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Abstract

Particulate matter (PM) is a complex mixture of small particles and liquid droplets
suspended in the atmosphere originated from a wide range of natural and
anthropogenic sources that has been related with many adverse effects on human
health, ecosystems and climate. Consequently, the deterioration of air quality caused
by the release of PM is one of the main environmental concerns in the world and has

resulted in many resources being invested in monitoring and controlling air pollution.

In Cuba, the study of atmospheric PM pollution constitutes one of the most
challenging issues in environmental research because there are still technical and
analytical limitations that prevent its correct monitoring. Therefore, conducting studies
on PM are of paramount importance to fill the existing gap, providing useful information

to develop effective strategies to improve air quality in this region.

The general objective of this thesis is to investigate the levels and chemical
composition of atmospheric particulate material present in rural and urban areas of
Cuba. More specifically, the work aims to identify the main sources of emission of PM,
evaluating its possible effects on air quality and the environment. For this purpose,
during a period of one year (January 2015 to January 2016) samples of PMio were
simultaneously collected in a rural and an urban site of Cienfuegos by means of high-
volume samplers. Likewise, in the rural site monthly samples of bulk depositions were
collected between March 2014 and November 2016. In order to improve the process of
identification of sources, several samples from aerosol emitters were also collected
during 2015 and 2016 in the region studied. The samples thus collected were later
analyzed by applying various analytical techniques, determining a high number of

chemical elements and the stable carbon and nitrogen isotope signatures.

The different research works carried out in this thesis have been presented in five
chapters. In the first one it is shown that concentrations of PMio reached annual
averages of 35.4 and 24.8 ug m3 in the rural and urban sites respectively. The highest
concentrations of PM were observed between March and August, coinciding with a
strong advection of Saharan dust clouds. The PM1g daily limit (50 ug m=3) established in
the Cuban legislation for air quality was exceeded 3 and 8 times in the rural and urban
sites, respectively. Chemical characterization of PM1o showed important contributions

of mineral matter, total carbon and secondary inorganic compounds in the region,
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detecting higher concentrations in the urban site. A source apportionment analysis using
Positive Matrix Factorization (PMF) model identified 5 main sources in the studied sites
(Saharan intrusions, marine aerosol, combustion, road traffic and cement plant).
Saharan dust contribution was quantified for the first time in Cuba, proving to be one of

the most important pollution sources in the region.

In the second chapter the content, pattern and sources of lanthanoid elements (La
to Lu) in PMyo are investigated. Lanthanoid elements concentrations were distributed
unevenly throughout the year, showing higher values in the period between April and
August when Saharan dust intrusions are more frequent. According to the results, most
lanthanoid elements exhibited a dominant crustal origin, but the influence of
anthropogenic emissions was also demonstrated by the strong fractionation of
lanthanoid ratios as well as the higher enrichment factors of heavier lanthanoids. By
using different approaches, including the application of the conditional bivariate
probability function (CBPF) and the concentration-weighted trajectory (CWT), four
pollution sources were identified: crustal matter (driven by Saharan dust and local soils),
oil combustion (power plant and shipping emissions), petroleum-coke combustion

(cement plant) and urban road traffic.

Chapter 3 reports on the study of the stable isotope compositions (8*3C and 8*°N) of
total carbon (TC) and nitrogen (TN) in both PM10 and emissions from potential sources
of contamination. 8'3C isotope signatures revealed that air quality was degraded by the
mixed contributions from two main emitters: combustion of fossil fuel and cement plant
and quarries, with this last source impacting more air quality at the urban site. In
addition, TN and 8%°N values from the urban site demonstrated that nitrogen in PMio
was generated by secondary processes through the formation of (NH4)2SO4 and that the
corresponding °N enrichment is controlled by exchange between gaseous NHs; and
particle NH4" in the (NH4)2S04 molecule under stoichiometric equilibrium. By comparing
8N values in PM1o at lower nitrogen concentrations with those measured in samples
from potential sources of pollution it was concluded that emissions from diesel cars and

the power plant may represent the major vectors of primary nitrogen.
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The fourth research study carried out in this thesis describes exhaustively the major
and trace elements analyzed in monthly bulk depositions. Bulk depositions and fluxes of
the elements studied showed a high variability, without exhibiting any evident pattern
between dry and wet periods, result that was attributed to fluctuations in emissions
from their main sources. However, stronger correlations were found between typical
crustal elements, which showed a marked seasonality related to the presence of
Saharan clouds dust in the Caribbean. Most of the analyzed elements were found in the
variation range of those reported in rural environments around the world but the
elements V, Ni, As and Sb presented higher levels, typically founded in urban and
industrial areas. The elements Zn, Sb, Pb, W, Sn, S, Cu, Mo, Nb and P were significantly
enriched, revealing their anthropogenic origin. Finally, the application of Principal
Components, Multilinear Regression and Cluster statistical analyses led the
identification of 5 main sources contributing to bulk deposition: crustal matter (39.5%),
marine aerosol (38.2%), combustion processes (6.7%), industries (8.7%) and road traffic

(1.4%).

In the last chapter, the implications of the results obtained in the air quality and the
environment of the studied area are evaluated. It should be noted that the results
obtained in this work can contribute to significantly improve the understanding of the
properties of aerosols in the atmosphere and the potential impacts of air pollutants on
terrestrial and aquatic ecosystems. Moreover, this thesis is a valuable source of
information to expand the existing datasets in Cuba, thus providing a very useful
information to environmental managers and policy makers to take sound decisions that

contribute to improving air quality in Cuba.
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General introduction

1. Atmospheric particulate matter

Atmospheric particulate matter (PM), also known as particle pollution, is defined as
a mixture of solid particles and liquid droplets found in the air (U.S. EPA, 2016a). This
term encompasses both the particles in suspension and those with an aerodynamic
diameter greater than 20 um, called sedimentary particles and characterized by having
a short lifetime in the atmosphere. In the literature, the terms MPA and atmospheric
aerosol are used as synonyms; however, the term aerosol encompasses both the
particulate material in suspension and the mass of air in which it is contained (Putaud et
al., 2004). Atmospheric PM levels are defined as mass concentration or number of
particles per unit volume of air and is expressed in pg m=3 and N cm3, respectively.
Atmospheric PM can be emitted by a wide variety of sources that influence its physical

properties (size, surface area, density, chemical composition and size distribution).

Atmospheric PM is a common constituent of the Earth's atmosphere from a natural
or anthropogenic origin and considered, in both cases, as an atmospheric pollutant due
to the alteration of the original composition of the atmosphere. On a global scale,
natural emissions, such as resuspended crustal matter, marine aerosol or particles from
volcanic activity and biogenic emissions, are much higher than the anthropogenic
emissions (Smithson, 2002). Some of the main anthropogenic sources are the emissions
coming from industries, road traffic, biomass burning, oil combustion, agriculture and
construction activities. Nowadays, air pollution due to release of PM from these
anthropogenic and natural sources is one of the major issues of global concern. The
exposure to high levels of PM has negative implications on human health (Pope and
Dockery, 2006; WHO, 2016), visibility (Kanakidou et al., 2005), climate (P6schl, 2005)
and ecosystems (Grantz et al., 2003). Comprehensive studies on daily time series of PM
levels and chemical composition are, therefore, necessary to evaluate the air quality and

to develop effective air quality management strategies.
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1.1. Classification of the atmospheric particulate matter

Atmospheric PM can be classified according to different criteria such as its origin
(natural or anthropogenic), formation process (primary or secondary), size or chemical

composition.

1.1.1. Sources origin of particulate matter

Sources of particulate matter can be natural or anthropogenic (P6schl, 2005; U.S.
EPA, 2009). Particles of natural origin are called to those that come from emissions not
caused, directly or indirectly, by human activities. Naturally occurring particles are
produced by volcanoes, sea spray, grassland fires, desert dust and by a variety of
biological sources (pollen, bacteria, fungal spores, fragments of vegetable organisms

and of animals).

