Fe]p particulate show the highest average surface concentrations at 

the Vector station (0-150m); in particular Vector station has iron concentrations of 3.21 ± 1.17, 
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2.82 ± 0.24 and 1.90 ± 1.79 mg/g in surface, intermediate and deep water respectably [Figures 3.5 

(a)]. 

 The average concentrations in surface water for the stations 432 and 436 are respectively 6.19 ± 

3.88, 1.62 ± 0.60 mg/g; there is a peak in particulate iron at station 432 that  coincides with that 

observed for particulate alluminium [Figures 3.5 (c)(d)].   

The average concentrations in surface water for the stations 51, and 215 are respectively 1.63 ± 

1.02, 1.08 ± 0.91 mg/g; the average concentrations in the intermediate water at the stations 51 

are respectively, 0.74 ± 0.71 mg/g, in the deep water the average concentrations at the stations 51 

and 215 are respectively, 1.09 ± 0.85, 1.96 ± 0.92 mg/g [Figures 3.5 (b) (e)]. 

     (a)  (b) 

     (c)  (d)  (e) 
  

Figure 3.5: Iron particulate collected during Bonifacio cruise. 

 

 

3.2.3- Zinc (Zn)  

The distribution pattern of zinc in the particulate [Zn]p has the relative maximum concentration  

at the Vector station, while the observed concentrations are very similar in the remaining stations 

[Figures 3.6(a)]. 

The average concentrations in surface water in the stations Vector, 51,  432,  436 and 215 are 

respectively 4.17 ± 1.25 , 0.71 ± 0.14, 0.86 ± 0.33, 0.84 ± 0.41 , 0.55 ± 0.29 mg/g; the average 

concentrations in intermediate water in the station 51 are respectively 0.94± 1.05 mg/g; station 
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215 has an average concentration in intermediate and deep water equal to 0.51 and 0.48 mg/g 

respectively [Figures 3.6]. 

         (a)  (b) 

  (c) (d)  (e) 

 

Figure 3.6 : Zinc particulate collected during Bonifacio cruise. 

 

 

3.2.4- Copper (Cu)  

The distribution pattern of copper in the particulate [Cu]p shows a similar trend in the sampled 

stations with little variations along the water column. 

The average concentrations in surface water at the stations Vector, 51,  432,  436 and 215 are 

respectively 0.28 ± 0.12 , 0.18 ± 0.23 , 0.15 ± 0.06 ,  0.27 ± 0.11 , 0.21 ± 0.18 mg/g ; the average 

concentrations in intermediate water at the stations Vector and 51 are respectively 0.15 ± 0.03, 

0.08 ± 0.04 mg/g; station 215 has an average concentration in intermediate and deep water equal 

to 0.17 ± - (n=0) and 0.18 ± 0.1 mg/g respectively [Figures 3.7]. 
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(a)  (b) 

(c)  (d)  (e) 

 

Figure 3.7 : Copper particulate collected during Bonifacio cruise. 

 

 

3.2.5- Vanadium (V)   
 

 

 

 

 
 

   

 

 

 
 

 

 

 

 
 

 

The distribution pattern of vanadium in the particulate [V]p shows a regular pattern of 

distribution along the water column in the sampled stations, except for station 436; the latter 

recorded a superficial value maximum of particulate vanadium equal to 30 mg/g. 

The following figure shows the pattern of distribution along the water column in the sampled 

stations. The average concentrations in the Tyrrhenian stations amounted to 3.32 ±  2.02  and 

1.53 ±  0.92 mg/g for the  Vector station and the 51 station, respectively; the concentrations at 

the stations in the Sicily Channel amounted to 1.99 ± 0.43- 6.04 ± 12.07 - 1.87 ± 1.26 mg/g for 

the stations 432, 436 and 215 respectively [Figures 3.8]. 

(a)  (b) 
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(c)  (d) 

Figure 3.8 : Vanadium particulate collected during Bonifacio cruise. 

 

 

3.2.6- Distribution of trace elements in particulate: comparison with 

literature information  

Results of trace metals distribution in the particulate phase, collected during the oceanographic 

cruise Boniface have been here integrated with three other datasets collected from the 

oceanographic Sesame_2008, Transmed_2007 and Medsudmed_2008 cruises. For analytical 

purposes, the stations are grouped in distinctive regions/basins. [Figure 3.9;Table 3.1]. 

 

Figure 3.9: Map of particulate trace metals, black dots represent the station sampled during Bonifacio cruise 

collected in these work, the colored dots represent the datasets from others study. 
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STATION BASIN IDENTIFICATION CODE 

VA * Atlantic ATL 

V4*; S13* Alboran ALB 

S15*; S17*; V1* Gulf of Lion GL 

S08*; V3*; S05* Western Mediterranean MEDW 

V2*; 51; VECTOR Tyrrhenian TYR 

432; 436; 215  Sicily Channe1 1 SIC CHAN 1 

M1**; M3**; M6**; M9**44188**  Sicily Channel 2 SIC CHAN 2 

V7*; V8*; VIERA*; V10* Eastern Med EAST 

Table 3.1: Number of sampled stations collected in different basins [ref. Marianna Del Core*, Francesco 

Placenti**] 

Compilation of the whole dataset provides a first synoptic image of distribution of trace elements 

in the marine particulate of the Mediterranean sea and an exciting opportunity to explore the 

potential role played by this component on the biogeochemical cycles of the basin. 

The strategy used for the description of datasets related to trace metals in the particulate phase in 

the Mediterranean Sea provides the construction of Box whiskers plots allow to simultaneously 

synthesize the most important statistical parameters related to the analyzed trace elements and 

the subdivision of the concentrations of elements grouped by stations, identifying several basin 

areas. This approach allow to verify the distribution of trace metal in particulate, in the western 

and eastern of the Mediterranean sea. 

Further the description of datasets related to trace metals in the particulate phase in the several 

basin provides a subdivision of the concentrations of elements grouped by depth range, 

identifying three water masses. Those ranging between 0-200 m of depth will be considered to 

refer to surface water mass, while the water layer between 200 -600 m is integrally considered as 

intermediate water (LIW). The water mass between > 600m is considered as Mediterranean 

Deep Water (MDW), (Eastern Mediterranean Deep Water EMDW - and Western Mediterranean 

Deep Water WMDW). 

 

3.2.6.1- Distribution of particulate Aluminum   

The median surface concentrations of [Al]p display the same order of magnitude in the different 

sub-basins, but moving toward the south-east values generally increase. In detail, the median 

surface concentrations recorded in the Sicily channel are close to 2 mg/g; moving toward the 

Tunisian coast the median surface concentrations increase of an order of magnitude [Figure 3.10]. 

The surface waters (0-200 meters) of the whole basin are characterized by higher concentrations 

of particulates with respect to intermediate and deep waters, possibly as direct response to 

impulsive events of the Sahara storms [Figure 3.10]. 
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Figure 3.10 : Box wisher plot for Aluminum particulate concentrations in the different basins.  
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                                                                                                                      Median  25%-75%  Non-Outlier Range  

 

Figure 3.11: Box whiskers plot for Al particulate in surface (0-200), intermediate(200-600) and deep (>600) 

waters in the Mediterranean basins. 

 

3.2.6.2- Distribution of particulate Iron  

The Eastern basin show an increasing trend of Iron particulate Fep that appears significantly 

enriched with respect to the entire basin; this could suggest significant impact of the Sahara dust 

that affect particularly the SE area [Figure 3.12]. 

