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Abstract: The results of air pollution assessment during a 2017 cruise of the research ship “Minerva
Uno” in the Tyrrhenian Sea are reported. Volatile Organic Compounds (VOCs), Oxygenated Volatile
Organic Compounds (OVOCs), and pollutants such as nitrogen oxides, ozone, and sulphur dioxide
were monitored throughout the cruise. The shallow waters at ten sites of the investigated area
were also analyzed. Organic compounds such as n-alkanes showed a bimodal distribution with a
maximum at C5–C6 and C10–C11 at sites the most affected by anthropic impact, whereas remote
sites showed a unimodal distribution with maximum at C10–C11. The most abundant atmospheric
OVOC was acetone (3.66 µg/m3), accounting for 38%; formaldehyde (1.23 µg/m3) and acetaldehyde
(0.99 µg/m3) made up about 22–29% of the total. The influence of some natural sources as volcanoes,
in the southern part of the Tyrrhenian Sea near the Aeolian arc was studied. This source did not
induce any noticeable effect on the total amount of hydrocarbons nor on the levels of trace gases
such as CFCs, whereas the trends of sulphur dioxide seemed to confirm a possible contribution. The
impact of underwater emissions was observed near the Panarea and Vulcano islands, where lower
pHs, high levels of Fe and Mn, and diagnostic of vent activity, were measured.

Keywords: Volatile Organic Compounds (VOCs); chlorofluorocarbons (CFCs); marine boundary
layer (MBL); seawater composition

1. Introduction

Many anthropic and natural contributions, which presently have not been fully un-
folded, constitute the blend of possible sources affecting the air quality in the Mediter-
ranean Basin, due to local emissions and to long-range transport of pollution from other
continents [1]. The anthropogenic pressure of the densely populated coasts bordering
this enclosed sea, with large urban agglomeration [2], and different anthropic activities
(e.g., industrial, manufacturing, energy production) and maritime transport facilities, is
certainly the driving factor in determining the overall air quality of the area. As much
as 20% of seaborne trade, 10% of world container traffic and over 200 million passengers
pass through the Mediterranean basin every year (https://www.medqsr.org/maritime-
transport accessed on 2 September 2021).

Emissions coming from several natural sources, such as vegetation, wildfires, and
volcanic activity, should also be accounted for, and especially the last source since it
can significantly impact the southeastern part of the Tyrrhenian Sea. In addition, the
effect of these sources can be further intensified by peculiar climatic conditions favoring
photochemical pollution, particularly in hot periods when the precipitation is scarce and
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the ventilation, mainly due to mild breezes, is poor [3]. All these factors make this area a
climate change “hot spot” [4].

Atmospheric VOCs have both natural and anthropogenic sources [5,6]. They play
a central role in the production of the tropospheric ozone (O3) and secondary organic
aerosol (SOA), together with nitrogen oxides (NOx) and solar radiation, and influence the
atmospheric chemistry, air quality, and climate processes.

In addition to local emissions, long-range transport can also give a significant contri-
bution, in particular to oxygenated Volatile Organic Compounds (OVOCs) as shown by
Derstroff [7] who carried out an extensive study as part of the Research Program CYPHEX
(CYprus PHotochemical EXperiment 2014).

Research activity in the Mediterranean basin was also carried out by the Institute of
Atmospheric Pollution Research of the National Research Council (CNR-IIA) in the frame-
work of the Med-Oceanor measurement program through cruise campaigns performed
regularly since 2000. In 2015 the cruise of the research ship “Minerva Uno” followed a
route in the central Mediterranean area (Tyrrhenian Sea) which also included the Aeolian
Islands [8,9] and in 2017 the evaluation of the impact of this geologically active field on air
quality of the southeastern area of Tyrrhenian Sea represented one of the research objectives
of the cruise [10].

The Aeolian volcanic arc is composed by seven islands and several seamounts. Both
active aerial cones and submerged seeps are present in the area, at the Stromboli and
Vulcano islands, but emissions in the form of submarine vents are widespread located in
a larger area. Along its northeastern coast, at Levante Bay, Vulcano Island presents gas
vents in correspondence of an active fault, at a rather low depth (less than 1 m) on the
southwestern part of the bay [11]. The venting gas field extends over a wide area in the
Isthmus zone.

The assessment of Volatile Organic Compounds (VOCs) and Oxygenated Volatile
Organic Compounds (OVOCs) concentrations in air samples collected through discontin-
uous active sampling during the 2017 cruise on-board the research ship “Minerva Uno”
is reported in this study, with the aim of characterizing and highlighting the chemically
different sites encountered.

Volcanic emission contribution to the organic compounds budget in the atmosphere
has been previously studied [12–14], as well as halogen plume chemistry [15–17] de-
spite showing contradictory results. The studies conducted on Vulcano Island (Aeolian
Archipelago) by Schwandner et al. [16,17] indicate that the presence of halocarbons in vol-
canic emissions are significant, whereas Frische et al. [18] concluded that the atmospheric
contamination of volcanic gases should be accounted for, in order to avoid overestimation.
In agreement with this study, Tassi et al. [19] report the CFCs concentration at the Solfatara
crater (Phlegraean Fields), to be likely due to air contamination. Butler et al. [20] also
excluded the contribution of natural sources to most CFCs present in the environment.

As stated by Mather et al. [21] the mechanisms through which these compounds are
released by volcanic or hydrothermal systems are still not definitely understood. Different
pathways are proposed: gas-phase radical reactions of light alkanes and thermal cracking
of longer chain hydrocarbons to shorter chain free radicals, then reacting with halogens and
on rock surfaces by magmatic hydrogen halides. Therefore, improving the knowledge of
the composition of the air nearby volcanic sites or geothermal active fields and monitoring
a wide range of different atmospheric VOCs, among which CFCs, could be of help at
this regard.

Moreover, shallow seawater collection followed by the assessment of general param-
eters as pH, ionic species, and metals content could provide further information on the
impact of spot geogenic sources on its composition. On the other hand, the determination
of some organic species, such as carbonyls and acidic components as dicarboxylic acids
(DCAs), in the seawater could enhance the knowledge on the photochemical degradation
of dissolved organic matter [22,23], the microbial degradation of long-chain lipids [24],
and also the diffusion from surface sediments (especially for oxalic acid) [25]. Since these



Atmosphere 2021, 12, 1609 3 of 24

compounds make up a reservoir of secondary organic aerosol (SOA), then transferred from
marine surface waters to the atmosphere, their potential impact on the Earth’s radiative
forcing and climate, due to the cloud condensation nuclei (CCN) activity [26–28] has not
to be neglected. Studies on these compounds in surface seawaters are rare, especially in
the Mediterranean Sea [25,29,30]. Therefore, this study was also intended to improve our
understanding of the relative contributions of anthropogenic and marine sources to the
atmospheric organic compounds budget.

In summary the scope of this study was to evaluate the impact of natural and an-
thropic sources in the Mediterranean area air quality by examining the concentration levels
of several VOCs, both in the atmosphere and in the seawater, taking into account the
meteorological conditions and the long-range transport pathways. The Positive Matrix
Factorization (PMF) model was applied to the campaign dataset, providing useful results
for the identification and characterization of the sources.

