
1. Introduction
There is a growing consensus among the scientific 
community that  air pollution negatively affects people’s 
health , and more specifically,  the presence of particulate 
matter (PM) in the atmosphere. Studies conducted in 
Europe and the U.S.A have found associations between 

variations in daily mortality and air-pollution levels in 
day prior (immediate mortality) [1-4]. In addition to the 
effect of mortality, studies have pointed out that  outdoor 
air pollution can lead to greater morbidity, lower life 
expectancy and greater disease severity [5,6].

Atmospheric PM is amongst the most pernicious 
atmospheric pollutants. The corrosivity and toxicity of 
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Scientists are interested in knowing more about the control of sources which contribute to environmental pollution. Air pollution has two 
main sources: anthropogenic and natural sources. The natural contributions to  environmental pollution can be assessed, but cannot 
be totally controlled. while the emissions from the anthropogenic sources can be controlled. These air pollutants can be dispersed and 
transferred by winds in the atmosphere. The focus area of this study is the Mediterranean basin.  The most important winds in this area 
are the land and sea breezes. Scanning Electron Microscopy (SEM) was applied to characterize the morphology of the PM10 samples in 
order to identify possible emission sources for the occuring pollution. Energy Dispersive X-ray Spectroscopy (EDS) was performed for 
the elemental analysis and chemical characterization of the PM10 samples. The analysis showed that the PM10 samples can be divided 
into three different groups: the samples containing mineral phases, the compounds from combustion processes and the particles emitted 
from high-temperature processes. 
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PM mainly depends on the chemical composition and 
the particle size [7-10]. These multicomponent aerosols 
can be formed by a large number of anthropogenic and 
natural species. Natural particles include for example 
background sea salt, mineral dust and biological particles 
(spores-viruses) as well as transient loading from 
specific pollution events, such as volcanic emissions 
and forest fires. However, a majority of aerosol particles 
in urban and industrial areas are a result of man-
made activities, especially from vehicle exhaust and 
non-exhaust emissions, hydrocarbon combustion for 
heat and electricity quarrying, solid waste incineration, 
biomass burning and various industrial processes, such 
as iron and steel milling and metals melting [11,12].  

PM10 (mass concentration of particles under 10 µm) 
may present a diverse physical (size, surface area, 
density) and chemical pattern in different geographical 
areas  because of its large number of natural and 
anthropogenic sources [13-15]. Spatial variations of the 
levels of PM10 particles and compositions in Europe 
are governed by regional variations of the following 
parameters: natural and anthropogenic particulate 
emissions, ambient conditions, regional atmospheric 
dynamics controlling transport and dispersion of 
pollutants. Many of these factors affect South and 
Central Northern Europe in different ways. Thus, Central-
Northern Europe, mostly characterized by a flat terrain, is 
mainly affected by the westerly winds that are frequently 
associated with the eastward movement of depressions 
generated over the Atlantic Ocean. In contrast, the 
Western-Central Mediterranean area, surrounded by 
moderate to high coastal ranges, frequently undergoes 
weak baric gradient conditions. Under this scenario, the 
intense heating of semiarid terrains promotes the breeze 
circulation and the development of mesoscale processes 
favoring the aging of pollutants by restraining the air-
mass renovation [16-19]. Maximum values for a PM10 
concentration admissible for most of the characteristics 
of atmospheric pollutants have been established in the 
majority of global industrialized countries . These values 
have taken into account both theoretical and practical 
studies [20]. 

It is of importance to characterize  the origin of 
PM10 and to identify the types of different compounds 
contained in the provided sample. X-ray diffraction and 
fluorescence can identify the compounds of the various 
minerals, vitreous phases and combustion compounds. 
The main disadvantage of these techniques  is the size 
of the sample. The techniques cannot be applied to very 
small samples. However, when the Scanning Electron 
Microscopy (SEM) is used as the characterization 
technique, it is applicable to small samples  and  individual 
particles cane be analyzed. SEM/EDAX analysis has 

been used extensively in many intermetallic compounds 
[21-24] for the detection of the micro chemistry of heavy 
metals and other chemicals [25].

This work characterizes the mineralogical composition 
of atmospheric PM10 in Marseille, an important port of 
the Mediterranean Sea with industrial facilities  located 
near the city. The particles were captured by using a 
high volume sampler (HVS) and using quartz fiber filters 
that permit the collection of sufficient daily quantities of 
samples for SEM characterization. The samples were 
obtained from an intercomparison study conducted as 
part of the APICE (Common Mediterranean strategy 
and local practical Actions for the mitigation of Port, 
Industries and Cities Emissions) project (http://www.
apice-project.eu/).     