The Alboran, Tyrrhenian and Eastern basins recorded higher concentrations of particulate iron in 

the surface water ( 0-200 m), than in the intermediate and deep waters. Instead, in Sicily Channel 

1, the intermediate layer appears particularly enriched, differently from deep waters that display 

values similar to the surface waters. In the Gulf of Lion basin the variability along the vertical 

axis is substantially reduced [Figure 3.13]. 
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Figure 3.12 : Box wisher plot for Iron particulate concentrations in the different basins.  
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                                                                                                                      Median  25%-75%  Non-Outlier Range  

 

Figure 3.13: Box whiskers plot for Fe particulate in surface (0-200), intermediate(200-600) and deep (>600) 

waters in the  Mediterranean basins. 

                      

 

3.2.6.3- Distribution of particulate Zinc 

The distribution of zinc shows in the eastern Mediterranean values depleted with respect to the 

western basin, suggesting an probably impact of the more industrialized areas of the South 

Europe [Figure 3.14]. 

The distribution of particulate zinc presents highest median surface values with a decrease in the 

intermediate and deep layer. In contrast the western basin and the Channel of Sicily 2 basin show 
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low concentrations in the surface layer that increase in the deep layer. In Channel Sicily 1 the 

intermediate layer appears particularly enriched, differently from deep waters that record the 

same values as surface waters [Figure 3.15]. 

 

Figure 3.14: Box wisher plot for Zinc particulate concentrations in the different basins.  
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 Median  25%-75%  Non-Outlier Range  

                                                                                                                       

        Figure 3.15 : Box whiskers plot for Zn particulate in surface (0-200), intermediate(200-600) and deep 

(>600) waters in the Mediterranean basins. 

 

 

3.2.6.4- Distribution of particulate Copper  

Low values of Cu particulate are evident in the western stations; instead in the eastern basin the 

scenario change profoundly. The distribution of copper, show an increase toward East, which 

could be due from crustal input [Figure 3.16]. 

The distribution of particulate copper in the surface layer appears particularly enriched. It shows 

a slight decrease in intermediate and deep waters for the Alboran, Gulf of Lion and Eastern basin 
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[Figure 3.17]; in contrast, low concentrations in surface water are recorded in the Tyrrhenian and 

Western basin and Sicily Channel 2.  

 

 

Table 3.16: Box wisher plot for Copper particulate concentrations in the different basins.  
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 Median  25%-75%  Non-Outlier Range  

        

 Figure 3.17: Box whiskers plot for Cu particulate in surface (0-200), intermediate(200-600) and deep (>600) 

waters in the  Mediterranean basins. 

 

 

 

3.2.6.5- Distribution of particulate Vanadium  

The distribution of particulate Vanadium is shown only for the Tyrrhenian and Sicily Channel 1 

basin; the Tyrrhenian basin has concentrations of particulates greater than the intermediate and 

deep waters, contrarily to the Sicily Channel 1 basin [Figure 3.18]. 
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Figure  3.18: Box wisher plot for Vanadium particulate concentrations in the different basins. 

 

 

        Figure 3.19 : Box whiskers plot for V particulate in surface (0-200), intermediate(200-600) and deep 

(>600) waters in the  Mediterranean basins.  
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Chapter 4 

DISCUSSION  

 

 

 

Based on the recent literature, the Mediterranean sea appears characterized by a net deficit of 

silicon, more evident in the eastern basin. In particular, Ribera d’Alcala’ et al. (2003) and 

Lavezza (2010) explored the flux of silicates at the Straits of Gibraltar and Sicily to synthetically 

capture the silicon dynamics at basin scale. The mass balance reported by Ribera d’Alcala’ et al. 

(2003) shows a net loss of silicon in the eastern and western basins [Table A], including inputs of 

Si from ATI (ATI: Atmospheric and riverine inputs). Afterwards, Lavezza (2010), based on a 

detailed compilation and interpretation of available data from a number of oceanographic cruises 

carried out in the period 1961 -2010 and at the light of more recent estimates of river inputs 

[Ludwig et al., 2009, 2010] provided evidence of Si accumulation in the western basin and net 

deficit in the eastern basin [Table B]. These results evidence a crucial difference in the 

biogeochemical dynamics of the two basins with the eastern one playing a key role and directly 

affecting the western part of the Mediterranean. 

 

Table A: Si budget in the Western and Eastern Mediterranean by Ribera d’Alcala’ et al. (2003) [10
9
 mol/y] 

 

 

 

 

 

TABLE A 

WMED EMED 

Si in/out Min Si in/out Max Si in/out Min Si in/out Max 

Atmospheric inputs 0,709 2,2 0,009 5,1 

River inputs 11,5 39,2 12,2 78,7 

Inputs (Tot) 12,2 42,1 12,8 83,8 

Sicily strait 179 304 -179 -304 

Gibraltar strait -288 -424   

Input TOT -109 -120 -179 -304 

Deficit -97 -77,9 -166 -220 
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Table B: Si budget in the Western and Eastern Mediterranean by Lavezza (2010) [10
9
 mol/y] 

The mass balance calculated by the two groups of authors did not consider the effects of 

atmospheric dust and particulate from river inputs as relevant inputs of dissolved Si in seawater, 

basically due to lack of reliable and basin scale information. The results from this research effort 

offer an opportunity to explore the potential role played by the atmospheric dust and particulate 

from river inputs, on the Si mass balance of the Mediterranean sea. Also, recent estimations of 

seawater fluxes at the Sicily strait provide new chance to calculate more accurate Si budget at 

Mediterranean scale and hereafter a new revision of 3D fluxes of silicon for the Mediterranean a 

sea is proposed. 

 

In the following paragraphs I shall explore:  

- the role played by the particulate in seawater (from atmosphere and rivers) on the 

dissolved Si budget of the Mediterranean sea;  

- the relative contribution of anthropogenic and natural sources of atmospheric dust and 

particulate from river input to the seawater; 

- a potential revision to the dissolved Si budget in the Mediterranean sea based on updated 

mass fluxes, specifically of deep waters, at the Sicily Strait. 

 

  4.1- Distribution of particulate in the Mediterranean sea  

 

The Mediterranean sea is a geographical area significantly affected by inputs of particulate 

matter from the atmosphere and rivers, due to the presence of the Sahara desert, predominant 

NW wind trajectories that flow on the most important industrialized areas of North Europe and a 

number of relevant river inputs to the basin (particularly, Rhone, Po and Ebro).   

 

TABLE B 

WMED EMED 

Si in/out Min Si in/out Max Si in/out Min Si in/out Max 

Atmospheric inputs 0,709 2,2 0,009 5,1 

River inputs 11,7 13,1 21,2 23,5 

Inputs (Tot) 12,4 15,3 21,2 28,8 

Sicily strait 165 235 -165 -235 

Gibraltar strait -147 -199   

Input TOT 18 36 -165 -235 

Deficit 30,4 51,3 -143,8 -206,4 
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The role played by the particulate in seawater, in terms of potential contribution to the marine 

chemistry of the Mediterranean sea, is driven by a large range of kinetic parameters regulating 

dissolution of trace elements in seawater and consequently bioavailability of metals in solution. 