2. Materials and Methods
2.1. Scope and Outline of the Study

The cruise, lasting 18 days, started on the 19th of August 2017 from the Brindisi
harbour heading at the southeastern area of the Tyrrhenian Sea and, after touching some
hot spots of volcanic and geothermal activity, ended at Messina harbour on the 5th of
September 2017. Details concerning the route are provided in Figure 1.
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Figure 1. Track followed by Minerva Uno ship during the 2017 cruise.

During the route, the eastern coasts of Sicily overlooking the Etnean area were the
first sites monitored. After passing the Aeolian arc, the Tyrrhenian area half a way from the
northern Sicilian coasts and Gulf of Naples, in proximity to geologically active seamounts
such as Marsili, was also investigated. Then, the research vessel reached the area of Phle-
graean Fields and Ischia Island and finally the ship headed back to the Aeolian Archipelago.
At the Stromboli and Vulcano islands several passages were performed in order to eval-
uate local emissions in different conditions in relation both to the time of the day and to
meteorological issues. Along the route, as reported in detail in Figures S1 and S2 for the
Aeolian area, the VOCs sampling was carried out on a shorter timescale to evaluate more
precisely the sources at the Marsili area and at Vulcano, as reported in Tables S1 and S2.

The rationale for sampling times choice was fundamentally based on the need of hav-
ing a higher time-resolution for VOCs directly emitted from the sources and a daytime/night-
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time resolution for OVOCs which generally are secondary in origin. Hence each measure-
ment lasted two hours for VOCs and eight hours for OVOCs.

2.2. Sampling
2.2.1. Air Samples Collection

The VOCs sampling was performed by a SKC Model 222-4 pump at a flowrate of
80 mL/min on carbon packed glass traps, described in detail in the following section, able
to selectively retain the organic compounds according to their volatility. The VOC sampling
traps were homemade by filling glass tubes (15 cm long, 3 mm i.d.), with three subsequent
packings containing, in the order, Carbopack C (surface area 15 m2/g), Carbopack B
(surface area 100 m2/g), and Carbograph 5 (surface area 500 m2/g) (Lara, Rome, Italy).
Quartz wool was used to keep in place the packing material. Before use, the traps were
cleaned at 300 ◦C under a purging flow of helium (100 mL/min, 10 min). Totally 48 samples
were collected to assess the concentrations of VOCs other than carbonyls. Sampling periods
of 2 h were routinely performed during mornings and evenings of each day of navigation;
in addition, intensive measurements were carried out on two days (23rd August; 2nd
September), when monitoring was run continuously as reported in Table S1. The sampling
time remained equal to 2 h.

Aldehydes concentrations in ambient air were assessed by collecting 35 air samples
onto 2,4 dinitrophenylhydrazine (DNPH)-coated silica gel cartridges (7 mm o.d., 110 mm
long, SKC, Milan, Italy), meeting the standards [31,32]. The sampling line consisted of
a copper coil, (5 m long, 6 mm i.d.) internally coated with KI in order to avoid the
measurement bias due to ozone and other oxidants, prior to the cartridge connected to
a Bravo Asbesto pump (Tecora, Milan, Italy) set at a flow rate of 340 mL/min. Each
DNPH-coated cartridge contained a 300-mg front sorbent section and a 150 mg backup
sorbent section, so that breakthrough could be accounted for, and the sampling efficiency
could be assessed. The duration of each sampling was of 8 h, day and night hours of each
day of navigation were monitored starting respectively from 9 a.m. to 5 p.m. and from
11 p.m. to 7 a.m. of the following day; details are reported in Table S2. During the intensive
monitoring days, three eight hours periods were scheduled since a third sample collection
was performed in the period from 5 p.m. to 11 p.m.

After sampling, both carbon and DNPH cartridges were closed with tight connectors
and kept refrigerated at T < 4 ◦C in sealed glass containers until the analysis, which was
carried out within 30 days after sampling.

During the campaign, one cartridge, handled as those used for sampling, was kept
sealed as field blank, and further two cartridges were saved as laboratory blanks, in order
to check for possible contamination during the travel.

2.2.2. Water Samples Collection

This study was also extended to the seawater analysis both following the vertical
profile employing a Niskin sampling system, not reported in the following, and also
sampling shallow waters in the investigated areas to obtain data at the sea–air interface.

Shallow waters were collected, and samples were taken from the sea surface by using
1000 mL quartz Duran bottles properly rinsed three times successively with 15–20 mL of
deionized water, dried and then, just prior to sampling, with equal volumes of the seawater
to be collected. The samples were divided into separate aliquots and analyzed immediately,
to assess the pH and ions concentration, or saved, according to the ISO standard [33],
for the successive analysis of the other species to be determined. In the case of metals
the sample was acidified at pH = 1–2 and kept refrigerated until the analysis, carried out
within a month after the end of the cruise. The samples stored for successive analysis of
organic compounds were kept in brown glass vials, properly treated following the specific
procedures according to the compounds of interest and kept refrigerated as well.

The last subset of samples was treated with 1.5–2.0 mL of Chloroform (ethanol sta-
bilized from Romil (SPS)) to prevent biological degradation [34]. Details concerning the
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sampling sites are reported in Figure S1. Totally ten samples were collected from different
sites, each divided, as mentioned, in separate subsets.

2.3. Analysis
2.3.1. Air Samples Analysis

The VOCs trapped on the cartridge packed with carbon were thermally desorbed by a
Chrompack CP4020 thermodesorber/cryofocuser keeping the liner at first at −180 ◦C for
3 min while flushing with Helium at 10 mL/min, then raising the temperature to 300 ◦C
under helium (20 mL/min, 10 min) during cryofocusing and injecting the compounds
into the column by heating the liner at 300 ◦C for 1 min in a gas chromatograph (GC-
TraceUltra, Thermo, Milan, Italy) connected to a quadrupole mass spectrometer (Trace
DSQ-MS, Thermo, Milan, Italy). The analysis was performed by using a VF-1 ms column
(50 m × 0.32 mm, 0.40 µm, from Agilent, Milan, Italy), with the following temperature
programme (5 ◦C for 5 min, up to 50 ◦C in 15 min, then up to 100 ◦C in 20 min and
to 290 ◦C in 20 min; final isotherm was equal to 5 min). The calibration was achieved
by injecting known amounts of the target compounds contained in a certified cylinder
(50 ppb of each species in nitrogen, from SIAD, Aprilia LT, Italy). The limit of detection
(LOD) for the different classes calculated taking into account the blank values of the
unexposed cartridges brought along with the ones employed for sampling, were in the
range of 0.10–0.23 µg/m3 for aromatic hydrocarbons and halogenated hydrocarbons and
0.18–0.49 µg/m3 for aliphatic hydrocarbons.