2. Experimental procedure

2.1. The study area
Fig. 1 illustrates the location map of the study area. This 
area is located on the coast in the southeastern part of 
France. This industrial area is located in the eastern part 
of the province of Provence-Alpes-Côte d’Azur (France) 
in a Mediterranean coastal basin. The study was 
conducted during winter 2011 (25 January to 2 March) 
at an urban background site located in the downtown 
park «Cinq Avenue» in Marseille, France.

The locale of the study has a predominantly 
Mediterranean,  subtropical climate which is 
characterized by wet and mild winters and  dry, warm 
to hot summers. The temperature variation for the 
winter months range from  4 to 12o C.  Rainfall is 
abundant during  spring and fall whcihcoincides with 
the dominance of the westerly winds. Further, high 
particulate air mass intrusion from the Sahara desert 
is quite frequent in this area, although dominant during 
the summer months [26]. Two types of atmospheric 
circulation patterns prevail in the region: “Mistral” and 
sea breeze conditions. The “Mistral” is a strong wind 
flowing from the north or northwest which eventually 
turns in an easterly direction as it propagates towards 
the south due to the diference in sea – land temperatures 
[27]. A local breeze pattern is also present in this area 
due to the proximity to the sea. These periodic land-
sea winds that govern the microclimate in the current 
study area is associated with the greatest frequency 
and with high PM10 concentrations probably due to the 
urbanized coastal area and the long range transport 
of particles [27]. The origin of the PM10 particles is a 
result of both natural and anthropogenic factors. The 
natural factors are due to the re-suspension of mineral 
materials from the surrounding mountains which do 
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not exceed the altitude of 1000 m, and the transport 
of materials from South Africa. These contributions 
from natural sources can be assessed but, not  totally 
controlled. The anthropogenic sources of pollution can 
be caused by automobile traffic phenomena (mobile 
sources) and from  industrial activity (fixed sources). 
Marseille  neighbors the large petrochemical and 
industrial area of “Fos-Berre,” located 40 km northwest 
of the metropolitan area (Fig. 1). The main industries 
include petroleum refining, shipbuilding, steel facilities 
and coke production. An additional industrial area, with 
various industrial activities, is located on Marseille’s 
western side (Huveaune Valley). Together, these two 
sectors  contribute to environmental pollution in the 
study area [28]. Finally, relevant sources of secondary 
PM in the study area include precursor emissions of the 
volatile organic compounds (VOC’s) NOx and SO2 from 
power generation, petrochemical processes, biomass 
combustion and oxidation of biogenic emissions [29,30]. 
In conclusion,  the intense emissions and  location make  
this region the most polluted area in the country where 
particulate matter is concerned, and is illustrated in half 
of its days being on the unhealthy quality index scale 
[27].

2.2. Sample collection
The sampling period was conducted from January 25, 
2011 through March 2, 2011. All  samples were collected  

using a MCV CAV-A HVS, an instrument  equivalent to 
the one referenced in the European Standard UNE-EN 
12341 for PM10 sampling. Quartz-fiber filters (Pallflex) 
with 150 mm diameter were used to collect the airborne 
particles. Fig. 2 illustrates the HVS and its main operating 
characteristics. Before  and after the sample collection 
process, the filters were kept under controlled conditions 
with a temperature of 20± 20C and a humidity of 50±
5% for 48 h before weighting.

2.3. SEM analysis
The suspended particles were analyzed using the 
Scanning Electron Microscopy (SEM) technique with 
a scanning electron microscope type JEOL JMS-840A 
equipped with an energy dispersive X-ray (EDS) Oxford 
ISIS 300 micro-analytical system. Approximately 1 cm2 

of the quartz fiber filter was cut-off and mounted onto 
an aluminum SEM stub using a conducting carbon tab 
and then coated with at least 30 nm Au/Pd to ensure 
sufficient electrical conductivity and to obtain a higher 
secondary electron image.

3. Results and discussion

3.1. Wind regime in the study area
The sampling area is located near the coast, so 
the periodic land and sea breezes were the most 

Figure 1. Location map of the study area. The industrial areas surrounding  Marseille  are also presented. 
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dominant air flows. The speed and direction of these 
two wind components may have varied during the day 
depending on the topography.  The Mediterranean 
basin is characterized by low wind speed. A study of the 
breeze regime in the sampling area showed monthly 
differences in the time schedule that each one of these 
two wind components was active due to the different 
amount of solar radiation, temperature diurnal variation, 
and complex terrain, all factors that influence the regime 
of the breezes [31,32].

3.2. SEM analysis of the PM10
3.2.1. Particle identification
This study identified three main groups of PM10 
samples. The first group consisted of particles with 
mineral phases, the second group from compounds 
originating from combustion processes, and the third 
group of spherical particles were from high-temperature 
process emissions. The origin of these samples was 
discussed in detail in section 2.1. The SEM analysis was 
accompanied by EDS which is responsible for the micro-
analysis of the particles, and the types of particles.