Anthropogenic particles are derived from human activities, and include those
related to the burning of fossil fuels in vehicles, domestic heating, power plants and
industrial processes (Adamiec et al., 2016; Alastuey et al., 2006; Gualtieri et al., 2015;
Lawrence et al., 2016). It is also included in this group the mineral material associated
with demolition and erosion processes of the road pavement and brakes and tires in
vehicles (Amato et al., 2009; Grigoratos and Martini, 2015; Johansson et al., 2009). There
are a wide variety of emissions of industrial origin, highlighting the metallurgical
activities and the production of cement and bricks, among others (Alastuey et al., 2006;
Querol et al., 2001; Sanchez-Soberon et al., 2015; Taiwo et al., 2014). Another large
group consists of those particles formed in the atmosphere from gaseous precursors
emitted by these and other anthropogenic sources. Averaged over the globe,

anthropogenic PM accounts for about 10% of the total aerosol amount.

1.1.2. Primary and secondary particulate matter

PM may be classified as primary or secondary in accordance with its formation
mechanism: primary particles are directly emitted into the atmosphere while secondary

particles are formed after chemical transformation of their gaseous precursors.
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The main primary particles are derived from natural arid regions, oceans, vegetation
and volcanoes; while the primary anthropogenic particles are mainly linked to the

emissions of road traffic and industrial activities (U.S. EPA, 2009).

Secondary particles can form at locations distant from the sources that release the
precursor gases. Examples include sulfates formed from sulfur dioxide emissions from
power plants and industrial facilities and nitrates formed from nitrogen oxides released
from power plants, mobile sources, and other combustion sources (U.S. EPA, 2014). The
transformation of gas to particle can occur through nucleation, condensation and

growth processes.

1.1.3. Particles size distribution

Size is the most important parameter for understanding the behavior of aerosols.
The size of particles gives information on their sources, determines their transport scale,

residence times, removal mechanisms and their environmental and human effects.

Atmospheric particles often are not spherical. Therefore, the size of particles is
defined by the equivalent diameter rather than the geometric diameter. The most
common is the aerodynamic diameter, which refers to the diameter of a unit density
sphere of the same settling velocity as the particle in question. The notation PMy refers

to particulate matter comprising particles less than X um in aerodynamic diameter.

The diameters of atmospheric particles range from 0.001 to 100 micrometers (um)
and have a modal size distribution. The modal character of the atmospheric PM size
distribution results from continuous processes leading to particle formation, and
processes leading to removal of particles from the atmosphere. Often, in the literature,
particles with diameter greater than 2.5 um and less than 10 um are referred as coarse
particles (PM25-10), and particles with diameter less than 2.5 um are referred as fine
particles (PMy;s). Traditionally, ultrafine particles (UP, diameters less than 0.1 um) and
nanoparticles (Nano, diameters less than 0.01 um) are also differentiated. However, the
size ranges of particles are handled differently in literature, adding the term “mode” to
emphasize references to the fine or coarse mode particles (Wilson and Suh, 1997). This

terminology will be used throughout the thesis.
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Figure 1.1. illustrates an updated understanding of ambient particle size
distributions with multiple modes (Cao et al., 2013), elaborated from the original
bimodal distribution from Whitby et al., (1972). Total suspended particles (TSP) are
defined as those measured by a high-volume sampler in the particle size range from 0
to ~30 — 50 um. Nucleation and ultrafine modes denote particles less than 0.01 and 0.1
um, respectively. The accumulation mode contains most of the fine particles from ~0.1
to ~2 um. The ~0.2 um condensation mode results from gas phase reaction products
while the ~0.7 um droplet mode results from gas absorption and reactions in water

droplets. The coarse mode extends from ~2 or 3 um to 100 um.
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Figure 1.1. Different modes in an idealized example of atmospheric particle size distribution

(Cao et al., 2013).

Coarse mode particles are usually produced by mechanical disruption of large
particles, by crushing or grinding, the bursting bubbles in the ocean (sea spray) or dust
resuspension. The aerosol mass is mainly found in coarse mode. Although most of the
coarse particles are primary, some secondary particles may also be found in this fraction.
Nitrate formed from the reaction of nitric acid with sodium chloride, and sulfate formed

from the reaction of sulfur dioxide with basic particles from a crustal or marine origin,
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are examples of secondary particles in the coarse mode (Alastuey et al., 2005; Mariani
and de Mello, 2007). In addition, fly ash from uncontrolled combustion of coal, oil and
wood, as well as oxides of crustal elements (Si, Al, Ti, Fe), pollen, fungal spores or animal
and plant fragments are also found in the coarse mode (Wilson and Suh, 1997). Coarse
particles can settle out rapidly from the atmosphere with lifetimes ranging from minutes
to hours. The largest coarse particles do not travel long distances as a consequence of
their removal by gravitational settling close to the emission source or the impaction on
surfaces (Watson and Chow, 1994). In contrast, the smallest coarse particles have longer

lifetimes and can be transported across larger regions.

The accumulation mode is comprised of direct PM emissions from combustion
sources, such as gasoline- and diesel-fueled engines, and the conversion of oxides of
nitrogen (NOx), sulfur dioxide (SO2), ammonia (NHs), and some reactive organic gases
(ROG) to PM through atmospheric chemical processes (Watson et al., 2010). The
condensation portion of the accumulation mode is formed mostly under dry gas-to-
particle conversion conditions. The droplet mode is consistent with aqueous-phase
reactions in fogs and clouds; more material accumulates within the water droplet that
leaves larger particles when the water evaporates. Another interpretation of these
modes for relative humidity > 80% is that the water-absorbing sulfate and nitrate
compounds grow into the droplet mode while the water repellent soot and some
organic carbon retain their original sizes (Cao et al., 2013). Particles in accumulation
mode have long residence times in the atmosphere, ranging from days to weeks
(Meszaros, 1993). As a result, they can be transported over long distances until they are

removed by wet or dry deposition mechanisms.

Ultrafine particles are both directly emitted by combustion sources and can form by
nucleation and growth in the atmosphere (Watson et al., 2010). Fossil fuels often include
trace amounts of sulfur that can oxidize to sulfuric acid, and ROG that can oxidize to
condensable compounds. As these gases are cooled by dilution with ambient air, they
may condense onto larger particles or nucleate into UP. Black carbon soot is produced
during oxygen-starved combustion. Some of this soot is UP, but these particles increase
in size with time owing to condensation and adsorption of vapors, and by coagulation

with other small particles. UP number concentrations decrease and particle sizes
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increase rapidly with distance from the source. These particles have relatively short
lifetimes of minutes to a few hours after emission or formation similar to the smaller

coarse particles (PMa.s.10) (Cao et al., 2013).
1.1.4. Chemical composition

During the last decades, substantial improvements have been carried out in the
chemical characterization and identification of the main atmospheric aerosol
components (Alastuey et al., 2006; Aldabe et al., 2011; Cesari et al., 2016; Kim et al.,
2007; Mukherjee and Agrawal, 2017; Viana et al., 2008). Nowadays, most of the
individual inorganic species that typically represent more than 1% of the total PM mass,
can be easily determined and their main sources identified. Thus, inorganic atmospheric
PM can be divided into several major categories, such as crustal material (Si, Al, Fe, Ca,
C0O3?%), sea-salt aerosol (Na, Cl), inorganic secondary species (nitrate, sulphate,

ammonium), carbonaceous aerosol (elemental carbon) and trace elements.

Much more complex is the case of organic compounds, as this class constitutes a
relevant fraction of PM mass (20 — 60%) but includes a wide variety of individual species,
each one at very low concentration level (U.S. EPA, 2014). Organic matter can be
measured as a whole, but only a small part of the species that constitute this group can
be determined individually (Aldabe et al., 2012; Gorka et al., 2014; Parra et al., 2006;
Seinfeld and Pankow, 2003). This is the reason why the monitoring of organic species in
PM is generally addressed only to harmful (toxic and carcinogenic) compounds or to
species that can be considered as tracers of specific PM emission sources (Bonvalot et
al., 2016; McDonald et al., 2018 and references therein). Table 1.1 shows an overview

of the chemical constituents of atmospheric particles and their major sources.
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Table 1.1. Chemical constituents of atmospheric particles and their major sources (U.S. EPA,

2009).
. . Secondary PM Precursors
Primary (PM<2.5 um Primary (PM>2.5 um
imary ( um) imary ( um) (PM<2.50m)

Aerosol . . .

species Natural Anthropogenic Natural Anthropogenic Natural Anthropogenic
Oxidation of
reduced sulfur
gases emitted by Oxidation of SO:

. the oceans and .
Sulfate Fossil fuel emitted from
9 Sea spray i Sea spray - wetlands and .