The DNPH cartridges were extracted with 2 mL of acetonitrile and the solutions
obtained were analyzed by HPLC (Shimadzu Corporation, Kyoto, Japan) equipped with a
photodiode array detector (SPD-M20A) set at a wavelength of 360 nm.

A reversed-phase column Ultra C-18 (100 A, 150 × 4 mm, 5 µm; from Restek, Milan,
Italy) kept at 20 ◦C by means of a column oven (CTO-10AS VP) was used to carry out the
separation of the hydrazones derivatives of carbonyls.

The acetonitrile/water mixture (both solvents of Romil Ultra-LC gradient type, 99.9%
purity, from Delchimica, Naples, Italy) was used as a mobile phase, and a linear gradient
from 40% up to 50% of acetonitrile was applied over 27 min, then held at 100% of acetonitrile
for column cleaning; the flow rate was set at 1.0 mL/min.

The aldehydes concentrations were calculated using a multipoint calibration curve (1.5,
1.0, 0.5, 0.25, and 0.15 µg/mL) prepared by diluting standard solutions of the corresponding
hydrazones in acetonitrile (Aldehyde/Ketone-DNPH Stock Standard, 1000 µg/mL of each
component in acetonitrile, certified reference material, from Sigma Aldrich, Milan, Italy).
The amounts of carbonyls found were then corrected taking into account the blanks
values. The compounds determined according to the described methodology were C1-C10
aldehydes and acetone. The LOD for formaldehyde was 0.12 µg/m3 and for acetone was
0.24 µg/m3.

2.3.2. Water Samples Analysis

The shallow waters, collected according to the methodology described before, were
analyzed to assess the main parameters and constituents, such as pH, ionic species, and
metals. In addition, some organic compounds concentrations were also assessed to improve
understanding of the behavior of these compounds in the MBL.

Carbonyl Compounds Analysis

The samples were left at room temperature before extraction, checking the possible
presence of particles in suspension and shaken to allow for a better homogeneity.

An amount of 50 mL of aqueous sample was introduced in a flask and 2 mL of citrate
buffer (1 M, pH = 3) were added. The pH was adjusted to 3 with HCl. Then 3 mL of DNPH
solution were added, and the solution held in agitation was heated at 40 ◦C for 1 h. The
SPE cartridges (Resprep Bonded Reversed Phase, RE 24052, purchased from Restek) were
conditioned as suggested by the manufacturer. The volume of the solution was passed
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quantitatively after letting it cool down. The cartridge was dried under a vacuum, or with
nitrogen, and the derivatized aldehydes were eluted with 6 mL of acetonitrile. The volume
of the extract was brought to 2 mL under a moderate nitrogen stream. The HPLC-UV
analysis at 360 nm was performed successively following the same analytical procedure
already described for atmospheric sampling traps analysis.

Acids

The HPLC measurements of organic acids were done on a Shimadzu 10A HPLC
system (Shimadzu Corporation, Kyoto, Japan) equipped with a diode array detector,
quaternary pump, and degasser and thermostatted column compartment. The column
oven temperature was maintained at 25◦ C and the chromatographic separation was
achieved using an Ultra Aqueous C18 (250 × 4.6 mm, 5 µm) column (Restek Corporation,
Bellefonte, PA, USA). The isocratic elution was performed with a phosphate buffer solution
(50 mM, pH 2.6) as the mobile phase. The flow rate was maintained at 1 mL/min and
the injection volume was 20 µL. Detection was in wavelength range of 190–230 nm for
malic, maleic, succinic, lactic, and oxalic acids. The peaks were identified by their retention
times, comparing the UV–Visible spectra and spiking with standards. Quantification has
been done using an external standard curve with six different concentrations of organic
acid standard solutions (0.01, 0.1, 0.25, 0.5, 1000, and 2000 ppb for all organic acids). Each
calibration sample was analyzed in triplicate.

Formic, acetic, and methanesulphonic acids were analyzed by IC (DX-120, Dionex,
Sunnyvale, California, USA) equipped with an AS4 column, AG4 guard column, an ASRS-
Ultra anion self-regenerating suppressor, and a conductivity detector. Tetraborate eluent
(1.25 mM Na2B407) was used [35] with an injection volume of 150 µL. The calibration
curves were constructed with six standard solutions (0.01, 0.1, 0.25, 0.5, 1000, and 2000 ppb
for three organic species). Each standard/sample was analyzed in triplicate.

Anions & Cations

The analysis was performed through ion chromatography (IC) (ICS 1000, Dionex,
Sunnyvale, California, USA) equipped with an AS12A column and AG12A guard column,
an ASRS-Ultra anion self-regenerating suppressor, and a conductivity detector, after the op-
portune dilution of the seawater samples. The analysis was performed by isocratic eluition
at a flow rate of 1.5 mL/min using 0.3 mM NaHCO3 and 2.7 mM Na2CO3 eluent, the
injection volume was 50 µL. The amounts of anions (fluoride, chloride, bromide, sulphate)
and cations (Sodium, Potassium, Magnesium, Calcium) were determined referring to
calibration curves constructed with water solutions prepared by dilution of stock standards
(Certipur from Merck, Milan, Italy) containing 1000 mg/l of each analyte.

Metals

Opportune dilutions (1:100, 1:200, 1:1000) of the samples collected were made with
Ultrapure water to avoid the effect of species such as Sodium and Magnesium which are
present at high concentrations. The samples were marked with an internal standard of
Yttrium, Lanthanum, and Erbium.

An ICP-MS Agilent model 7700 equipped with an autosampler was used to run the
analyses. First in the tuning phase the instrumental response was assessed with a standard
solution, then the optimal configuration found in the tuning was saved in the method set up.
The calibration lines of the analytes of interest were later acquired using the same method.

The six-points calibration curve (0-5-10-25-50-100 ppb) was obtained by the opportune
dilution of a multielement standard solution at 10 ppm (V for ICP purchased from Fluka)
and an arsenic standard at 10 ppm (Fluka Arsenic Standard for ICP). The calibration
solutions were marked with the same internal standard (mixture of Yttrium, Lanthanum,
and Erbium) which has been added to the samples to be analyzed.



Atmosphere 2021, 12, 1609 7 of 24

2.4. Continuous Inorganic Gaseous Pollutants Measurements

The monitoring of gaseous pollutants throughout the cruise was performed by auto-
matic analyzers. The O3 measurements were carried out using the automatic UV Teledyne
Photometric Ozone Analyzer (API Model 400E, San Diego, California, USA) on the top deck
(about 10 m a.s.l.), the sampling flow rate was 0.8 l/min with a time resolution of 1 min.
The NOx observations were performed by a Teledyne Nitrogen Oxides Analyzer (API
Model 200E, San Diego, California, USA) with a sampling flow rate of 0.5 l/min and a time
resolution of 1 min. The SO2 measurements were performed using the fluorescence method
by a Teledyne UV Fluorescence SO2 Analyzer (API Model 100E, San Diego, California,
USA) with a sampling flow rate of 0.6 l/min and a time resolution of 1 min. All these
analyzers were calibrated at the beginning of the measurement.