The effects of particulate load and consequent dissolution in seawater, specifically in terms 

dissolved Si budget, have been only marginally explored, due to lack of reliable and basin scale 

datasets. 

The Mediterranean is surrounded on the northern boundary by the European continent and on the 

southern side by the North Africa arid regions, with the big Saharan desert. Therefore, a 

combination of impacts on the seawater chemistry, by particulate transport and deposition, of the 

Mediterranean sea by anthropogenic and natural sources occur. Specifically, airflows from North 

Africa contain relatively highest concentrations of Al and Fe and generally lower contents of Cu 

Cd Ni Zn, while relatively high concentrations of Ni, Pb and V characterize airflows from 

Northern Europe with significant emissions of fuel burning [Chen 2008]. 

For most of metals, dry deposition appears to be the predominant removal and transport 

pathway, representing about 70% of particulate deposited on the sea surface. Manganese and Cu 

are essentially deposited by dry deposition, which represents 69% and 70% of the total 

atmospheric inputs, respectively. In contrast, Fe and Zn are removed from the atmosphere almost 

equally by wet and dry deposition. Finally 59–71% of V, Cd and Pb are deposited to the sea 

surface mainly through wet deposition, and particularly, V and Pb mainly occur in the insoluble 

form (68% and 64% of the total atmospheric deposition, respectively) and Cd in the soluble 

60%. Manganese, Cu and Zn are mainly in soluble form in the total atmospheric deposition (61–

70%) [Theodosi, 2010]. 

Basically, fluxes of trace elements from dry deposition are strongly variables and primarily 

depend on the sources of emissions and atmospheric trajectories.  

A number of data on chemical composition of atmospheric dust from NW European countries 

and Saharan desert are available and provide crucial information on the sources of particulate in 

seawater [Dulac et al., 1987; Bergametti et al., 1989; Martin et al., 1989; Chester et al., 1996; 

Guerzoni et al., 1997, 1999; Guieu et al., 1997; Migon et al., 1997]. Conversely, chemistry of 

atmospheric dust from the eastern Mediterranean appears relatively poorly studied and only a 

limited number of literature information are available  [Kubilay and Saydam,1995; Kubilay et 

al., 1997; Gullu et al., 1998].  

Recently, Chen et al. (2008), provided geometric median concentrations of trace metals in 

aerosols and dust from the Mediterranean regions (normalized to aerosol masses), along with 
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Total Suspended Particulate concentrations covering several sectors, in particular North Africa, 

Western Europe and the Mediterranean Sea [Tab. 4.1]. 

 

 North Africa(z1)  Western Europe(z5) Mediterranean sea(z6) 

 n=19 n=37 n=47 

 mg/g   
Al  37,7 24,9 24,6 

Fe 23 15,6 15,7 

 μg/g   
V 121 128 137 

Cu 52 89,2 93,9 

Zn 255 425 397 

Table 4.1: Geometric median concentrations of TMS (mg/g; μg/g) in aerosol normalized to the aerosol masses 

(Chen et al, 2008) 

However, concentration of Si in particulate in seawater is not considered a reliable proxy of 

silicates transport from dust and rivers. Actually, dissolution significantly affects Si in particulate 

and makes it difficult to extrapolate, in terms of original contents, atmospheric and dust river 

inputs. Actually, results of experiments on the dissolution kinetic reported in literature [e.g., 

Desboeufs et al 2005], show that the dissolution rates are more rapid in the earlier minutes of 

contact with seawater and that maximum of solubility is reached after about 20 min. Also Fe in 

particulate is affected by significant dissolution in seawater and cannot be used to properly 

calculate contents in atmospheric dust and/or to infer reliable information on the potential 

sources. Duce and Tindale (1991) definitively calculated that between 10 and 50% of the mineral 

Fe apparently dissolves when dust enters the ocean. Also, the fraction of Fe contained in the 

atmospheric dust is highly soluble in seawater being rapidly biologically up-taken once available 

to marine photosynthetic organisms. Iron, in surface seawater, undergoes further exchange 
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between the dissolved and particulate phases and can subsequently become partially available for 

uptake by plankton [Baker 2010].  

Silicon and Al are the two most abundant elements of the atmospheric dust and particulate rivers. 

When entering the surface waters, Si dissolves while A1 is essentially insoluble in seawater [Tria 

2007]. Thus, Al can be considered a more conservative element than Si and a natural ideal tracer 

for quantifying the dust deposition in the surface ocean and inputs of particulate from rivers. For 

this reason, I used Al from the particulate fraction in seawater to conservatively calculate Si 

contribution from atmospheric dust and rivers particulate inputs to the sea. Aluminum is a major 

and relatively invariant component of continental materials [Wedephohl, 1995]. It is the third 

most common element in continental materials accounting for about 8% of crustal mass. The 

residence time of Al in the surface ocean is relatively short (6.5 years) [Jickells et al., 1994] 

which impedes important contribution and transport from the coastal areas to the open oceans. 

That means that the atmospheric input of Al to the surface ocean represents the main source of 

this element mainly for the remote areas of the sea. Also, the chemical dynamics of Al in 

seawater is comparable to that of Si, and partially Fe, because it is not involved in crucial and 

complex redox chemistry. By its nature Al is related to minerals that generally show lower 

dissolution kinetics and a conservative behavior in seawater [Measures and Vink 2000; Han el al 

2008].  

Thus, an appropriate knowledge of Si/Al ratios from different source areas represents an 

excellent way to calculate Si transported at the sea from different atmospheric particulates and 

then to infer more reliable budgets of Si from atmospheric and river inputs to the sea.  

Data available from the literature, report Si/Al rather constant from the different source areas of 

atmospheric and rivers particulate. In particular, an average 2.2 value is reported for Si/Al from 

samples of African dust over southern Italy. Actually, recent information reported by Blanco et 

al. (2003) indicate Si/Al in samples collected across 20 dust events with a source region north 

western Sahara, ranging between 2 and 2.44, recording an average 2.2 value [Tab. 4.2].  

 

Element 24-05-02 12-04-02 13-05-02 7-06-02    Average   
                   (min –max) 

 

Si /Al 

 

2 2.08 2.22   2.44                  2.2 

Table 4.2: Si/Al ratios in dust samples from the western Sahara as reported by Blanco et al. (2003) 
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On the other side, a  number of information from the Netherlands Research Program on 

Particulate [Matter Hugo Denier van der Gon, Magdalena Jozwicka, Elise Hendriks,Mhtenkeni 

Gondwe and Martijn Schaap: BOP – WP2 – report Mineral Dust as a component of Particulate 

Matter], reported Si and Al concentrations from mineral dust of urban centers across Europe 

[Table 4.3]. Those data represent the best set of information to characterize chemistry of 

atmospheric dust coming from the Western European region. The calculated Si/Al ratio ranges 

between 1.95 and a maximum (recorded only from one site and considered a statistical outlier) of 

5.46, with an average value of 2.6 from the whole North European system. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3: Average annual concentrations of PM 2,5 and Aluminum and Silicon metals (data from Götschi et al., 

2005) 

 

On the other side, the Rhone river constitutes almost two-third of the total river discharge in the 

western Mediterranean Sea, and it is considered the most important of the basin. Olivier et al. 

(2011) reported concentrations of trace metals in the suspended particulate matter of the Rhône 

River during the years 2001–2003 with average Si /Al ratio equal to 2.9 [Table 4.4. see Appendix 

IV]. 