(SO4%) combustion fossil fuel
S0zand HaS combustion
emitted by
volcanism and
forest fires

Oxidation of NOx
Oxidation of NOx emitted from

Nitrate _ Mobile source _ _ produced by fossil fuel

(NO3") exhaust soils, forest fires, combustion and in
and lightning motor vehicle

exhaust
Fugitive dust Fugitive dust,
from paved and paved and
un d road d road
. Erosion and pave roacs, Erosion and unpave .roa
Minerals . agriculture, . dust, agriculture, - -
reentrainment reentrainment
forestry, forestry,
construction, and construction, and
demolition demolition
Emissions of NH3
Emissions of NHs  from motor

Ammonium _ Mobile source _ _ from wild vehicles, animal

(NH4*) exhaust animals, and husbandry,
undisturbed soil  sewage, and

fertilized land

Prescribed o Oxidation of

. Oxidation of hydrocarbons
burning, wood .

. ) hydrocarbons emitted by motor
burning, Tire and asphalt . .

. . . . emitted by vehicles,
Organic e mobile source Soil humic wear, paved and . .
Wildfires : vegetation prescribed
carbon (OC) exhaust, cooking, matter unpaved road .
. (terpenes, burning, wood
tire wear and dust . .
. . waxes) and wild  burning, solvent
industrial . . .
fires use and industrial
processes
processes
Mobile sour(fe Tire and asphalt
exhaust (mainly wear. paved and
EC Wildfires diesel), wood - P - -
. . unpaved road
biomass burning,
X dust
and cooking
Fossil fuel
combustion, .
. Erosion,
. smelting and :
Volcanic reentrainment,
Metals . other K - - -
activity . and organic
metallurgical .
debris
processes, and
brake wear
Plant and insect
fragments,
. Viruses and pollen, fungal

Bioaerosols - - - - -

bacteria spores, and

bacterial
agglomerates

Dash (—) indicates either very minor source or no known source of component.
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The chemical and mineralogical composition of the crustal material vary from one
region to another depending on the characteristics and composition of soils, being
generally constituted by calcite (CaCOs), quartz (SiO;), dolomite [CaMg (CO3).], clays
[especially kaolinite, Al>SiOs(OH)a4, and illite, K(Al,Mg)3SiAl1o(OH)], feldspars [KAISizOs
and (Na,Ca) (AlSi)20s] and lower amounts of calcium sulfate (CaSO4 2H,0) and iron
oxides (Fe;03) among others (Sanchez de la Campa et al.,, 2007). These are mostly
primary particles, except some sulfates and nitrates, which can be generated in the
atmosphere by reaction with carbonated particles. In particular, the composition of the
mineral particulate material transported from arid regions usually includes clays,
aluminium oxide (Al,03), iron oxide (Fe203), magnesium oxide (MgO) and calcium oxide
(Ca0) (Moreno et al., 2006; Viana et al., 2002). Although most of the mineral material
emissions are of natural origin, some are also derived from anthropogenic activities such
as the construction, mining, wear of pavement and wheels of cars and the resuspension
by the road traffic, especially in urban areas (Castillo et al., 2013; Mazzei et al., 2008;
Querol et al., 2004). On a global scale, the emissions of crustal material represent the

major mass fraction, reaching up to 44% of the global emissions (Smithson, 2002).

Marine aerosol particles are mainly composed of NaCl, although other species such
as MgCl,, Na;S0O4 and MgS04 may also be found. Similar to the crustal material, the
marine aerosol particles are mostly primary and from an abiotic origin, but there are
also secondary sulphate particles derived from the oxidation of natural compounds.
Overall, this group represent 38% of the total emissions (Smithson, 2002), being

considered the second most important after crustal material.

Sulphate, nitrate and ammonium are mainly generated as result of the oxidation of
gaseous precursors in the atmosphere and are generally found in the ultrafine particle
fraction. About 90% of the sulphate present in the atmosphere is originated from the
oxidation of the SO; in the liquid phase in the clouds. This gas is mainly emitted by
anthropogenic sources during the fossil fuel combustion in industries (Bove et al., 2016;
Mazzei et al., 2008); nevertheless, it can also be emitted by oceans, volcanoes and
biogenic activities (Friedrich, 2009). Nitrogen oxides (NOx), on the other hand, constitute
the most important gaseous precursor of nitrate in the atmosphere. Fossil fuel

combustion, motor vehicle exhaust, biomass burning and agricultural and livestock
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activities are the most relevant anthropogenic contributors of NOx. Natural nitrogen
compounds are produced by soils (N20), forest fires (NO2, NO), lighting (NO) and
biogenic activities (NH3) (Librando and Tringali, 2005).

Oxidation of NOx and NH3s results in the formation of HNOs and NH4*. Nitric acid
reacts with the ammonium generating ammonium nitrate (NHsNOs). However, the
thermodynamic instability of this compound, a consequence of the high vapor pressure
of NH3 and HNOs, makes it volatile at temperatures above 20-25 °C and transforms it
into gaseous nitric acid. As a result of this thermal effect, the ammonium nitrate usually
shows a marked seasonality (Aldabe et al., 2011; Querol et al., 2001). Relative humidity
is another factor that influences the stability of these compounds so that the higher the
relative humidity, the more favored is the formation of NH4NOs3 (Park et al., 2005). The
presence of sulfates in the atmosphere also influences the formation of ammonium

nitrate. Thus, NHs* has a greater tendency to react with H2S04 and SO,* than with NOs

so in order for NH4NOs to form, there must be excess of ammonium with respect to the

sulphate (Bove et al., 2016; Seinfeld and Pandis, 2012).

The carbonaceous material encompasses a wide variety of natural and
anthropogenic species with different composition and chemical structures and
represents between 2 and 5% of the global emissions (Smithson, 2002). The
carbonaceous particles are traditionally divided into an organic carbon (OC), elemental
carbon (EC), and a carbonate carbon fraction, being the latter almost exclusively derived
from soil dust in the form of K,COs, Na,COs3, MgCOs, and CaCOs. By contrast, EC is
considered to exclusively derive from primary emissions, which makes it a useful tracer
for the primary component of atmospheric particles (Seinfeld and Pankow, 2003). The
OC fraction are primary and secondary pollutants (from a natural and anthropogenic
origin) formed by condensation of organic volatile compounds (Richter and Howard,
2000; Seinfeld and Pankow, 2003). The primary OC particles of natural origin are mainly
constituted by vegetal and edaphic compounds, such as spores, pollen, humic and fulvic
acids, microorganisms and fungi. Primary anthropogenic OC emissions, on the other
hand, are mainly due to the incomplete combustion processes of organic material and

traffic (Gorka et al., 2014; Jones and Harrison, 2005). The three types of carbonaceous
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material are traditionally summarized as total carbon (TC) content of the atmospheric

PM.

Finally, trace elements, generally found in the fine and UP particles fraction, are
released to the atmosphere by natural and, mainly, anthropogenic sources (Birmili et
al., 2006; Utsunomiya et al., 2004). Natural sources include volcanism, wind erosion,
forest fires and organic debris, whereas anthropogenic sources include combustion of
fossil fuels and wood, high temperature industrial activities and waste incineration
(Taiwo et al., 2014; U.S. EPA, 2009). Specifically, combustion of fossil fuels is one of the
main anthropogenic sources for Be, Co, Hg, Mo, Ni, Sb, Se, Sn and V, and also represents
an important contribution to the release of As, Cr, Cu, Mn and Zn (Lin et al., 2005;
Moreno et al., 2010). Traffic play also a key role in the emission of trace metals as
variable quantities of Cu, Zn, Pb, Fe, Cd, Sn, Sb, V, Ni and Ba are derived from exhaust
and non-exhaust traffic emissions (Adamiec et al., 2016; Grigoratos and Martini, 2015;
Johansson et al.,, 2009). Lastly, industrial metallurgical processes emit the largest

percentage of As, Cd, Cu, Mn, Cr, Ni and Zn (Querol et al., 2002; Taiwo et al., 2014).