2.5. Statistical Treatment on the Dataset by PMF Model

To comprehensively consider the dataset gathered through the Med-Oceanor 2017 cam-
paign, aiming at identifying the different sources contribution, a statistical treatment was
performed by using the PMF (Positive Matrix Factorization). This receptor model devel-
oped by Paatero and Tapper [36] is now widely recognized and accepted as a data analysis
tool. This model has an extensive range of applications, since it is frequently employed to
study the sources of Particulate Matter (both as PM10 and PM2.5) [37], and also to VOCs
data [38,39].

The software freely made available by EPA (EPA PMF 5.0.14) was applied to the
dataset comprising all of the volatile organics (except for aldehydes which were averaged
on a different time period) and inorganic pollutants such as NO2, NO, O3, and SO2.

The PMF model is run by the user inputting the concentration data of each sample
with the associated uncertainty calculated as reported in many studies [38,39]. The PMF de-
composes the data matrix X, of dimensions i (number of samples) and j (number of the mea-
sured chemical species), into two matrices G (source contribution, of dimensions p and i)
and F (source factors, of dimensions p and j). The Objective function Q is defined as:

Q = ∑n
i=1 ∑m

j=1


(

Xij − ∑
p
k=1 gik· fik

)
uij

2

(1)

where k = individual sources, uij = measurement uncertainties, n = total number of samples,
and m = total number of species; through the residual matrix, in round brackets, and uij,
the PMF minimizes the function Q. According to the datapoints considered, the function Q
can be distinguished in: Qtrue if it comprises all data points, Qrobust if outliers are excluded,
and Qtheo which equals the number of degrees of freedom.

The ratio Qtrue/Qtheo and Qtrue/Qrobust expresses the goodness of fit for a given
number of factors, the optimal value is close to 1.

3. Results and Discussion
3.1. Meteorology of the Period

The diurnal variations in meteorological parameters are shown in Figure 2 together
with those of gaseous pollutants. The period investigated was, as expected, hot and dry.
During the cruise the mean temperature was 26.1 ◦C and the atmospheric pressure was
1014.05 mbar.

Generally, the Global radiation values had a well-defined diurnal trend peaking
between 10:00 and 12:00 and reaching higher values of about 860 W/m2 on the 29th
of August.

A mean wind speed of 3.3 m/s was calculated on the whole period data, hence mild
breezes were present. The prevalent wind direction was from NNW-N (36% of the data),
winds from NE-S and S-NW directions were recorded respectively for about 23.4% and
24.5% of the data and, finally, less frequently from the N-NE (16%). The stronger winds,
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with a speed of 13–14 m/s, were observed during the early morning of the 20th of August
and in the late afternoon of the 2nd of September, when a maximum value of 11.7 m/s was
recorded. A single storm event, which forced the ship to recover at Lipari, occurred on the
2nd of September, as also shown by the sharp decrease in temperature.

A detailed analysis of wind records is necessary in order to better understand the
impact of local sources and to focus on volcanic contribution. Some of the hot spots,
intensively monitored along the route, were examined in such detail.

By the analysis of windroses plotted on Vulcano Island (Figure S3) it is possible to
observe that the winds usually came from the land both on eastern and western coasts,
with a few exceptions. In the case of Stromboli island the winds usually came from the sea.

The analysis of wind data was performed in combination with backward trajectories
available by running the Hysplit model through the NOAA ARL website (http://www.arl.
noaa.gov/ready/ accessed on 7 July 2021) [40].
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3.2. General Observations on Gaseous Pollutants Dataset

Table 1 shows a statistical overview of all NO, NO2, O3, and SO2 concentrations over
the whole sampling period. It is possible to observe that, as expected, some differences
can be found among differently anthropized areas and also on the basis of nearby natural
sources. The highest NO2 concentrations were found in proximity to Sicilian coasts and
to Phlegraean Fields (Figure 2). Occasionally, peaks were also found in the Aeolian area
nearby Vulcano. It happened on the 2nd September during the first measurement of the
intensive campaign and on the 4th of September morning measurement. The former peak
could likely be ascribed to aged air masses, coming from the Gulf of Tunis according to the
backward trajectory, since the ozone concentration is below the average levels found during
the succeeding nocturnal measurement. The following NO2 peak recorded is mirrored by
the total hydrocarbons which in turn show an appreciable peak. In this case the backward
trajectory passes through Vulcano Island before reaching the monitoring point. The same
correspondence can be noticed for the NO2 peak measured at Ischia Island. Generally
speaking, both the Sicilian coasts at the beginning of the cruise and the Phlegraean Fields
showed increased NO2 concentrations with respect to other sites. A clear increasing trend
can be recognized for SO2 in the last part of the cruise (about 24% of increase), in the
Aeolian area, particularly near Vulcano and Lipari.

The ozone levels measured throughout the cruise were those typical of the seasonal
period investigated [1,41] which in the Mediterranean basin is usually associated with high
photochemical pollution. The observations made during the cruise agree with a previous
work [42] which referred to the same geographic area of the Mediterranean basin. Mild
day–night changes of the pollutant concentrations were detected especially when the ship
was in the open sea. At Marsili site on the 23rd of August no day–night trend was observed
at all. The highest ozone concentrations were measured during sailing in this area likely
due, as the backward trajectory indicate, to the precursors punctual sources of Rome and
Naples as already observed by Velchev et al. [42].

Table 1. Basic statistical parameters calculated for the automatic analyzers’ dataset (µg/m3).

Pollutant Mean SD Variance RSD Min Median Max

NO2 13.7 13.4 179.4 1.0 1.0 8.8 51.7
NO 1.8 1.7 2.9 0.9 0.6 1.3 7.1
O3 103 10.4 108 0.10 77.4 104 126

SO2 25.9 5.30 28.0 0.20 20.6 25.2 46.6

3.3. Volatile Organic Compounds Concentration Distribution over the Area

The organic compounds over the investigated area showed average values, reported in
Table 2, similar to those assessed in the same season in other works. The value of n-pentane,
n-hexane, n-heptane, and n-octane reported were respectively 0.41 µg/m3, 0.34 µg/m3,
0.13 µg/m3, and 0.22 µg/m3, whereas lower values were measured for benzene (0.38
µg/m3) and toluene (0.53 µg/m3) [43].

Aliphatic hydrocarbons over the investigated area at coastal sites more heavily im-
pacted by anthropic sources, such as the Sicilian coasts and Gulf of Naples sites, showed
the highest values evenly distributed in C5-C9 and C10-C14 classes.

Different aliphatic hydrocarbons profiles were observed at different sites, the data
distribution according to the site is reported in the form of boxplots (Figure 3).
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Table 2. Basic statistical parameters calculated for the hydrocarbons’ dataset (µg/m3).