Country Location PM 2,5  

[μg/m3] 

Al 

[ng/m3] 

Si 

[ng/m3] 

Si/Al 

      

ITA Pavia 35.3 228 539 2.36 

      

ITA 

 

ITA 

 

FRA 

 

FRA 

 

BEL 

 

DEU 

 

Average 

Veron 

 

Turin  

 

Grenoble 

 

Paris 

 

Antwerp South 

 

Erfurt    

 

-     

41.5 

 

44.9 

 

19 

 

17.8 

 

20.08 

 

16.3 

 

- 

336 

 

380 

 

257 

 

141 

 

128 

 

148 

 

231±99.6 

759 

 

744 

 

1404 

 

321 

 

263 

 

313 

 

620±401.4 

2.26 

 

1.95 

 

5.46 

 

2.27 

 

2.05 

 

2.11 

 

2.6 
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Location 
Al 

[mol/kg] 

Si 

[mol/kg] 
Si/Al 

      
 

Rhone River 

 

2.30±0.53 

 

6.73±0.77 

     

2.9 
  

       

Table 4.4: Silicon and Aluminum in the suspended particulate matter of the Rhone river (by Ollivier 2011) 

 

Data on particulate chemistry from other Mediterranean rivers, specifically related to distribution 

of Si and Al, are presently not available and thus, we assume that Si/Al ratios variability could be 

reliably constrained in the range of the existing information, specifically those from the Rhone 

river.  

 

Summarizing, the range of variability of Si/Al ratios from different sources (atmosphere and/or 

rivers) appear constrained in the non-outliers maximum-minimum 2.2-2.9 range of variability. 

This range of Si/Al variability will be used to constrain the potential of Si dissolution from 

atmospheric and river particulate in seawater.  

 

4.2- Estimation of dust deposition at basin scale 

The aerosol deposition over the sea is much more difficult to map over time with direct and 

synoptic measurements. In literature there are measurements obtained during cruises that 

measure mostly aerosol in air although lack information about modes and times of particulate 

deposition [Querol et al., 2009; Markaki et al., 2010]. 

Dust aerosol has a high spatial and temporal variability; dust is deposited on the sea surface with 

a high seasonal variability and directly depends on highly variable wind trajectories. The only 

way to reliably constraint dust input to the seawater is to combine experimental observations 

with modeling approaches, in order to improve accuracy and predictability of the estimates. 

In order to estimate atmospheric dust inputs, integrated on yearly scale, to the Mediterranean 

basin we explored the outcomes of the BSC-DREAM8b model (Dust Regional Atmospheric 

Model), reported by the Barcelona Supercomputing Center, whose estimates of global dust input 

are based on ground, satellite observations and modeling studies [Perez 2009]. A crucial 

component of the model is related to an efficient and apparently reliable capability to simulate 

and/or predict atmospheric flow and associated mineral dust aerosol. The model also provides 

parameters for simulating dry particle deposition taking into account a number of key 
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parameters: diffusion, gravitational settlement associated to different grain size, interception and 

impaction on surface roughness objects, etc. Also, parameters for analysis and impact of wet 

deposition is based on a simple below-cloud scavenging effects by precipitation. The models 

predicts the atmospheric life cycle of the eroded desert dust, which is essential to understand the 

dust processes and its impact on deposition of particulate in seawater surface, and provides 

forecast images with boundary conditions update every 6 hour.  

Analysis of the model outcomes on wet and dry deposition, allowed me to extract average daily 

and annual cumulative dust deposition on the seaware at Mediterranean basin scale. In particular, 

I selected the entire available investigated time interval (years 2002-2005), to analyse inter-

annual dust deposition for the Mediterranean sea. These values reported in Table 4.5, express the 

total quantity of dry and wet annual dust deposition on the sea surface of the Mediterranean sea. 

 

YEAR CUMULATIVE [Tg] AVERAGE [Tg] 

 DRY WET DRY WET 

2002 17.56 19.3 0.08 0.08 

2003 4.93 9.19 0.02 0.03 

2004 2.85 24.26 0.01 0.07 

2005 1.89 9.18 0.01 0.03 

Table 4.5: Estimated values of  the dry deposition in Teragrams [Tg] 

Thus, considering the concentrations of Al measured in the most superficial (50 m of depth) 

seawater particulate, as expression of an equivalent temporal horizon for the Mediterranean sea 

we calculated the amount of aluminum transported and deposited by dust and rivers particulate at 

the sea. The aim of our mass balance is the basin scale and therefore, we considered the median 

values of dry and wet deposition for the available four years calculated by the model. On the 

other side, the concentrations of Al in the surface seawater layer (0-50 m) were calculated from 

each sampling site considering the first and third quartiles as the best index of variability 

associated to the single measurement.  

The Table 4.6 reports the results, in the surface layer, of the total particulate aluminum (mg) 

coming from dust deposition (median, first and third quartile). A highly variability is evident and 

definitively reflects strong differences in Al deposition patterns at basin scale.   
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Layer 0-50 m 

Al Median Al TOT 

1.1 10.70 

Al Q1 Al TOT 

0.55 5.35 

Al Q3 Al TOT 

2.4 23.34 

Table 4.6:Total particulate aluminum (mg) coming from dust deposition 

  

Assuming the above discussed robust range of variability of Si/Al ratios of 2.2-2.9, it has been 

possible to constrain silicon concentration in particulate from Al distribution in the same matrix.  

Then, based on the available literature information on range of Si dissolution in seawater, I 

approximated the contribution of dissolved silicon in seawater from atmospheric dust and rivers 

particulate input.  

In particular, few studies combined field and laboratory for accurate measurements of silicon 

solubility in seawater (Durr et al. 2011). The percentage of particulate Si that dissolves in 

seawater primarily depends on mineral composition and size of particulate. Tréguer et al. (1995) 

assume that 5–10 percent of the Si transported to the ocean surface by aeolian dust dissolves in 

the surface water; on the other side, Guerzoni et al. (1999) report 1 percent solubility for Si from 

Saharan dust samples collected in the sampling fixed station located in Sardinia. Finally, Gehlen 

et al. (2003) assume a 3% solubility of alluminosilicates in seawater in their kinetic models. 

I assumed, as the most conservative hypothesis three different scenarios from Si solubility in 

seawater in the 1-10%, covering the entire spectrum of variability available from literature data 

[Table 4.7]. 

 

 1% Si 5% Si 10% Si 

 min Max min Max min Max 

Si (Al Q1) 0,12 0,16 0,59 0,78 1,18 1,55 

Si (Al median) 0,24 0,31 1,18 1,55 2,35 3,10 

Si (Al Q3) 0,51 0,68 2,57 3,38 5,13 6,77 

Table 4.7:Conservative hypothesis of the Si solubility in seawater  

The Tab. 4.8 synthesizes the contribution of Si to the dissolved budget of the Mediterranean sea 

coming from atmospheric dust and river particulate. The range of variability takes into account 

the complete range of the different estimates and therefore can be considered a reliable 

projection of data estimate for a Si balance at basin scale. 
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Compared to the river inputs and/or the final deficit of Si calculated for the Mediterranean sea, 

the contribution from particulate of atmospheric and river origin represents a wide range of 

variability, from a trivial ~ 1 to a more significant the ~ 10% of the dissolved budget.  