1.2. Dispersion and deposition of atmospheric particulate matter

1.2.1. Factors controlling the dispersion of atmospheric PM

The local meteorological conditions play an important role in the dispersion of
atmospheric PM. The degree of dispersion or, in other words, the concentration of the
atmospheric particles, will strongly depend on wind speed and atmospheric stability.
Wind speed and pollutant concentration (including PM) are reciprocally correlated, i.e.
low wind speeds will result in high pollutant concentrations and vice versa. This becomes
very clear when considering a chimney that emits smoke at a constant rate. The volume
of air into which the smoke is blown will increase with increasing wind speed. Thus, the
pollutant concentration will be directly proportional to the rate of emission but inversely
proportional to the wind speed. It is important to consider the prevailing wind
directions, as the pollution condition is worse down-wind of the sources. However, the
concentration of pollutants in urban areas usually does not drop as quickly as predicted

by wind speed.
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In addition to the direction and velocity of the wind, the vertical mixing of air in the
boundary layer of the troposphere [lowest 1 — 2 km of the atmosphere, (Smithson,
2002)] also affect the concentration of the pollutants (Gramsch et al., 2014). The larger
the surface roughness the stronger the resulting turbulence when wind blows across it
and, as a result, the larger the vertical mixing of air. The roughness coefficient indicates
the degree of surface roughness and increases with an increase in obstacles in the
pathway of the wind. Large-scale vertical mixing is dominated by the stability of the
atmosphere, which in turn is largely controlled by the thermal buoyancy. An air package
that is warmed at ground level will rise due to buoyancy, i.e. the surrounding air is colder
and heavier. It will then ascend at a rate and to a degree given by the stability of the
atmosphere. The rate at which it will cool and expand is called the adiabatic lapse rate,
which is about 1 °C over 100 m for dry air and approximately 0.6 °C/100 m for moist air.
This effect occurs because the pressure in the atmosphere decreases exponentially with
height, and as the air cools, it expands. In the real atmosphere the lapse rate can be
smaller, almost equal to, or larger than the adiabatic lapse rate. This has consequences
on the extent of vertical mixing. There are various stability categories of the atmosphere.
It shall suffice to mention only the ground level and aloft inversion condition (also called
thermal inversions), as these will inhibit the dispersion of the pollutants (Harrison, 1999;

Miao et al., 2017; Tomaz et al., 2017).

Ground-level inversion (also called surface thermal inversion) most often occurs
when the lowest layer of air is cooled by the underneath ground, which frequently takes
place during ground’s overnight radiative cooling in cloudless nights. This condition
usually does not last longer than next midmorning when the warming effect of the sun
removes that low-lying layer. Furthermore, the ground level inversion layer is not very
thick (often 100 — 200m) and factories with very high chimneys will emit into the well-
mixed higher altitude layer above. The increase in the concentration of pollutants during
the inversion is facilitated by the decrease in wind speed, since fast moving air above
the inversion layer does not mix with the low-level air. Consequently, there will be no
exchange in downward momentum and the air in the inversion layer will become

stagnant.
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The situation is different in the case of the aloft inversion (also called subsidence
inversion), which occurs during a certain meteorological condition termed anticyclone.
Under these conditions, the pressure gradient becomes progressively weaker so that
winds become light. These light winds greatly reduce the horizontal transport and
dispersion of pollutants. At the same time, the subsidence inversion aloft continuously
descends, acting as a barrier to the vertical dispersion of the pollutants. These pollutants
can persist for several days, and the resulting accumulation of pollutants can cause
serious health hazards (Liu and Liptak, 1999). In a recent study in a megacity (the
metropolitan area of Lima-Callao, Peru) the seasonal fluctuations in the PM were
explained by subsidence thermal inversion (Silva et al., 2017). Nevertheless, the local
pollution situation is generally worse during episodes of ground-level inversion
(Harrison, 1999). Today, when such events occur in big cities (Viard and Fu, 2015), there

are restrictions to human activities mainly traffic-related.

The local geography also has a considerable impact on the potential of pollutants to
accumulate. Cities located in valleys are especially susceptible to increased pollution
levels, as cool air tends to flow down the valley triggering low-level inversions. A quite
similar situation occurs in coastal cities. The sea breeze blowing from the cooler sea
towards the warmer land during the day will result in cooler air from the sea being

forced underneath warmer air on land.

Chimney emission from factories is often a major contributor to air pollution.
However, the dispersion of pollutants from chimneys strongly depends on the stability
of the atmosphere, the wind speed, chimney (stack) height, and the temperature and
exit velocity of the flue gasses. While the ground-level concentration of pollutantsis zero
close to the chimney, as some time is necessary for vertical mixing to transport
pollutants to the ground, it will reach a maximum at some distance downwind that will
be larger with increasing stack height and atmospheric stability. As a rule of thumb, the
maximum ground-level concentration is inversely proportional to the square of the
chimney height. Thus very high chimneys tend to shift a local problem to a regional

and/or transboundary one (Harrison, 1999).
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Finally, atmospheric lifetime of particles, which is dependent on their size, also
influence the dispersion of PM in the atmosphere. The nucleation-mode particles will
rather quickly coagulate and, hence, grow into the accumulation mode, where no
further growth into the coarse mode takes place. The fine particles from the
accumulation mode remain in the atmosphere for a number of days and can travel over
thousands of kilometers before being deposited onto surfaces. On the other hand,
coarse-mode particles do not remain suspended in the atmosphere for more than
minutes to a few hours. As a consequence, the possible range they can travel is
considerably shorter. The only exception arises during extreme weather events, such as
strong dust storms, when the smallest coarse-mode particles can reach higher altitudes

and be transported over longer distances (U.S. EPA, 2009).

1.2.2. Wet and dry deposition of PM

Atmospheric deposition is the transfer of atmospheric pollutants (dust, particulate
matter containing heavy metals, polycyclic aromatic hydrocarbons, dioxins, furans,
sulphates, nitrates, etc.) to terrestrial and aquatic ecosystems. Nowadays, it is receiving
growing attention from the scientific community, becoming the subject of a specific
research area in the environmental sciences (Amodio et al., 2014). The research in
atmospheric deposition has increased a great deal over the past years, because of its
increasing significant contribution to the explanation of pollution phenomena in many
environmental compartments. In addition, it enable evaluating the impacts of pollution
sources at long and short distances (as in fugitive emissions) and the possibility to carry
out long term studies aimed at performing health impact assessment on exposed
population (Anatolaki and Tsitouridou, 2007; Bari et al., 2014). The atmosphere is the
carrier on which some natural and anthropogenic organic and inorganic chemicals are
transported, and deposition events are the most important processes that remove these

chemicals, depositing it on soil and water surfaces.

Wet and dry deposition are important processes for removing PM and other
pollutants from the atmosphere on urban, regional, and global scales (U.S. EPA, 2009).
Wet deposition results from the incorporation of atmospheric particles and gases into

cloud droplets and their subsequent precipitation as rain or snow, or from the
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scavenging of particles and gases by raindrops or snowflakes as they fall. Wet deposition
depends on precipitation amount and ambient pollutant concentrations. Vegetation
surface properties have little effect on wet deposition, although leaves can retain liquid
and solubilized PM. Wet deposition is most efficient at scavenging the 2 — 10 um size

fraction.