Pollutant N Tot Mean SD Variance RSD Min Median Max

Benzene 48 1.47 1.32 1.74 0.89 0.34 1.11 7.26
Toluene 48 1.79 1.85 3.42 1.03 0.44 1.07 9.07
Ethyl Bz 48 0.44 0.43 0.18 0.97 0.11 0.32 2.88

(m+p)-Xylene 48 1.60 1.09 1.18 0.68 0.46 1.21 4.90
o-Xylene 48 0.54 0.49 0.24 0.91 0.14 0.36 2.93
Styrene 48 0.32 0.28 0.08 0.89 0.02 0.22 1.12
CFC11 48 1.13 0.64 0.41 0.57 0.12 1.01 3.06

CFC113 48 0.73 0.20 0.04 0.28 0.25 0.78 1.18
C2Cl4 48 0.39 0.34 0.12 0.88 0.01 0.28 1.85

C2HCl3 48 0.09 0.05 0.00 0.61 0.02 0.07 0.21
CCl4 48 0.90 0.28 0.08 0.31 0.00 0.94 1.62

CHCl3 44 0.71 0.84 0.70 1.17 0.02 0.34 3.28
CH2Cl2 45 1.66 2.03 4.12 1.22 0.02 0.56 6.81
CFC114 48 0.03 0.02 0.00 0.57 0.00 0.03 0.10
C2H3Cl3 48 0.02 0.01 0.00 0.35 0.00 0.02 0.03

n-C5 48 0.21 0.23 0.05 1.10 0.01 0.12 0.99
n-C6 48 0.38 0.86 0.74 2.28 0.00 0.11 4.37
n-C7 48 0.15 0.33 0.11 2.14 0.00 0.05 1.98
n-C8 48 0.09 0.11 0.01 1.29 0.01 0.03 0.50
n-C9 48 0.12 0.13 0.02 1.05 0.02 0.10 0.68
n-C10 48 0.23 0.22 0.05 0.98 0.02 0.17 1.11
n-C11 48 0.21 0.15 0.02 0.73 0.04 0.18 0.73
n-C12 48 0.12 0.07 0.01 0.61 0.02 0.12 0.50
n-C13 48 0.09 0.04 0.00 0.46 0.02 0.09 0.23
n-C14 48 0.10 0.05 0.00 0.49 0.02 0.10 0.27
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The C10 and C11 were abundant in all the samples, with only few exceptions, but
the trends shown by remote areas and anthropogenically impacted sites (Sicilian coasts,
Phlegraean Fields) are somehow different. A bimodal distribution with maxima at C5–C6
and C10–C11 could be observed for the latter, whereas a unimodal distribution with maxima
at C10–C11 is shown by the former (Marsili, Stromboli, Panarea, Vulcano). The predominance
of heavier n-alkanes in the marine environment has already been reported [44] and the data
obtained during the cruise generally agree with the previous studies. As well-known [45,46]
the ability of these compounds to react with OH radicals increases with the chain length,
therefore their predominance should likely be ascribed to the presence of local sources. On
the other hand, comparing the different sampling periods, especially during the intensive
measurements, a clear decreasing trend could be observed approaching night-time.

A few exceptions to these observations are represented by two intensive measurement
periods around the Marsili area on the 23rd of August early morning (09:00–11:00) and late
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night (22:40–00:40), in both the cases aliphatic hydrocarbons profiles followed a bimodal
distribution. As for the trends obtained site by site, a deeper analysis can be attempted. At
the Marsili site, the first three sampling periods are characterized by air masses coming
from the land, whereas the following samplings were impacted by central Tyrrhenian
upcoming air masses (see Figure 4). In the first case a bimodal distribution was observed,
for the other samplings during the 23rd of August afternoon the distribution was unimodal.
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Figure 4. 24 h backward trajectories 500 a.g.l. during samplings at Marsili.

Other site-dependent observations of peculiar hydrocarbons profiles concern the
increased C5–C7 percentage of alkanes on the total (C5–C14) sampled in proximity to
Sicilian coasts (66%), with respect to the average values during the whole cruise (41%).

The measurements also included carbonyls, collected on an 8-h basis during the day
and the night, their average values and other statistical parameters are reported in Table 3.
Among the carbonyls the most abundant compound was acetone with an average value
of 3.66 µg/m3, accounting for 38% of the total amount collected, and formaldehyde and
acetaldehyde with average values respectively of 1.23 µg/m3 and 0.99 µg/m3 made up
about 22–29% depending on the site.

Table 3. Basic statistical parameters calculated for carbonyls’ dataset (µg/m3).

N Tot Mean SD Variance RSD Min Median Max

Formaldehyde 34 1.23 0.43 0.18 0.35 0.63 1.20 1.99
Acetaldehyde 34 0.99 0.56 0.32 0.57 0.33 0.81 2.57

Acetone 34 3.66 1.32 1.75 0.36 1.72 3.45 7.09
Acrolein 0 – – – – – – –

Propionaldehyde 16 0.26 0.07 0.01 0.29 0.19 0.23 0.46
Crotonaldehyde 24 0.37 0.07 0.01 0.20 0.25 0.37 0.51

2-Butanon-
methacrolein 22 0.13 0.05 0.00 0.41 0 0.14 0.23

Butiraldehyde 19 0.46 0.18 0.03 0.39 0.16 0.52 0.75
Benzaldehyde 33 0.48 0.46 0.22 0.96 0 0.31 1.78
Valeraldehyde 34 0.31 0.20 0.04 0.66 0.04 0.31 0.66
Tolualdehyde 34 1.16 0.52 0.27 0.45 0.43 1.03 2.49
Hexaldehyde 34 0.60 0.26 0.07 0.44 0.11 0.57 1.18

These findings are consistent with measurements performed in the same period (from
the end of June to the end of August 2017) by Wang et al. [47] in the AQABA campaign,
aimed at finding atmospheric organic pollutants distribution over a wide route. The
cruise started from southern France and ended in the Mediterranean Sea after passing



Atmosphere 2021, 12, 1609 12 of 24

through the Suez Canal and circumnavigating the Arabian Peninsula. The concentrations
found in the Mediterranean Sea (no further details are given concerning the specific sites)
were comparable to those found in the present study in the same period. The acetone
also in that case was the dominant species with a concentration of more than 2 ppb
(4.74 µg/m3), followed by a formaldehyde of 0.86 ppb(1.05 µg/m3) and acetaldehyde of
0.30 ppb (0.54 µg/m3).

The percentage increased if the site was more impacted by anthropic sources.
In Figure 5 it is possible to observe that the trend characterizing the total load of

carbonyls measured showed a good agreement with the single predominant aldehydes
(formaldehyde and acetaldehyde). Inside the bars the concentration value of the single
compounds is also reported.
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A particular trend is shown by the benzaldehyde which has the highest relative
standard deviation since, apart from the maxima, exceeding 1 µg/m3, found at Marsili,
on the way to Ischia and at Lipari, the average value found for the rest of the cruise
was of 0.30 µg/m3. The maxima were accompanied in some cases by high levels of
hydrocarbons (23rd August diurnal and 24th August nocturnal measurements), and on the
3rd of September and the 4th of September data the trend of this aldehyde was similar to
the one of tolualdehyde. It is possible to consider diagnostic ratios such as C1/C2 which
can be used as an indication of photo-oxidation, and the C2/C3 ratio of the anthropogenic
origin, as reported in many works [48,49]. The values calculated (reported in Table 4)
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suggest that during the first part of the cruise the anthropogenic origin is predominant
over the secondary production, this is also evident from the values of propionaldehyde,
usually associated with anthropogenic emissions, which are for the most part of the cruise
below the detection limit. The average value of the C2/C3 in the Acitrezza area and at
Marsili is 4.8, not much different than the one reported for urban areas [50]. During the
rest of the cruise the C2/C3 ratio was sometimes high, as in the case of Ischia and Lipari,
as if it was associated with natural precursors.