 

EASTERN MEDITERRANEAN 

 

 

Si 

in/out 

min 

Si in/out 

Max 

Si in/out 

min 

Si in/out 

Max 

Si in/out 

min 

Si in/out 

Max 

Atmospheric input* (%) (1%) 0,24 (1%) 0,31 (5%) 1,18 (5%) 1,55 (10%) 2,35 (10%) 3,10 

Rivers input** 21,32 23,54 21,32 23,54 21,32 23,54 

Input (Tot) 21,56 23,85 22,5 25,09 23,67 26,64 

Inflow*** 88,98 88,98 88,98 88,98 88,98 88,98 

Outflow*** 138 138 138 138 138 138 

Transport Strait of Sicily  -49,02 -49,02 -49,02 -49,02 -49,02 -49,02 

Deficit -27,46 -25,17 -26,52 -23,93 -25,35 -22,38 

Table 4.8: Silicon Budget in the Eastern Mediterranean (10
9
 mol/a)- (*)  % of dissolve Silicon contribution from 

atmospheric and river particulates [This study]; (**) [Ludwig 2009]; (***) Silicon  concentrations and Transport 

(infow –outflow) at Strait of Sicily [Schroeder el al; 2008]                            

                            

 

Noteworthy, the range of dissolved Si contribution from atmospheric and river particulates takes 

into account an enormous amount of parameters with associated highly variable and extremely 

sensible forcing acting at different spatial and temporal scale. Atmospheric variability in 

trajectories and potential source areas, variability in river inputs, different sources areas with 

different mineral composition, represent only a very small part if potential impact on the 

contribution of dissolved Si budget to the Mediterranean sea from atmospheric dust and rivers 

particulate. Therefore, I consider the presented results only a first step for a deeper understanding 

of the potential role played by particulate in seawater as actor of a more complex and intriguing 

story of silicon in the Mediterranean sea. A number of experiments and theoretical approaches 

are needed to better constrain kinetic and dynamic parameters controlling and driving the effects 

of Si dissolved from particulate in seawater. Also, finalized combination of synoptic 

measurements from satellite and more specific data collection of particulate in seawater could 

better contribute to specifying the role of particulate in the Si budget of the basin. 

Therefore, this is only a first milestone to better understand the impact of atmosphere and river 

inputs on the mass balance of a key nutrient in seawater. Global warming and more generally 

global changes will affect atmospheric circulation and E-P budget at Mediterranean scale, thus 

directly contributing to significant variations in chemical and physical parameters which control 
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dynamics of Si dissolution of particulate in seawater. These results therefore provide a first order 

of estimates to better constrain and evaluate potential effects of climate changes on Si mass 

balance at basin scale with specific contribution from atmospheric dust and rivers particulate. 

 

4.3 - Hydrographic characteristics at the Strait of Sicily: new  

        observations for the silicon balance 

The connection between the eastern and the western basins is through the Sicily Strait, a  

topographically complex region; dynamically, the channel is a two-layer system: the upper layer 

(about 200 m thick) is occupied by the AW and flows eastward, while the deeper layer is 

composed mainly of LIW and upper EMDW, flowing from east to west. 

Hydrographic measurements in the Sicily Channel and in the southern Tyrrhenian Sea show that 

the water outflowing from the Eastern Mediterranean Basin enters the Tyrrhenian Sea directly, 

close to the Sicily coast. Two water types have been distinguished: the upper part constituted by 

the Levantine Intermediate Water LIW, and the transitional Eastern Mediterranean Deep Water 

EMDW below. 

The well-known Levantine Intermediate Water (LIW) is characterized by a relative maximum in 

temperature, and an absolute maximum in salinity (T= 13.85.  S=38.75). The second water mass 

is generally colder and denser and flows close to the bottom of the Tunisian side of the Strait. 

That is composed by waters that originate from the upper deep layer of the Ionian sea, and is 

identified as a transitional Eastern Mediterranean Deep  Water (tEMDW)  (T= 13.65,  S=38.73). 

A significant part of the Eastern Mediterranean outflow is denser than the resident Tyrrhenian 

water. Consequently, it sinks along the bottom slope after entering the basin, reaching a new 

equilibrium at very deep levels down to 1800 m. During the sinking, the dense water mixes with 

entrained ambient water, and its salinity and temperature are modified; therefore tEMDW passes 

through the Sicily Strait, below the LIW, and sinks to a depth of 1850 m in the Tyrrhenian Sea 

[Sparnocchia et al., 1999]. 

Following Pollak (1951), several authors [Sparnocchia, Gasparini, Astraldi, Borghini and Pistek 

(1999)] recognized it as a transitional water mass, produced by mixing of LIW and EMDW. 

Once it enters the Sicily Channel over the Maltese sill, this colder water sinks because it is of 

higher density than the resident waters, and from there it flows along the bottom of the Sicily 

Channel, displaying lower temperatures and salinities than the LIW [Figure 4.9] . 

The transport of transitional EMDW through the Sicily Channel is estimated to be about 0.2–0.3 

Sv [Sparnocchia  et al 1999]. 
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  (a) (b) 

Figure 4.9: Vertical distribution of the potential temperature and salinity in the Sicily Strait in January 1997 (by 

Astraldi 1999 )(a) ; diagramm relative to the intermediate and deep water in the Sicily Channel (by  Astraldi 1999 

(b)) 

The Coriolis effect induces the upper layer of the EMDW (indicated in the following as 

transitional EMDW, or tEMDW) to cross the channel mainly on the Tunisian side [Millot, 1999], 

while Astraldi et al. (2001) pointed out that the significant Bernoulli effect associated with the 

high LIW velocity further favours the tEMDW outflow to reach the western basin. The inflow of 

transitional EMDW in the Tyrrhenian sea  has  an  important role in the deep salt budget of  this 

basin. Besides the along-slope current may also have implications on the transport and dispersion 

of material in the particulate and dissolved  phases. 

Considering a contribution of tEMDW of about 0.2–0.3 Sv, as reported by Sparnocchia et al. 

(1997) to the western basin, associated to a range of dissolved Si variability of 3.85-7.43 μmol/l, 

according to the vertical profile of Lavezza [Figure 4.10], it is possible to estimate and extra 

contribution of Si of about 36 *10
9
 mol/year.  

 

This extra contribution, previously not considered in the mass balances at basin scale, provides a 

new scenario for dissolved Si in the Mediterranean sea. In particular, the eastern basin now 

shows an accumulation of silicon and is a net provider of Si for the western basin and for the 

Atlantic ocean. 

The silicon budget obtained for the eastern Mediterranean basin, allows us to formulate a new 

hypothesis concerning dynamic behavior of silicon. The deficit of silicon could be linked to the 

slow dissolution of the silicon and to a release from the reservoir through the deep waters [Table 

4.11]. 
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SILICATES μmol/L 

 

Figure 4.10:Vertical profile (by Lavezza 2010). 