Dry particulate deposition, especially of heavy metals, base cations, and organic
contaminants, is a complex and poorly characterized process. It appears to be controlled
primarily by such variables as atmospheric stability, macro- and micro-surface
roughness, particle diameter, and surface characteristics (Aas et al., 2009). The range of
particle sizes, the diversity of canopy surfaces, and the variety of chemical constituents
in airborne particles have made it difficult to predict and to estimate dry particulate
deposition (Dammgen et al., 2005; U.S. EPA, 2009). Larger particles >5 um diameter are
dry-deposited mainly by gravitational sedimentation and inertial impaction. Smaller
particles, especially those with diameters between 0.2 and 2.0 um, are not readily dry-
deposited and may travel long distances in the atmosphere until their eventual
deposition, most often via precipitation. Plant parts of all types, along with exposed soil
and water surfaces, receive steady deposits of dry dusts, EC, and heterogeneous

secondary particles formed from gaseous precursors.

In arid and semi-arid regions, dry deposition is the major pollutant pathway
contributing 90-99% to the total deposition flux due to the limited precipitation (Sabin
et al., 2006). Although dry deposition is a slow process, it is continually occurring unlike
wet deposition; therefore, it can be of greater importance for net pollutant deposition.

Dry deposition will dominate the total deposition flux particularly in areas of low rainfall.

Particles in the atmosphere are also removed via clouds, mist or fog (also called
occult deposition) (Amodio et al., 2014). The occurrence of cloud and fog deposition
tends to be geographically restricted to coastal and high mountain areas. Several factors
make it particularly effective for the delivery of dissolved and suspended particles to
vegetation. Concentrations of particulate-derived materials are often many times higher

in cloud or fog water than in precipitation or ambient air due to orographic effects and
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gas-liquid partitioning. Table 1.2 summarizes the characteristics of ambient PM

discussed both in the current and previous sections.

Table 1.2. Characteristics of ambient fine (ultrafine plus accumulation-mode) and coarse

particles (U.S. EPA, 2009).

Fine
Coarse
Ultrafine Accumulation mode
Formation . . . . .
Processes Combustion, high-temperature processes, and atmospheric reactions ~ Break-up of large solids/droplets
Condensation of gases . . . .
. . . 8 . Mechanical disruption (crushing,
Nucleation of atmospheric Coagulation of smaller particles - .
. . . X ; grinding, abrasion of surfaces)
gases including H2S04, NHs Reactions of gases in or on particles .
Formed by Evaporation of sprays

and some organic compounds
Condensation of gases

Evaporation of fog and cloud droplets
in which gases have dissolved and
reacted

Suspension of dusts
Reactions of gases in or on particles

Composed of

Sulfate

EC

Metal compounds

Organic compounds with very
low saturation vapor pressure
at ambient temperature

Sulfate, nitrate, ammonium, and
hydrogen ions

EC

Large variety of organic compounds
Metals: compounds of Pb, Cd, V, Ni,
Cu, Zn, Mn, Fe, etc.

Particle-bound water

Bacteria, viruses

Nitrates/chlorides/sulfates from
HNO3/HCI/SO; reactions with coarse
particles

Oxides of crustal elements (Si, Al, Ti,
Fe)

CaC0s, CaS04, NaCl, sea salt
Bacteria, pollen, mold, fungal spores,
plant

and animal debris

Largely soluble, hygroscopic, and

Largely insoluble and

Solubility Not well characterized . .
deliquescent nonhygroscopic
. . . Resuspension of particles deposited
Combustion of fossil and biomass P P P
. . . onto roads
fuels, and high temperature industrial . .
. Tire, brake pad, and road wear debris
. . processes, smelters, refineries, steel . ) .
High temperature combustion mills etc Suspension from disturbed soil (e.g.,
Sources Atmospheric reactions of ’ farming, mining, unpaved roads)

primary, gaseous compounds.

Atmospheric oxidation of NO, SO.,
and organic compounds, including
biogenic organic species (e.g.,
terpenes)

Construction and demolition

Fly ash from uncontrolled
combustion of coal, oil, and wood
Ocean spray

Atmospheric

Minutes to hours

Days to weeks

Minutes to hours

half-life
Grows into accumulation
Removal mode Forms cloud droplets and rains out Dry deposition by fallout
processes Diffuses to raindrops and Dry deposition Scavenging by falling rain drops
other surfaces
Travel <1 to 10s of km (100s to 1000s of km
distance <1to10s of km 100s to 1000s of km in dust storms for the small size tail)
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1.3. Effects of atmospheric particulate matter

1.3.1. Health effects

The impact of PM on human health is clearly connected with the different capacities
of the particles to penetrate into the breathing apparatus, with smaller ones reaching
more easily the deeper parts of the lungs and being therefore more dangerous. Particles
with aerodynamic diameter greater than 10 um are trapped in the outermost tracts of
the respiratory system and are then easily expelled. Particles with aerodynamic
diameter between about 10 and 2.5 um tend to be inhaled and trapped in the nose,
throat, and upper bronchial tract. The removal from the body is generally by swallowing.
Particles smaller than about 2.5 um enter the deep lung and are retained in the alveoli;
removal tends to be through the blood stream, which is generally more hazardous than
through the respiratory system (Cao et al., 2013). The physical and chemical properties
(particle size, structure, number, mass concentration, solubility, chemical composition,
and individual components, etc.) determine the adverse health effects of particles

deposited in different parts of the human body.

Numerous epidemiological studies show that atmospheric PM, especially those
particles smaller than 2.5 um and traffic-related air pollution, are correlated with severe
health effects, including elevated mortality and cardiovascular, respiratory, and allergic
diseases (Batterman et al., 2014; Hopke et al., 2006; Le Tertre et al., 2002; Pope and
Dockery, 2006). The effects of exposure to atmospheric particulate matter are observed
in both chronic and acute contamination episodes (U.S. EPA, 2009). Both types of
episodes involve increases in hospital admissions for respiratory and cardiovascular

diseases, being these the main causes of the increase in mortality (Tie et al., 2009).

A recent review has highlighted many studies in which the relationship between
short-term and long-term exposure to PMio concentrations and mortality has been
reported (Mukherjee and Agrawal, 2017). Time-series analysis of mortality effects from
particulate matter size fractions in Beijing, China, found significant associations of daily
mortality with PM1o (Li et al., 2013). In Shenyang, China, an increase in adverse health

effects with reduction in particle size was found (Meng et al., 2013). Short-term effects
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of ambient particles on cardiovascular and respiratory mortality study in 29 European
cities found that an increase of 10 ug m= PM1o was associated with increases of 0.76%
in cardiovascular deaths and 0.58% in respiratory deaths. A study in 20 US about fine
particulate air pollution and mortality showed that death from cardiovascular and
respiratory causes had higher association with PM1o than the rate of death from all

causes (Samet et al., 2000).

In a recent report by the World Health Organization (WHO) on air pollution exposure
and health impact it was estimated that some 3 million deaths a year are linked to
exposure to outdoor air pollution, and an estimated 6.5 million deaths (11.6% of all
global deaths) were associated with indoor and outdoor air pollution together in 2012
(WHO, 2016). In this report is also provided a new WHO air quality model that highlight
(via interactive maps) areas within countries that exceed WHO limits and show countries
where the air pollution (PM2.s) danger spots are. It also represented the most detailed
outdoor (or ambient) air pollution-related health data by country, ever reported by

WHO.
1.3.2. Effects on climate

Aerosol particles scatter and absorb solar and terrestrial radiation (influencing the
global radiative balance) and they are involved in the formation of clouds and
precipitation as cloud condensation and ice nuclei (CCN and IN) (Meszaros, 1993;

Wourzler et al., 2000).