Table 4. Diagnostic ratios calculated for carbonyls’ dataset.

OVOC Sample Sampling Area C1/C2 C2/C3

1 Route to Acitrezza 1.58 5.39
2 Acireale (water 1) 1.09 6.13
3 Acitrezza-Acireale 1.48 3.61
4 Acicastello (water 2) 1.10 6.10
5 Acicastello (water 2) 1.22 3.57
6 Route to Marsili 0.77 6.90
7 South of Marsili 2.09 2.77
8 North of Marsili 1.53 5.80
9 North of Marsili (water 3) 1.27 3.45

10 Marsili 2.91
11 Ischia 0.68 7.28
12 Ischia western coast (water 4) 1.14
13 Phlegraean Fields Pozzuoli Gulf (water 5) 1.09
14 Phlegraean Fields Pozzuoli Gulf (water 5) 1.23 2.48
15 Phlegraean Fields Pozzuoli Gulf (water 5) 1.05
16 Phlegraean Fields Pozzuoli Gulf (water 5) 1.50
17 Backward Route from Phlegraean Fields 0.87
18 Route southwards to Stromboli 1.59
19 Stromboli (water 6) 0.99
20 Stromboli
21 Stromboli (water 7) 0.96 4.53
22 Stromboli 1 1.12 2.37
23 Stromboli-Route to Panarea 1.86 3.43
24 Panarea (between Dattilo and Lisca

Bianca) 3.07

25 Panarea (between Dattilo and Lisca
Bianca)(water 8) 1.51

26 Vulcano (water 9) 2.65
27 Lipari 0.93 8.16
28 Lipari
29 Lipari 0.75 11.23
30 Lipari 1.36
31 Vulcano 2.07
32 Vulcano (water 10) 1.34
33 Vulcano—Route to Messina 1.67

The average C1/C2 ratio through the whole cruise was about 1.5 which, according to
Shepson et al. [51], is normally found in urbanized areas. Peak values of this ratio higher
than 2.5 were found at Marsili, Panarea, and Vulcano.

Among the organic compounds, the CFCs class was also considered to evaluate the
potential emission from volcanic sources, as reported by Schwandner et al. [16]. In the
cited work the data are referred to the measurements made at the emission points and are
reported for the different kind of source (diffuse emissions, fumarolic gases, etc). Nine
compounds were quantified (as reported in Table 2), among them dichloromethane and
trichlorofluoromethane (CFC11) were the most abundant. The CFC11 was plotted against
a toluene to benzene ratio (Figure S4) since, based both on Frische et al. [18] and on
Schwandner et al. [16], it can be considered, among the halogenated compounds, as a tracer
of geogenic emissions. Although on the whole the correlation between toluene to benzene
ratio and CFC11 is poor (R2 = 0.56), the agreement between the trends increased during the
route through the Aeolian Islands (R2 = 0.75) and especially during the Vulcano intensive
campaign on the 2nd September (R2 = 0.81).

Analyzing CFC11 peaks exceeding 1.29 µg/m3, the average atmospheric level in
the northern hemisphere [46,52], it was apparent that levels above the average were
found in the area of Ischia and in some sporadic measurements around Stromboli and
Vulcano (Figure S4). Trying to better characterize the general conditions affecting these
measurements through backward trajectories analysis and wind records, no evidence
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could be found of a geogenic influence. By analyzing 24 hrs backward trajectories (in
Figures 6 and 7) it appeared clear that, apart from local air circulation patterns, massive air
movements at the two coasts of Volcano were different in origin, being the western coast
was mainly impacted by air masses coming from the sea, whereas the air masses frequently
passed over the island, more or less near the volcanic area, before getting to the eastern
coast. The VOC sample nr. 41 was apparently more impacted by air masses coming from
the volcanic area brought by local winds and longer-range transport, a CFC11 value of
1.86 µg/m3 was found during the measurement at this site. On the other hand, sample nr.
38 showed peculiar features since, even if it was collected with stronger winds coming from
land, it was also subject to the influence of air masses passing through the northeastern
Sicilian coast. It had a low value of CFC11 (0.49 µg/m3) and a high SO2 concentration value
(46.6 µg/m3). Opposite observations were made for sample nr. 45 impacted by seaward
winds and by air masses coming from Vulcano Island which showed an intermediate
CFC11 value of 1.15 µg/m3.

On the whole, the mean CFC11 value measured throughout the cruise was 1.13 µg/m3,
lower than the average atmospheric level.
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3.4. Water Samples Measurements

Shallow water was also collected during the cruise as already described in Section 2.1.
at the sites listed in Table S3.

Basic measurements of pH, ionic content, metals, carbonyls, and organic acids were
performed on the sea water samples.

The results of pH measurements and ionic composition determined by ion chromatog-
raphy are reported in Table 5. The pH value found was on the average around 8.3, similar
to the value of 8.1, typical of Mediterranean area [53], whereas samples 8 and 10 had a value
lower than the average. Sample 8 was collected north of Panarea Island. A geothermic
contribution was hypothesized for both the samples since submerged seeps were recently
documented in the area. The submarine hydrothermal system of Panarea Island is 70 km2

wide and it includes active vents marked by intense discharge of CO2-dominated gases
and thermal fluids with temperatures as high as 140 ◦C [54]. There was a similar situation
for sample 10 which was taken at Levante Bay in the northeastern side of Vulcano Island,
where gas vents are also located as reported by Boatta et al. [55].

Table 5. pH values and ionic composition of the samples (mmol/Kg).