 

 

 

 

                   EASTERN MEDITERRANEAN 

 

 

Si 

in/out 

min 

Si in/out 

Max 

Si in/out 

min 

Si in/out 

Max 

Si in/out 

min 

Si in/out 

Max 

Atmospheric input* (%) (1%) 0,24 (1%) 0,31 (5%) 1,18 (5%) 1,55 (10%) 2,35 (10%) 3,10 

Rivers input** 21,32 23,54 21,32 23,54 21,32 23,54 

Input (Tot) 21,56 23,85 22,5 25,09 23,67 26,64 

Inflow*** 88,98 88,98 88,98 88,98 88,98 88,98 

Outflow*** 102 102 102 102 102 102 

Transport Strait of Sicily -13,02 -13,02 -13,02 -13,02 -13,02 -13,02 

Deficit 8,54 10,83 9,48 12,07 10,6 13,62 

Table 4.11: Silicon Budget in the Eastern Mediterranean (10
9
 mol/a)- (*)  % of dissolve Silicon contribution from 

atmospheric and river particulates [This study]; (**) [Ludwig 2009]; (***) Silicon  concentrations and Transport 

(infow –outflow) at Strait of Sicily [Schroeder el al; 2008] [Sparnocchia el al 1999] 
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4.4- Particulate chemistry and source areas  
 

Analysis of trace elements chemistry in the seawater particulate provides a good chance to 

discriminate natural and anthropogenic sources influencing different areas of the Mediterranean 

basin. Contribution to the seawater chemistry from particulate is clearly evidenced by the 

relatively high concentration of many trace elements (Cd, Mo, Pb, etc.) recorded in the 

Mediterranean sea once compared to the open ocean [Heidenburger, 2011]. However, many 

problems limit our ability to extrapolate from particulate chemistry potential effects on the 

elements distribution in the dissolved phase: kinetics parameters, thermodynamics at the 

surface/seawater interface, effects of chemical interactions with particulate in dry or wet 

deposition, etc. Also, the ensemble of these limiting factors permits only a semi-quantitative 

investigation of the particulate chemistry as proxy of sources areas.  

In this chapter, I will explore the distribution patterns of trace elements in seawater particulate 

here analysed and compiled with data reported from the five oceanographic cruises 

SESAME_2008, TRASMED_2007, MEDSUDMED_2008, and BONIFACIO_2010. 

Main aim of this research activity is the possibility to discriminate basin areas affected by input 

of particulate from specific land regions. Accordingly, a careful examination of distribution 

maps of chemical in particulate will be provided along with calculation of enrichment factors 

with respect to i) average shale contents in upper crust continental reported Taylor and Mc 

Lennan (1995) ii) other crustal compositions (Sahara desert, soils from NW Europe, etc.). 

Interpolation of spatial maps, although possibly affected by errors due to the limited number of 

studied sampling stations, offers a rudimentary vision of the macroscopic patterns which 

characterise distribution pattern and features of particulate chemistry in seawater and at the basin 

scale. 

The maps of trace elements concentration in particulate, based on the available 25 sampling 

stations, were produced for Al, Fe, Cu, Zn, Ni, Pb, Cd, and Ag for the first 100 m of the water 

column. 

 

 

The distribution of [Al]p reported in [Figure 4.12 (a)], clearly evidence an asymmetric surface 

pattern between eastern and western basin with the higher values measured in the east part. In 

particular, the SE area appear characterized by the highest Al particulate concentration that 

testify a crucial impact of the Saharan dust on the distribution modes of this element in the 

Mediterranean seawater.  
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 [Al]p (mg/g) [0-100m] 

(a) 

 

The major source of iron to the open ocean is generally related to the atmospheric inputs. The 

mean concentrations of iron in the airflows from the north Africa sector [Chen et al., 2008] are 

significantly higher than the other sectors. Evidence of the impact of atmosphere inputs of 

particulate in the Mediterranean sea, were clearly reported by Dulac et al. (1996) with evident 

maxima recorded in the surface waters of the Ligurian sea after a number of major storms of 

Sahara dust. Distribution of [Fe]p here reported show evident enrichments in the surface waters 

of the Sicily and Libya coast [Figure 4.12 (b)] definitively confirming a crucial impact of the 

African desert as primary provider of iron to the Mediterranean seawaters. 

 

 [Fe]p (mg/g) [0-100m] 

(b) 
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The concentrations of Cup [Figure 4.12 (c)] show higher values near the Libya coast suggesting a 

dominant mineral dust probably to correlate with inputs from the Libya coast which are 

considered the most important source of anthropic Cu to  the Mediterranean seawater [Pirrone et 

al., 1999].  

 

 [Cu]p (mg/g) [0-100m] 

(c) 

 

The concentrations of Znp appear higher in the Tyrrhenian basin and in the Liguria sea; this 

primarily suggests a dominant anthropogenic influence on the distribution modes of this element 

at basin scale. Actually, the Ligurian Sea is subject to important emission from the large 

urbanised area between Toulon and Genoa. Zinc is generally associated to emission of waste 

incinerations [Huang et al 2001] particularly by effects of incineration of waste residual muds 

[Figure 4.12 (d)].  
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 [Zn]p (mg/g) [0-100m]  

(d) 

 

The most enriched surface areas of Nickel particulate are in the Tyrrhenian sea and in the North 

Western Mediterranean. Once again, it is reasonable to suppose a significant anthropogenic 

inputs for this element in two key areas of the basin where important industrialized impact 

occurs (Barnaba and Gobbi) [Figure 4.12 (e)]. 

 [Ni]p (mg/g) [0-100m] 

(e) 

 

Distribution maps of Pbp shows relative high values in three main areas of the Mediterranean 

sea, the Alboran sea, the Gulf of Lyon and the SE area of the basin. Inputs of Pbp can be 

associated to a different typologies of industrial activities. Thus, the SE area of the 

Mediterranean, could be mostly influenced by activities industrial of Arabian Peninsula, 

according to Chen et al. (2008) whot show airflows significantly enriched of Pb in the local and 
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Arabian peninsula. The particulate of Pb in the Gulf of Genoa and in the Alboran sea could be 

reasonably associated with the possible inputs from Rhone river and Saguaro river [Figure 4.12 

(f)]. 

[Pb]p (mg/g) [0-100m] 

(f) 

 

The marine biogeochemistry of silver is not well known, yet.  High [Agp] occur in the area of 

the gulf of Genoa where shipyard activities mainly with important industrial activities (in 

particular associated to galvanic processes) could deliver important amount of Ag at sea. 

Ag particulate (mg/g) [0-100m] 

(h) 

 

Figure 4.12 : Surface distribution of Al (a), Fe (b),Cu (c) Zn (d) Ni (e) Pb (f) Cd (g) Ag (h) in seawater particulate  

(mg/g)  

 



PhD Thesis of Barbara Capuozzo 

67 

4.5- Enrichment factors 

 

Elements concentrations (TM) were normalized to Al in order to standardize metal contents to 

changes in mineralogical composition and grain-size [Loring,1990, Salomons and Forstner, 

1984]. Actually, Al is usually selected as the crustal reference element for normalization, being a 

major crustal component and minimally affected by diagenesis [Brumsack, 1986]. Subsequently, 

the obtained TM/Al values were compared to the average shales composition and Sahara dust 

composition. Thus, if EFTM is greater than 1, the trace metal (TM) is enriched in the samples 

relatively to the reference values; accordingly, if the EFTM is less than 1, the element is 

depleted. I calculated the Enrichment factors following the equation: 

  

                                                             (El/Al) Particulate 

                                                EF =   

                                                            (El/Al) reference background 

 

where (El/Al) Part is the concentration ratio of the single trace elements to Al in the particulate 

phase of collected seawater samples and (El/Al)reference background is the estimated average element 

to Al ratio estimated for the upper continental crust (Taylor and Mc Lennan1995) and selected  

Saharan source dusts (Tomadin et al. 1984; Eltajeb et al. 2001) [Table 4.13 ]. 