Aerosol effects on climate are generally classified as direct or indirect with respect
to radiative forcing (W m) of the climate system. Radiative forcings are changes in the
energy fluxes of solar radiation (maximum intensity in the spectral range of visible light)
and terrestrial radiation (maximum intensity in the infrared spectral range) in the
atmosphere, induced by anthropogenic or natural changes in atmospheric composition,
Earth surface properties, or solar activity. Negative forcings such as the scattering and
reflection of solar radiation by aerosols and clouds tend to cool the Earth’s surface,
whereas positive forcings such as the absorption of terrestrial radiation by greenhouse

gases and clouds tend to warm it (greenhouse effect) (Smithson, 2002).
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Sulphates and mineral materials are extremely effective in the dispersion of the
incident radiation, producing a negative radiative forcing. On the other hand, EC is
characterized by its ability to absorb the radiation emitted by the earth's surface, so it
produces a positive radiative forcing. The global mean direct radiative forcing effect
from individual components of aerosols had been estimated for sulfate (-0.4 + 0.2 W m-
2), for fossil fuel-derived organic carbon (-0.05 + 0.05), for fossil fuel-derived black
carbon (+0.2 + 0.15), for biomass burning (+0.03 + 0.12), for nitrates (-0.1 £ 0.1), and for
mineral dust (-0.1 £ 0.2) (U.S. EPA, 2009).

Direct effects result from the scattering and absorption of radiation by aerosol
particles, whereas indirect effects result from their CCN and IN activity (influence on
clouds and precipitation), or from their chemical and biological activity (influence on
aerosol and trace gas emissions and transformation) (P6schl, 2005). Taken together,
direct and indirect effects from aerosols increase Earth's shortwave albedo or
reflectance thereby reducing the radiative flux reaching the surface from the Sun. This
produces net climate cooling from aerosols. However, while the overall global average
effect of aerosols at the top of the atmosphere and at the surface is negative, absorption
and scattering by aerosols within the atmospheric column warms the atmosphere

between the Earth's surface and top of the atmosphere (U.S. EPA, 2009).

1.3.3. Environmental effects

On ecosystems

Ecological effects of PM include direct effects to metabolic processes of plant foliage;
contribution to total metal loading resulting in alteration of soil biogeochemistry and
microbiology, plant growth and animal growth and reproduction; and contribution to
total organics loading resulting in bioaccumulation and biomagnification across trophic
levels (Grantz et al., 2003; U.S. EPA, 2009). Exposure to a given concentration of PM
may, depending on the mix of deposited particles, lead to a variety of phytotoxic
responses and ecosystem effects (Okin et al., 2011). Moreover, many of the ecological
effects of PM are due to the chemical constituents (e.g., metals, organics, and ions) and
their contribution to total loading within an ecosystem. The ecosystem response to

pollutant deposition is a direct function of the level of sensitivity of the ecosystem and
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its ability to ameliorate the resulting change. Many of the most important ecosystem
effects of PM deposition occur in the soil. Upon entering the soil environment, PM
pollutants can alter ecological processes of energy flow and nutrient cycling, inhibit
nutrient uptake, change ecosystem structure, and affect ecosystem biodiversity.
Likewise, the deposit of atmospheric particulate material can contribute to the
acidification and eutrophication of soils and surface waters, which in turn can have an

impact on the composition of groundwater.

On material

PM can stain and damage stone and other materials, including culturally important
objects such as statues and monuments. Some of these effects are related to acid rain
effects on materials (Xie et al., 2004). The stones most susceptible to deterioration are
calcareous stones, such as limestone, marble and carbonated cement. The damage
occurs when salts are formed in the stone (specially by the interaction with sulfate
particles) which are subsequently washed away and will leave the surface of the stone
more susceptible to the effects of pollution (Ausset et al., 1999). Other damage is related
to the corrosion. Metals form a protective film of oxidized metal that slows
environmentally induced corrosion. However, the natural process of metal corrosion is
enhanced by exposure to anthropogenic pollutants. For example, formation of
hygroscopic salts increases the duration of surface wetness and enhances corrosion

(U.S. EPA, 2009).

On visibility

The reduction in visibility is primarily due to the scattering and absorption of light by
suspended fine particles and gases in the atmosphere. Particles and gases in the
atmosphere attenuate light on its way from an object to the observer (Sisler and Malm,
2000). The fractional attenuation of light per unit distance is termed light extinction
coefficient, and it is composed by the sum of four components (i.e., absorption and
scattering by gases and particles). Although a larger particle scatters more light than a
similarly shaped smaller particle of the same composition, the light scattered per unit of
mass is greatest for particles with diameters from ~0.3-1.0 um (U.S. EPA, 2009). The light

scattering of gases only dominate the light extinction under pristine atmospheric
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conditions. Otherwise, it is the particles that have the greatest effect on visibility. The
single most important factor determining the amount of light scattered by a particle is
its size and the maximum single-particle scattering efficiency (i.e. scattering per cross-
sectional area of a particle) is achieved by particles with diameters of about the
wavelength of visible light, centered at around 0.53 um. Therefore, the effects of relative

humidity on particle size will significantly affect the amount of particle light scattering.

1.4. Source identification and source apportionment of atmospheric

particulate matter

1.4.1. Receptor models

The identification and apportionment of pollutants to their sources is an important
step in air quality management. Source apportionment is the practice of deriving
information about pollution sources and the amount they contribute to ambient air
pollution levels. In the last two decades receptor models have been widely used to
apportion sources of PM (Belis et al., 2011; Contini et al., 2016; Kim et al., 2003; Singh
et al.,, 2017). They are used to evaluate the contamination and pollutant sources
contributions in different kind of samples, starting from the information carried out by
the samples (registered at monitoring site) and hence at the point of impact, or receptor
(Comero et al., 2009). Particulate matter emissions from specific sources often have
unique elemental profiles by which the contribution of these sources to the total PM at
the receptor can be recognized. Figure 1.2 shows typical identified sources of PMig

around the world (Mukherjee and Agrawal, 2017).
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Figure 1.2. Sources of PMyg in selected cities of the world. Source profiles are given in percentage

with respect to different sources (Mukherjee and Agrawal, 2017).

Receptor models are based on the Chemical Mass Balance (CMB) equations that
considered a single sample taken at a single location and time period, and can be

expressed as:
Cij = Zfikgkj + ¢ (1.1)
i

where ¢;; is the amount of the ith variable (e.g. a chemical element or compound
concentration, or a physical property amount) measured at the location (sample) j; fix
is the fractional abundance of the it" variable in the k* source type and Jkj is the
contribution of the k" source at the location j. Parameter e;; represents the residuals

that is the difference between the measured and calculated amounts.

Receptor models are categorized in two principal classes, based on the CMB
(equation 1.1): chemical mass balance models and multivariate models. In addition to
chemical measurements at a receptor, CMB models requires the additional inputs of the

source emission profiles. Sources profiles are customary known from preceding studies
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or extracted from existing data sets. The most useful model in this class is the Chemical
Mass Balance (CMB). However, in many cases, the main sources are not well-known
and/or inappropriate source profiles from other locations are used, making the model
usually very inaccurate. In contrast to CMB, multivariate receptor models do not require
source profiles as an input, as this is part of the solution. In other words, these models
estimate the number, composition and contribution of the sources starting from
observations (e.g. element concentrations data set) at the receptor site. The most
widely applied multivariate receptor models are principal component analysis (PCA),
factor analysis (FA), multiple linear regression analysis (MLRA), positive matrix

factorization (PMF) and combinations of the above.

PCA-MLRA

PCA and its variants attempt to reduce the initial set of variables into a new set of
casual factors with reduced dimension, by means of correlations between the measured
variables (Comero et al., 2009). This technique is based on the idea that the time
dependence of a chemical species at the receptor site will be similar to that of other
species from the same source (Chueinta et al., 2000). Correlations of the measured
chemical and other species are analyzed and groups of underlying 'factors' (typically
called principal components) that depict the common variability in the analyzed dataset
are extracted. Since the originally extracted factors are often difficult to interpret, the
factors are usually transformed by a specific procedure called factor rotation. The most
commonly used method is known as VARIMAX rotation, which results in orthogonal
factors that are virtually uncorrelated with each other and often easier to interpret than
the original factors (Vallius, 2005). The rotated factors are assumed to correspond to
specific sources, or source categories. Since PCA as such does not yield quantitative
source contributions, the apportionment of particulate matter among the identified
source categories has to be done separately. This is usually done by regressing the
measured PM either directly on the source tracer elements or on factor scores obtained
from PCA (Oravisjarvi et al., 2003; Thurston and Spengler, 1985). This technique is known

as multiple linear regression analysis (MLRA).
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Since the scores of the factors extracted from the PCA are traditionally normalized,
the application of MLRA on factor scores obtained from PCA begin with the introduction
of an “absolute zero” for the principal component (PC) score, which it estimated for each
PC by separately scoring an extra “sample” wherein all the elemental concentrations are

zero (Thurston and Spengler, 1985):

0- C
(Zo)i =

(1.2)

i

Here C, and o; are the average concentration and the standard deviation for the it"

variable, respectively.