Sample pH F− Cl− Br− SO42− F−/Cl− (·10ˆ−5) Na+ Mg2+ K+ Ca2+

water 1 8.60 0.03 688.74 0.81 30.77 4.09 476.03 53.74 9.53 9.37
water 2 8.62 0.04 298.39 0.36 12.86 12.19 522.22 59.37 10.30 10.20
water 3 8.52 0.09 591.69 0.72 25.30 15.33 523.86 60.61 10.81 10.83
water 4 8.55 0.05 561.93 0.68 25.08 9.67 523.44 59.68 10.34 10.53
water 5 8.59 0.03 767.80 0.95 35.04 4.07 565.67 64.46 11.12 10.62
water 6 8.59 0.04 448.30 0.58 19.28 8.00 513.39 58.91 15.29 9.72
water 7 8.57 0.03 450.12 0.57 18.87 6.72 510.97 58.89 10.35 9.67
water 8 7.70 0.11 223.99 0.26 9.55 48.73 494.45 55.99 10.32 9.35
water 9 8.58 0.08 117.41 0.18 5.08 72.02 476.09 54.10 9.65 9.31

water 10 6.92 0.08 302.93 0.43 12.73 25.38 524.09 59.37 10.22 10.40

average 8.32 0.06 445.13 0.55 19.46 20.62 513.02 58.51 10.79 10.00

As expected the major ions were Na+, K+, Ca2+, Mg2+, Cl−, SO4
2−, being Br− and

F− minor species. The concentrations determined were in good agreement with previous
studies carried out in the same area [56] and also elsewhere [57]. The F−/Cl− molal ratio
was calculated, since the geothermic contribution to the enrichment in F− was previously
reported for seawater [56] and for precipitations [57] in proximity to volcanic areas. The
highest ratios found at water 8 and 10 could also likely explain, at least in part, the increased
acidity of the samples showing the lowest pH. A contribution to this lowering, mainly
caused by CO2, could also probably come from hydrofluoric acid (HF).

The metals content of the seawater was also a subject of the study (see Table 6).
The first observations arising from the metals’ dataset confirm that the last three

samples collected in the Aeolian area showed higher levels of Iron, and the last sample also
of Manganese and Rubidium. As reported by Elderfield et al. [58] both Manganese and
Iron are diagnostic of vent activity.

The analysis on the samples collected also included several organic compounds:
both lower weight carbonyls and some organic acids, including dicarboxylic acids were
quantified as reported in Tables 7 and 8.



Atmosphere 2021, 12, 1609 16 of 24

Table 6. Metallic composition of the samples (µmol/Kg).

Samples Li Be Al V Cr Mn Fe Co Ni Cu As Rb Sr Cs Pb

water 1 34.8 0.3 2.1 0.6 0.1 0.1 8.0 0.1 0.2 0.2 0.8 1.6 103.7 0.02 0.01
water 2 35.4 0.3 2.7 0.6 0.1 0.1 10.2 0.1 0.2 0.2 0.7 1.6 103.3 0.02 0.01
water 3 36.4 0.2 1.8 0.6 0.1 0.1 12.5 0.1 0.2 0.2 0.6 1.7 104.5 0.02 0.01
water 4 36.5 0.3 2.1 0.6 0.1 0.1 13.9 0.1 0.2 0.2 0.6 1.7 105.7 0.02 0.01
water 5 38.0 0.3 2.9 0.6 0.2 0.2 16.3 0.1 0.2 0.2 0.5 1.8 107.6 0.03 0.01
water 6 37.1 0.1 1.0 0.6 0.1 0.1 17.4 0.0 0.2 0.1 0.4 1.7 107.2 0.02 0.00
water 7 39.3 0.3 2.5 0.6 0.2 0.1 15.8 0.1 0.2 0.1 0.5 1.7 105.7 0.02 0.01
water 8 31.0 0.0 1.0 0.7 0.2 0.1 37.0 0.0 0.1 0.2 0.3 1.6 97.9 0.01 0.01
water 9 30.4 0.0 1.3 0.7 0.2 0.1 35.6 0.0 0.2 0.2 0.3 1.6 95.2 0.01 0.01

water 10 35.0 0.0 2.6 0.8 0.2 1.4 43.3 0.0 0.2 0.2 0.3 2.0 104.1 0.03 0.00

average 35.4 0.2 2.0 0.6 0.2 0.2 21.0 0.1 0.2 0.2 0.5 1.7 103.5 0.02 0.01

Table 7. Carbonyls’ content of the samples (nM).

Sample Formal-
dehyde

Acetal-
dehyde Acetone Benzal-

dehyde
Valeral-
dehyde

Tolual-
dehyde

Hexal-
dehyde

water 1 8.77 8.03 25.22 0.04 1.03 3.87 0.43
water 2 6.17 13.14 22.84 0.09 0.53 4.37 0.00
water 3 4.29 1.88 15.87 0.00 0.15 5.20 0.00
water 4 6.31 10.69 25.91 0.00 0.88 4.45 0.00
water 5 5.96 27.78 5.84 0.04 0.76 6.48 0.00
water 6 5.55 14.69 12.76 0.00 0.37 5.29 0.00
water 7 10.87 22.61 31.49 0.00 2.77 1.77 0.00
water 8 1.62 25.80 13.49 0.00 2.06 0.97 0.00
water 9 17.33 30.38 32.26 0.00 0.68 5.97 3.34

water 10 24.48 27.17 23.21 0.00 0.62 6.14 0.68

average 9.14 18.22 20.89 0.02 0.98 4.45 0.45

The most abundant compounds were acetaldehyde and acetone, followed by formalde-
hyde. The average values found were similar to that reported by Zhou and Mopper [59]
for the surface water acetaldehyde (15.7 nM in surface microlayer), but formaldehyde and
acetone are consistently lower in this study. The relative distribution is slightly different,
being acetaldehyde concentrations are greater than formaldehyde in our study. Other
assessments of carbonyl’s concentrations in seawater were performed in Antarctica by
Largiuni et al. [60]. Formaldehyde concentrations found at the Antarctica were by far
greater (about 500 nM) than the levels we found in the Mediterranean area.

Other formaldehyde measurements at the Oman Sea were reported by Nassiri et al. [61],
data ranged from 60 to 160 nM. Acetaldehyde and Acetone concentrations were reported
also by Beale et al. [62] along a transect over the Atlantic area, the acetaldehyde range was
3–9 nM; Schlundt et al. [63] reported median values of 4.11 nM for the former and 21.33 nM
for the latter for South China and the Sulu Sea.

Unfortunately, few studies were performed to assess the concentrations of carbonyls
in marine water in the Mediterranean area. With the exception of the Antarctica study
on formaldehyde surface water content, the values found during the Minerva Uno cruise
agreed quite well with those found in studies performed in other marine areas.

The assessment of seawater composition was extended also to carboxylic (formic,
acetic, and lactic) and dicarboxylic (oxalic, succinic, malic, and maleic) acids as reported
in Table 8. The methanesulfonic acid was also determined due to its importance in the
marine environment.
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Table 8. Organic acids content of the samples (nM).