3.2.2. SEM analysis
The sample was held  using quartz-fiber filters (SiO2), 
and  the SEM images and EDS analysis  expected to 
show  peaks corresponding to Si and O. 

3.3. Samples with mineral phases
The mineral particles emitted for this study  originated 
from both natural and anthropogenic factors. Due to the 
location of the study area,  high levels of  mineral particles 
existed that were caused by some natural emissions 
such as:  wind transport and the erosion of  particles, 
long-distance transport, mainly from Saharian dust, sea 
salt and crustal dust, and particle accumulation and 
re-suspension phenomena [27,33]. The most common 
compounds found in the study area were calcite (CaCO3) 
as shown in Fig. 3, dolomite (CaMg(CO3)2) as presented 
in Fig. 4 and siderite (FeCO3) (Fig. 5). Finally, illite/mica 
and Na-Ca plagioscale were also common in the study 
area.

3.4. Compounds from combustion processes
The second group of identified PM10 samples  was 
composed of particles with high carbon content and  
two different morphologies. The first type of morphology   
was sphere-like particles as shown in Fig. 6.

The second type refers to soot-dendritic aggregates 
as shown in Fig. 7.

The origin of such particles is associated with the 
incomplete combustion of  fossil fuels [11]. Normally, 
these geometries are found in the study of combustion 
particles [34,35]. Fig. 8 presents the identification of 
both types of particles.

Figure 2. The main operating characteristics of the HVS captor used in the current study.
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Figure 3. SEM micrograph and EDS spectrum of the mineral phase, corresponding to Calcite (CaCO3).

Figure 4. SEM micrograph and EDS spectrum of the mineral phase, corresponding to Dolomite (CaMg(CO3)2).
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Figure 5. SEM micrograph and EDS spectrum of the mineral phase, corresponding to Siderite (FeCO3).

Figure 6. SEM micrograph and EDS spectrum of sphere-like particles.
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The difference in content and distribution between 
sphere-like (compact) particles and the dendritic soot 
aggregates is due to the presence of some other factors 
such as  the proximity to  traffic routes [36],  the velocity 
of the vehicles (because the greater the velocity, 
the better probability of the presence of nucleation 
phenomena which can increase the probability for the 
formation of dendritic structures). The soot aggregates 
then have small size and low density and can travel 
great distances in the air [11,37].

Further, in addition to the two types of particles 
described above,  spongiform spherical particles were 
also evaluated as shown in Fig. 9. 

The origin of such particles stem from the combustion 
of fuel oil. These particles were found in the emissions 
from petroleum refining plants in petrochemical 
combustion plants and from the emission of steam 
boilers that use oil as fuel [38]. Such particles are usually 
supported on carbon structures with significant traces of 
sulphur (S) as presented in Fig. 9.

Figure 7. SEM micrograph and EDS spectrum of soot-dendritic particles.

Figure 8. SEM micrograph of the co-existence of both sphere-like (green cycle) and soot-dendritic (red cycle) particles.
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Figure 9. SEM micrograph and EDS spectrum of spongiform  spherical particles.

Figure 10. SEM micrograph and EDS spectrum of high-temperature emitted spherical particles.
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3.5. High-temperature      emitted      spherical 
       particles
Fig. 10 shows a spherical particle with perfect spherical 
morphology, where the shape can be explained based 
on the crystalline genesis process.

The spheres found in the study area may have 
originated from the atomization of clay or from some 
other processes in which the current compound was used 
as atomized feedstock. Further, some of these spheres 
may have come from the emissions of industries that 
use frit melting processes. Due to the strong transfer 
of the gases and the high temperatures reached in the 
interior of the frits fusion, a small proportion of the fused 
material was dragged as extra fine aerosols from the 
interior to the atmosphere.

4. Conclusions
This work studied the influence of difference emission 
sources of PM10 in an industrial area situated in the 
Mediterranean basin. The work  was performed  using a 
SEM as the characterization technique of the samples, 
collected by a high volume captor. EDS analysis was 

also performed  to identify the stoichiometry of the 
samples and to  understand and identify the main 
emission sources in the study area.

The particles identified in the PM10 samples have 
been grouped in three main categories: mineral phases, 
compounds from combustion processes and spherical 
particles from high-temperature processes. The mineral 
phases and the compounds from combustion processes 
seem to be the most abundant as extracted from the 
SEM and EDS analysis. This phenomenon indicates 
that the main contributions to particulate matter were 
from the raw material processing industry and traffic for 
the study area.
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