 

 

 

 

 

 

 

 

 

 

 

Table 4.13: Element to Al ratios in the Upper Crust and Sahara Dust (Taylor & McLennan1985; Tomadin 1984; 

Eltajeb 2001) 

 

Calculated box whiskers plots allow to simultaneously synthesize variations of EF values 

estimated against the chemistry of the two source areas for the particulate sampled in seawater.  

 

Upper crust 

Taylor&McLennan 

1985 

Cu/Al 3,1 

Fe/Al 0,44 

Zn/Al 8,8 

Ni/Al 2,5 

Cd/Al 0,012 

Pb/Al 2,5 

Ag/Al 6,21 

Sahara Dust 

Tomadin et al  

1984 

Cu/Al 18 

Fe/Al 0,55 

Zn/Al - 

Ni/Al 30 

Cd/Al - 

Pb/Al - 

Ag/Al - 

Sahara Sand 

Eltajeb et al  2001 

Cu/Al 3,4 

Fe/Al 0,79 

Zn/Al 26 

Ni/Al - 

Cd/Al - 

Pb/Al 3,4 

Ag/Al - 
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The Figures 4.14 show the calculated EF values for the different elements. Specifically, EFs 

calculated for Fe show a clear imprint of Saharan dust on the distribution patterns of this element 

in most of the studied area of the Mediterranean sea.  

 

EF Crust/Sahara of Fe  

 

Figure 4.14: Box plots of EF Fe Crust and EF Fe Sahara in the basins of the Mediterranean sea. 

EFs calculated for Cu, Ni, Zn and Pb [Figures 4.15-4.16-4.17-4.18] show very low values that reflect 

a significant effect of dissolution of the different trace elements in seawater with respect to the 

more conservative Al. This definitively erase a primary signature of the trace elements in the 

particulate and make difficult to explore potential source areas for the particulate on the basis of 

this metals.  

 EF Crust/Sahara of Cu 

 

 

Figure 4.15: Box plots of EF Cu Crust and EF Cu Sahara in the basins of the Mediterranean sea. 
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EF Crust/Sahara of Zn  

 

Figure 4.16: Box plots of EF Zn Crust and EF Zn Sahara in the basins of the Mediterranean sea. 

EF Crust/Sahara of Ni  

 

Figure 4.17: Box plots of EF Ni Crust and EF Ni Sahara in the basins of the Mediterranean sea. 

 

EF Crust/Sahara of Pb 

 

Figure 4.18: Box plots of EF Pb Crust and EF Pb Sahara in the basins of the Mediterranean sea. 
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Chapter 5 

CONCLUSIONS 
 

 

 

This research work provided an unprecedented compiled dataset of particulate chemistry in 

seawater of the Mediterranean sea. A number of exploratory strategies were used to investigate 

the potential role played from this specific component in seawater in terms of silicon budget to 

basin scale. Actually very few information report direct measurements of potential impact of 

silicon dissolved from particulate as potential sources of this element in seawater. Also, a deep 

exploration of the potential sources of particulate collected in seawater has been carried out by 

means analysis of spatial maps, enrichment factors calculated with respect to different reference 

backgrounds.  

The most important results achieved by this research job can be summarized in the following 

points: 

 

 The role of particulate in releasing dissolved silicon in seawater appears extremely 

limited with a range of variability estimated in a range of 1-10% of the entire budget. 

This estimates shows crucial uncertainties related to a very reduced information about 

kinetics of dissolution of different minerals (present in the particulate) in seawater, 

trajectories and fluxes of atmospheric dust on the basin. However, this research presents a 

first order information and dataset useful for future scientific programs focused to better 

constrain the role of atmospheric dust at Mediterranean scale, in an area strongly affected 

by inputs from the near Saharan desert. 

 

 Incorporation of dissolved Si from deep water masses, specifically the transitional 

Eastern Mediterranean Deep Water, previously not considered in the available basin scale 

mass balance, appears of key importance. Particularly, Si transport at yearly scale of the 

extra 0.2-0.3Sv of tEMDW to the western basin definitively re-equilibrate the budget of 

Si at basin scale and evidence the importance of the large inventory of Si present in the 
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deep and bottom waters of the eastern Mediterranean sea to balance fluxes and mass of 

this element at basin scale.  

 Exploration of trace elements chemistry of particulate collected clearly highlighted the 

role played by the Saharan on dust transport and deposition in most of the basin. Also, 

influxes of atmospheric inputs from highly anthropised areas of the western basin are 

clearly reflected in signatures of Zn , Cd, Pb and Ag measured in particulate collected in 

the Mediterranean seawater.   
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APPENDIX I 

Chemical analysis of Nutrients_ Bonifacio Cruise 

N.St Depth 

(m) 

Silicates 

(µm/l) 

433 105 1,71 

433 75 1,035 

433 50 0,894 

433 25 0,734 

433 0 0,695 

432 0 0,758 

432 25 0,779 

432 50 1,076 

432 75 1,38 

432 100 1,962 

432 160 2,889 

212 190 3,11 

212 100 1,631 

212 75 1,143 

212 50 1,008 

212 25 0,746 

212 0 1,478 

218 0 0,688 

218 65 0,903 

218 100 2,9 

218 228 4,219 

436 400 5,266 

436 110 0,947 

436 75 0,776 

436 50 0,695 

436 18 0,661 

436 0 0,64 

215 0 0,672 

215 28 0,68 

215 50 0,677 

215 73 0,707 

215 100 1,544 

215 300 4,214 

215 750 5,947 

215 1199 6,612 

Vector 3250 7,759 



 

 
 
 

 

Vector 2500 7,711 

Vector 2000 7,384 

Vector 1000 6,38 

Vector 500 5,05 

Vector 200 3,376 

Vector 100 1,429 

Vector 68 0,849 

Vector 50 0,754 

Vector 25 0,755 

Vector 0 0,731 

51 0 1,488 

51 25 0,768 

51 45 0,791 

51 75 1,347 

51 100 1,763 

51 200 3,574 

51 500 5,146 

51 1000 7,441 

51 2000 7,277 

51 2500 7,593 

51 3250 7,715 

51 3498 7,662 

 

 

 

 

 
 
 
 

 

 

 



 

 
 
 

 

APPENDIX II 

Chemical analysis of Nutrients_ Aeolian Cruise 

 

N.St 
Depth 

(m) 

Silicates 

(µm/l) 

Capo Granitola 5 0,46 

Capo Granitola 15 0,558 

Capo Granitola 30 0,26 

Capo Granitola 45 0,345 

 Capo Granitola 70 0,455 

Capo Granitola 110 0,369 

Capo Granitola 200 2,959 

Capo Granitola 250 2,577 

Capo Granitola 350 4,974 

Capo Granitola 600 4,875 

Capo Granitola 800 3,875 

Capo Granitola 1240 5,4 

Palinuro 1 1760 7,565 

Palinuro 1 1200 3,891 

Palinuro 1 800 5,585 

Palinuro 1 560 4,421 

Palinuro 1 365 4,391 

Palinuro 1 200 2,871 

Palinuro 1 120 1,292 

Palinuro 1 75 0,969 

Palinuro 1 45 0,685 

Palinuro 1 30 0,592 

Palinuro 1 15 0,619 

Palinuro 2 20 0,506 

Palinuro 2 60 0,97 

Palinuro 2 85 1,701 

Palinuro 2 150 2,813 

Palinuro 2 300 4,15 

Palinuro 2 770 5,567 

Palinuro 2 920 6,055 

Palinuro 2 1185 6,4 

Palinuro 2 1500 6,962 

Palinuro 2 2300 7,398 

Palinuro 2 2793 7,546 

Marsili  2760 7,644 



 