Then the rotated absolute zero PC scores P,; for each of p components are

calculated:
Po= ) BuZoi  (13)
i
where By, is the rotated matrix of coefficients for the calculation of the PC scores

derived from the PCA (e.g. after the VARIMAX rotation).

These estimates of the PC scores for each component at absolute zero are then used
to estimate the Absolute PC Scores (APCS) for each component on each sample as

follows:
APCS,j = Ppj — Popj (1.4)

where P, ; are the rotated PC scores given after the PCA and the j columns of Popj are

all identically equal to the values calculated in (1.3).

Now, regressing the total PM mass data on these APCS gives estimates of the
coefficients which convert the APCS into pollutant source mass contributions for each

sample, as follows:

14
Co = ag + Z GAPCS;  (15)
=1
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where Cy, is the PM mass recorded during observation k; APCS;y is the rotated absolute
component score for component j on observation k; a;APCSj; is the particle mass
contribution on observation k made by the pollution source identified with component

J; and aq the particle mass contribution made by sources unaccounted for in the PCA.

PCA followed by MLRA has been extensively used in different kinds of studies related
to the atmosphere, such as: atmospheric PM (Alastuey et al., 2007; Guo et al., 2016; Tai
et al., 2010) and atmospheric deposition (Castillo et al., 2013; Latif et al., 2015).

PMF

Positive Matrix Factorization (PMF) is a multivariate factor analysis tool for
quantifying the contribution of sources to samples based on the detailed composition
of the samples collected in one or more sites (Paatero, 1997; Paatero and Tapper, 1994).
PMF solves the CMB equation, by decomposing a matrix of known speciated sample
data (X), into the product of two new matrices: the factor profile (F) and the factor
contribution (G) plus a residual matrix (E). This formulation can be respectively written

in matrix and index notation as follows,

X=GF+E (16)

P
Xij = Zgikfkj tey P€llLnljellm]  (L7)
k=1

where n and m are the number of samples and species, respectively; and p is the
calculated number of factors. The coefficients of F and G are constrained to be non-
negative and they are calculated by the PMF model minimizing the objective function Q,
which uses both sample concentration and user-provided uncertainty (s;;) associated

with the sample.

0= iilxu Y- 191kfkjl (1.8)

i=1j=1

Two main algorithms are used to solve this problem: PMF2 and ME-2 (Multilinear

Engine). The lattes is used to solve the PMF problem in the latest version (5.0) of EPA
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PMF, a freely available program and graphical user interface (GUI) developed by the U.S.
Environmental Protection Agency (EPA) (Brown et al., 2015). ME-2 performs iterations
via the conjugate gradient algorithm until convergence to a minimum Q value is
obtained. The minimum Q may be global or local; users can attempt to determine
whether Q values are global or local by using different starting points for the iterative
process and comparing the minimum Q values reached. To maximize the chance of
reaching the global minimum, the model should be run 20 times developing a solution
and 100 times for a final solution, each time with a different starting point (Norris et al.,

2014).

One of the main potentialities included in the latest version of EPA PMF is the
estimation of the variability in the PMF solution by two new error estimation methods
(Brown et al., 2015; Paatero et al., 2014). Variability due to chemical transformations or
process changes can cause significant differences in factor profiles among PMF runs.
These variabilities can be now estimated using three complementary methods, which

allow to understand the uncertainty of a PMF solution (Norris et al., 2014):

1. Bootstrap (BS) analysis is used to identify whether there are a small set of
observations that can disproportionately influence the solution. BS error
intervals include effects from random errors and partially include effects of
rotational ambiguity. Rotational ambiguity is caused by the existence of
infinite solutions that are similar in many ways to the solution generated by
PMF. BS errors are generally robust and are not influenced by the user-
specified sample uncertainties.

2. Displacement (DISP) is an analysis method that helps the user understand the
selected solution in finer detail, including its sensitivity to small changes. DISP
error intervals include effects of rotational ambiguity but do not include
effects of random errors in the data. Data uncertainty can directly impact
DISP error estimates. Hence, intervals for downweighted species are likely to
be large.

3. BS-DISP error intervals include effects of random errors and rotational
ambiguity. BS-DISP results are more robust than DISP results since the DISP

phase of BS-DISP does not displace as strongly as DISP by itself.
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Resolving PMF algorithms is slower than PCA and, in addition, PCA is simpler to use
because of less parameters to control. In contrast, PMF is generally more powerful than
the best possible PCA or at least equivalent to PCA (Belis et al., 2015a, 2015b; Comero
et al., 2009). Nevertheless, both methods can be complementary. If very little
information is available on the study area or if skilled staff are not available for running
the standard applications, exploratory and simpler methods can be used to obtain a
preliminary picture of the most relevant sources (Belis et al., 2013). Moreover, different
receptor models can be used in combination with independent methodologies (e.g.
emission inventories and chemical transport models) to achieve more robust

estimations by mutual validation of the outputs.
1.4.2. Stable Cand N isotopic composition of atmospheric PM

The ratio between the rare (or heavy) to common (or light) stable C and N isotopes
varies in the biosphere as a result of isotope fractionation in physical, chemical and
biological processes (Heaton et al., 1997; Hoefs, 2015; West et al., 2006). This isotopic
fractionation is produced because the rates of reaction and transport, in which they are
involving, depend on nuclidic mass, and isotopic substitutions subtly affect the
partitioning of energy within molecules. As a result, the molecules containing 13C and
5N are discriminated against *2C and N in a number of processes associated with
chemical equilibriums and kinetics. It is precisely this characteristic that makes these

isotopes useful in atmospheric aerosols studies.

Carbon and nitrogen isotopic ratios in the atmosphere are usually studied by
measuring the natural abundances of the rare stable isotopes (*3C and *°N), relative to
those of the most abundant (**N and *2C) (Agnihotri et al., 2011; Widory, 2006). Because
the interesting isotopic differences between natural samples usually occur at and
beyond the third significant figure of the isotope ratio, it has become conventional to
express isotopic abundances relative to an international accepted standard using a delta
notation (8). Commonly, the standard used for carbon is a particular calcareous fossil,
the Pee Dee Belemnite (PDB) and for nitrogen it is atmospheric air (AIR). Then, *Cand

5N relative abundances (8'3C and 3'°N) are expressed as:
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8'3C (%o vs.PDB) = [(Rsampie/ Rstanaara — 1)] x 1000 (1.9)
815N (%o vs. AIR) = [(Rsampie/Rstandara — 1)] x 1000 (1.10)
where R = 3¢ /*2C or "*N /1*N.

Several works have used stable carbon and nitrogen isotopes to establish the source
and reaction processes in gases, aerosols and atmospheric particles. Pioneering studies
differentiated anthropogenic from natural (marine and continental) particulate carbon
emissions (Cachier et al., 1985; Chesselet et al., 1981). 3'°N in aerosols had been used
to investigate atmospheric N cycling and to help elucidating the sources of primary and
possibly of secondary nitrogen (Moore, 1977; Pavuluri et al., 2010; Widory, 2007;
Yeatman et al., 2001). Coupled 3'3C and 5'°N have been studied to discern between C-3
and C-4 vegetation type (Kelly et al., 2005; Martinelli et al., 2002). More recently, these
isotope systematics also have been used to trace the sources of atmospheric particles
in urban environments by comparing the isotopic composition (3'3C and 3®N) of
ambient samples with those characteristic of potential sources (Chen et al., 2017; Gorka
et al., 2012; Guo et al., 2016; Lopez-Veneroni, 2009; Sudheer et al., 2016; Widory et al.,
2004).