Sample Formic
Acid

Acetic
Acid

Oxalic
Acid

Succinic
Acid

Malic
Acid

Maleic
Acid

Lactic
Acid

Methane-
Sulphonic

Acid

water 1 7.717 32.73 281.2 0.000 4.567 0.207 3.297 34.56
water 2 9.196 56.83 270.6 0.000 5.261 0.198 3.364 24.01
water 3 2.848 16.53 231.6 0.000 0.955 0.172 7.527 55.91
water 4 12.45 0.65 229.1 0.000 0.918 0.190 3.552 32.60
water 5 6.978 0.33 217.0 0.000 3.418 0.422 3.841 16.16
water 6 4.652 17.22 264.3 3.229 11.10 0.216 7.582 51.79
water 7 38.76 13.80 258.3 11.49 4.888 0.224 3.297 32.80
water 8 7.935 14.57 232.9 24.07 0.373 0.259 1.077 44.42
water 9 15.23 28.02 258.8 0.000 10.93 1.509 3.974 36.31
water 10 7.674 53.88 258.5 0.000 3.799 0.000 4.263 9.52

average 11.35 23.46 250.2 3.879 4.621 0.340 4.177 33.81

The average composition of seawater over the entire cruise was dominated by oxalic
acid and methanesulfonic acid. Tedetti et al. [25] underlined the difficulty in determining
dicarboxylic acids (DCA) in seawater samples, on the other hand the assessment of these
compounds is important to provide information on the intensity of biotic and photochemi-
cal oxidation reactions of organic matter in seawater. The DCA were determined in the
Arctic Ocean [64], but also in the Mediterranean Sea [25]. The values reported for the
Marseille bay by Tedetti [25] are quite similar to the average values found during the cruise
for oxalic and succinic acids (respectively 12.6 µg/L and 0.74 µg/L), but a sharp difference
was found for maleic acid which was consistently lower in our study. The values found at
the Arctic were comparable only for the case of oxalic acid (14.2 µg/L).

3.5. Statistical Treatment on the Dataset

Several studies report on the PMF model application to VOCs dataset in various
environments [3,39,65–67] aiming at identifying the major sources of these compounds
such as anthropogenic (industrial, vehicles emissions, solvent use), biogenic (primary and
secondary in nature), or other sporadic emissions such as biomass burning. In order to
correctly interpret the factors obtained as a result of the PMF model it is necessary to
take into account the pattern of contributing compounds and their atmospheric lifetimes.
The attribution to the different sources, indeed, is achieved by combining PMF factors
information with the general properties of each chemical species; typical emission profiles
of various sources are also available on the literature concerning the marine environment
giving useful hints to this study [3,66].

The PMF was applied to the dataset obtained by the campaign as already described.
Running the software several times to assure the required robustness of the results

(Qtrue/Qrobust ≈ 1), a value of Qtrue/Qrobust = 1.14 was obtained for a subset of the mea-
surements data comprising 22 variables of the initial 29. The selection was made in order
to improve the goodness of fit, taking into account the occurrence of missing data in certain
pollutants timeseries. For this reason, it was also necessary to exclude 3 samples collected
during the route (21st 10.59, 22nd 20.55, and 25th 21.00 of August). A varying number of
factors from two to seven was tested, finally, seven factors were considered as the optimal
solution, showing a significant correlation between observed and predicted concentrations.

In Figure 8 the loadings of the variables on each factor and in Figure 9 the distribution
of the factors derived by PMF along the route are represented.
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The factors can be assigned to influencing sources at different relative distances,
taking into account the atmospheric lifetimes of the compounds. Factor 1 which is mainly
impacted by CCl4, undecane, and SO2 was apparently growing during the last part of the
cruise, when the ship was sailing in the Aeolian area. This finding is consistent with what
was formerly described.

Factor 2 has as major contributors ethylbenzene, m, p-xylenes, tetrachloroethylene,
and n-C9 > n-C10 > n-C11, compounds with lifetimes longer than a day, with the ex-
ception of xylenes, are the dominating species, among them particularly n-nonane and
n-decane can be attributed to Diesel vapors hence to combustion processes with medium
life anthropogenic emissions (vehicular and maritime traffic) [65].

Factor 3 receives the main contribution from CH2Cl2 (dichloromethane) which is a
compound with a long lifetime in the atmosphere, ubiquitous, and not diagnostic per se,
and also n-C6 is a significant contributor. The species accounting mostly, with about 80%,
to Factor 4 is NO2, whereas Factor 5 has almost equal contributions, about 50% from CFC11,
CFC114, and NO.

The greatest contributors to the last two factors, Factor 6 and Factor 7, are respectively
n-C5–C7 and Benzene with about 60%.

On the basis of the PMF factors described it is possible to recognize the impact on
Factor 2 and on Factor 6 of possible sources as maritime traffic and solvent use/industrial
emissions, respectively. Matching these findings with the plots describing the trends of
these factors during the cruise it is possible to observe that Factor 2 peaks at the Phlegraean
Fields area and at Panarea. As already reported in the previous sections, the Phlegraean
Fields area is one of the sites most impacted by anthropogenic sources, since it is densely
populated and particularly affected both by vehicular and maritime traffic. On the other
hand, Factor 6 peaks at the beginning of the cruise in proximity to Sicilian coasts, where in
addition to natural sources (Mount Etna) some industrial sources (petrochemical plants)
are also located.

A benefit to this statistical treatment could come from a wider time-coverage of the
data, in order to increase the accuracy in identifying and characterizing the sources. More-
over the lack of data concerning biogenic VOCs (BVOCs), due to the sampling methodology
applied in the study, represents another limitation of the work carried out. Improving the
sampling methodology appears to be the main way to overcome these limitations.

4. Conclusions

This study confirms the influence of some natural sources, such as volcanoes, in the
strongly anthropized Mediterranean Sea particularly in the southwestern area around the
Aeolian arc, but also shows that the main atmospheric pollutant emitted is sulphur dioxide.
The hypothesis of a direct volcanic emission of trace gases such as CFCs appears not to be
proven by the data collected, which generally lay below the average atmospheric level in
the northern hemisphere. Other organic compounds such as n-alkanes were characterized
by different distributions along the route according to the site. A bimodal distribution
with maxima at C5–C6 and C10–C11 were observed at sites most affected by anthropic
impact as Sicilian coasts and Phlegraean Fields, whereas remote sites showed unimodal
distribution with maxima at C10–C11. The predominance of heavier n-alkanes during the
cruise generally agree with previous studies in the marine environment. No observable
effect on the total amount of these compounds was found approaching the volcanic area.
Among the oxygenated VOCs the most abundant compound was acetone, accounting for
38% of the total amount collected, formaldehyde and acetaldehyde make up about 22–29%
depending on the site.

The impact of underwater emissions was also assessed by analyzing shallow waters,
which, particularly near Panarea and at Levante Bay (Vulcano), showed lower pHs and
a high content in Fe and Mn which are diagnostic of vent activity. At the same time the
Fluoride to Chloride ratio increased accordingly, as expected due to the enrichment caused
by volcanic activity.
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The study reported could be improved if highly time-resolved measurements of VOCs
were available. The increased number of data could provide, indeed, a better identification
of sources through the PMF model. Another added value of having real-time measurements
would also be the possibility to determine further reactive species, such as biogenic VOCs
(BVOCs), which cannot be easily assessed by means of semi-continuous techniques. Thus,
it would be possible to also account for biogenic sources which were not considered in the
present study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12121609/s1, Figure S1: Water sampling points during 2017 cruise, Figure S2: Details of
sampling points in the Aeolian area during the 2017 cruise, Figure S3: Windroses relative to Vulcano
samplings, Figure S4: Plot of CFC11 concentrations against the average atmospheric levels and the
toluene to benzene ratio, Table S1: OVOCs sampling periods, Table S2: VOCs sampling periods,
Table S3: Date and location of water samplings.
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