 
 
 

 

Marsili  1900 7,35 

Marsili  1430 6,914 

Marsili  1100 6,364 

Marsili  890 5,89 

Marsili  750 5,593 

Marsili  500 4,844 

Marsili  300 3,507 

Marsili  100 1,268 

Marsili  85 0,928 

Marsili 1 30 0,547 

Marsili 1 15 0,401 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 
 

 

APPENDIX III 

Chemical analysis of Trace Metals_ Bonifacio Cruise 

 

Station Depth Al Cu Fe Zn   V 
51 0 1,15 0,58 3,11 1,36 3,54 
51 25 0,35 0,11 1,06 0,39 1,35 
51 45 

 
0,09 1,10 0,98 1,89 

51 75 
 

0,02 0,62 0,34 1,15 
51 100 

 
0,10 2,24 0,50 3,06 

51 200 
 

0,06 0,24 0,20 0,85 
51 500 0,55 0,11 1,25 1,69 1,99 
51 1000 

 
0,30 2,31 0,44 1,00 

51 2000 
 

0,27 1,02 0,42 0,85 
51 2500 

 
0,21 0,63 0,78 0,86 

51 3250 
 

0,30 0,39 0,23 0,80 
51 3498 0,15 0,27 

 
0,97 1,02 

Vector 0 6,54 0,39 2,80 3,20 6,38 
Vector 25 1,75 0,26 

  
6,18 

Vector 50 1,15 0,31 4,53 5,91 3,47 
Vector 68 1,21 0,34 

 
4,26 2,39 

Vector 100 1,42 0,08 2,29 3,32 2,34 
Vector 200 1,15 0,13 2,99  2,13 
Vector 500 1,65 0,18 2,65  3,07 
Vector 1000 4,09 0,59 3,94 4,68 2,22 
Vector 2000 4,84 0,82 45,25 29,04 6,24 
Vector 2500 0,47 0,09 0,55 0,55 0,80 
Vector 3250 2,52 0,15 1,21 1,41 1,33 

432 0 0,62 0,09 1,82 0,36 1,47 
432 25 0,90 0,18 1,64 0,60 2,28 
432 50 8,20 0,17 5,37 1,18 1,50 
432 75 12,29 0,25 8,05 0,94 2,47 
432 100 16,19 0,10 9,51 1,22 1,92 
432 160 15,82 0,13 10,72 0,83 2,30 
436 0 1,75 0,36 1,97 1,56 1,06 
436 18 2,11 0,40 2,25 0,97 30,67 
436 50 

 
0,23 1,02 0,62 1,08 

436 75 0,08 0,21 0,92 0,41 0,59 
436 110 4,40 0,14 1,93 0,57 1,08 



 

 
 
 

 

436 400 5,25 
 

5,12 0,93 1,78 
215 0 1,79 0,20 0,51 0,35 1,07 
215 28 0,02 0,05 0,49 0,38 0,55 
215 50 

 
0,10 1,01 0,47 1,88 

215 73 0,73 0,52 2,68 1,06 4,65 
215 100 

 
0,16 0,73 0,49 1,13 

215 300 3,02 0,17 2,82 0,51 2,01 
215 750 2,62 0,25 2,61 0,67 2,24 
215 1199 1,48 0,10 1,30 0,29 1,39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 
 

 

APPENDIX IV 

Silicon and Aluminum concentrations in the suspended 

particulate matter of the Rhone river  

[Ollivier 2011] 

 

DATE Si Al 

28/11/2000 5,76 
 

12/12/2000 8,76 1,93 

04/01/2001 7,97 
 

18/01/2001 6,75 2,4 

07/02/2001 7,2 2,38 

01/03/2001 6,35 
 

02/03/2001 (ore 11:00) 6,8 
 

02/03/2001 (ore 15:00) 6,59 
 

03/03/2001 6,42 
 

05/03/2001 5,88 
 

06/03/2001 6,92 1,85 

09/03/2001(ore 11:40) 6,02 1,66 

09/03/2001(ore 15:30) 5,42 1,79 

12/03/2001 6,27 2,11 

14/03/2001 6,47 
 

16/03/2001 6,45 2,02 

20/03/2001 6,37 1,99 

22/03/2001(ore 10:00) 7,29 2,11 

22/03/2001(ore 15:00) 6,87 2,12 

26/03/2001 6,99 2,37 

29/03/2001 7,38 2,37 

02/04/2001 7,1 2,19 

03/04/2001 5046 2,32 

20/04/2001 6,61 2,35 

16/05/2001 6,09 2,13 

10/07/2001 7,08 3,55 

13/09/2001 7,77 3,39 

05/10/2001 4,1 2,77 

06/12/2001 7,44 3,06 

07/01/2002 
 

3,13 

30/01/2002 7,19 2,4 

18/02/2002 
 

2,62 

02/03/2002 7,99 2,5 

28/03/2002 
 

2,57 

25/04/2002 
 

1,97 

07/05/2002 
 

2,18 

08/05/2002 
 

2,24 

22/05/2002 
 

2,46 



 

 
 
 

 

  
06/06/2002 6,53 2,64 

16/08/2002 7,78 3,06 

09/09/2002 
 

2,49 

10/09/2002 (ore 07:00) 7,42 2,47 

10/09/2002 (ore 12:00) 7,07 2,36 

10/09/2002 (ore 16:30) 6,45 2,21 

11/09/2002 7,05 2,23 

13/09/2002 6,9 2,55 

27/09/2002 
 

2,99 

09/10/2002 
 

5,24 

08/11/2002 
 

2,2 

17/11/2002 6,2 
 

18/11/2002 (ore 11:00) 6,54 2,09 

18/11/2002 (ore 17:00) 6,75 
 

19/11/2002 (ore 10:00) 6,76 1,99 

19/11/2002 (ore 16:00) 6,04 1,97 

20/11/2002 (ore 9:00) 6,52 1,96 

21/11/2002 7,04 1,94 

22/11/2002 
 

1,93 

25/11/2002 
 

1,95 

26/11/2002 
 

1,97 

27/11/2002 
 

1,81 

28/11/2002 
 

1,81 

29/11/2002 
 

1,82 

02/12/2002 
 

1,88 

01/04/2003 
  

23/05/2003 
 

1,65 

17/06/2003 
 

3,07 

01/12/2003 
 

2,14 

02/12/2003 (ore 9:00) 
 

2,11 

02/12/2003 (ore 12:35) 
 

1,83 

03/12/2003 (ore 10:30) 
 

1,89 

03/12/2003 (ore 17:30) 
 

1,87 

04/12/2003 (ore 12:15) 
 

2,07 

04/12/2003 (ore 19:45) 
 

2,02 

05/12/2003 
 

1,84 

06/12/2003 
 

1,91 

 

 

AVERAGE 

 

 

6,73 

 

 

2,3 



 

 
 
 

 

 