Unlike receptor models, isotopic analysis is a non-statistical fingerprinting technique
and is mostly used for source identification purposes (Mari et al., 2016). However,
isotope mixing equations (or isotope mass balance equation) have been used to
calculate relative contributions from different aerosol sources (Ceburnis et al., 2011;
Garbariene et al., 2016; Masalaite et al., 2015; Turekian et al., 2003). When n isotope
systems are used to determine the proportional contributions of n+1 sources to a
mixture, standard linear mixing models can be used to mathematically solve for the
unique combination of source proportions that conserves mass balance for all n isotopes
(Phillips and Gregg, 2003). For example, with two isotope systems (denoted by 1 and 2)
and three sources, the following system of mass balance equations can be solved to
determine the proportions (fy, f and f¢) of source isotopic signatures (83, 82, 5¢ and

52,82, 62) which coincide with the observed signature for the mixture ( 8%, and §%):
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81 = fabi + f505 + fcO¢ (1.11)
8ir = fabi + f05 + fc6¢ (1.12)

1=fa+fe+fc (1.13)

It should be noted that Equations 1.11 to 1.13 can be solved explicitly only if
individual source isotopic signatures are fixed. Distinct isotopic signatures generally
persist for only one or two elements per system, so relative source contribution
determinations are often limited to estimates for two or three sources. Although
resolution of the contribution of relatively few sources can be useful for specific
applications, the inherent complexity of natural systems often requires the inclusion of
a larger number of sources. Nevertheless, a procedure to calculate the range of all
possible source contributions for systems where the number of potential sources is

greater than n+1 has also been developed (Phillips and Gregg, 2003).
1.5. Air quality regulations
1.5.1. International regulations

Due to the effects of atmospheric PM on health, climate and ecosystems, the
estimate of the particulate matter content in the atmosphere along with the
determination of some of their chemical constituents are classic parameters in the
control of air quality. In most countries and regions of the world, air quality regulations
have been established with the objective of controlling and reducing the levels of these

pollutants in the air.

In the United States, EPA has set National Ambient Air Quality Standards (NAAQS)
for six common air pollutants (also known as "criteria air pollutants"), which are
periodically reviewed and revised when necessary (U.S. EPA, 2016b). These pollutants
include particulate matter (PM25 and PM1g), ground-level ozone (0Os), carbon monoxide
(CO), lead (Pb), sulfur dioxide (SO2) and nitrogen dioxide (NO;). The current standard for
the concentration of PMyo in air is 150 ug m= measured over an average time of 24
hours. In the European Union (EU), Directive 2008/50/EC (Directive 2008/50/EC, 2008)

establishes air quality objectives for the same pollutants, including ambitious, cost-
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effective targets for improving human health and environmental quality by 2020
throughout the European Union. This Directive sets a PM1g daily limit of 50 ugm3, that
should not be exceeded more than 35 times per year, although also states that the
exceedances attributable to natural sources, shall not be considered as such for the

purpose of compliance with the limits established.

In general, air quality standards vary between countries and regions depending on
many factors and conditions. In an effort to protect world public health from the effects
of air pollution and eliminate or minimize exposure to hazardous pollutants, WHO
published Air Quality Guidelines for classical air pollutants: PM, O3, NO; and SO; (WHO,
2005). These guidelines were also formulated to assist Governmental Agencies in the
preparation of their Air Quality Standards, thereby guiding the authorities and
environmental health professionals who are responsible for protecting the population
from the harmful effects of Air Pollution. Table 1.3 provides the guideline values for

classical pollutants and for different average times.

Table 1.3. WHO Air quality guidelines for particulate matter, ozone, nitrogen dioxide and sulfur

dioxide (WHO, 2005).

Pollutant Concentration (ug m3) Averaging Time

50 24 hours
PMio

20 1 year

25 24 hours
PM2s

10 1 year
Ozone 100 8 hours

200 1 hour
Nitrogen dioxide

40 1 year

500 10 minutes

Sulfur dioxide
20 1 year

Even today, in many countries and states, including those of greater economic
development, the number of pollutants subject to air quality standards is almost
exclusively limited to the so-called “criteria air pollutants” because of the precise
knowledge of its adverse effects. Some countries also regulate some additional
pollutants at national or regional level, but the vast majority of the hazardous pollutants

present in the air are not directly regulated, but their management is based on reducing
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and limiting the quantity and conditions of emissions (Directive 2010/75/EU, 2010;
Regulation (EU) 2016/2286, 2016).

1.5.2. Cuban regulations

By 2014, the Cuban Air Quality standard (NC 39: 1999 Air quality — Health and
Sanitary Requirements), already included 115 pollutants (NC 39, 1999). However, PM1g
and PM; s were not considered in this standard. In fact, the control of atmospheric PM
levels continued to be carried out by measuring total suspended particles (TSP) and soot.
By the same token, the rest of pollutants followed standards that had not been modified
since 1984. In 2014, a new legislation (NC 1020: 2014 Air quality — Pollutants —
Maximum admissible concentrations and guidelines at inhabitable zones), that includes
concentration limits for PM3 5, PM1o and other pollutants, was additionally adopted (NC
1020, 2014). Table 1.4 provide the maximum admissible concentrations (MAC) for the
classical and other selected pollutants included in the new legislation. This also includes
guide values for several pollutants for which there is no possibility to establish a MAC
because of the lack of toxicological and epidemiological information. These guide values
are based on the WHO guidelines and, while not mandatory, are important references

for the proposal of future air quality standards.
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Table 1.4. Maximum admissible concentrations (MAC) of air pollutants at inhabitable zones in

Cuba (NC 1020, 2014).

Pollutant MAC (ug m3) Average Time  Form
PMjio 50 24 hours
Not to be exceeded
30 1 year
PMys 25 24 hours
Not to be exceeded
15 1 year
Ozone 150 1 hour 95th percentile of the year
determinations not to be exceeded
100 8 hours 98th percentile of the year
determinations not to be exceeded
Nitrogen 40 24 hours 95th percentile of the year
dioxide determinations not to be exceeded
35 1 year 98th percentile of the year
determinations not to be exceeded
Sulfur dioxide 45 24 hours 98th percentile of the year
determinations not to be exceeded
40 1 year Not to be exceeded
Lead 1 24 hours
Not to be exceeded
0.5 1 year
Mercur P 24 hours
y Not to be exceeded
1 1 year
Arsenic 0.02 24 hours Not to b ded
0.01 1year ot to be exceede
Cadmium 0.02 24 hours
Not to be exceeded
0.01 1 year
Nickel 0.1 24 hours Not to b ded
0.02 1year ot to be exceede
Vanadium 1 24 hours Guide value
Chlorine 10 24 hours Not to be exceeded
Cobalt 1 24 hours Not to be exceeded
Chromium 1 24 hours Not to be exceeded
Manganese 10 24 hours 98th percentile of the year
determinations not to be exceeded
Benzene 5 24 hours
Not to be exceeded
3 1 year

Other important air quality regulations in Cuba are included in the legislation NC
111: 2004 (Air Quality — Rules for the observation of air quality in human
establishments) (NC 111, 2004). This legislation establishes, among others important
aspects, the characteristics to be considered when choosing the sampling points, the
types of environmental monitoring plans (systematic and special) and the establishment

of an Air Quality Index (ICA, Spanish acronyms) to assess the degree of air pollution in

33



Chapter 1

human settlements. The ICA is calculated for each pollutant according to the following

equation:

Cx

ICAx = g

x100  (1.14)

where C, is the measured average concentration of the pollutant x and MAC, is the
maximum admissible concentrations of the same pollutant x for the resolution period
according to the NC 39: 1999 or NC 1020: 2014 . Based on the results of this calculation,

the ICA include a scale of six categories:

1) Buena (“good”):0-79

2) Aceptable (“acceptable”): 80 —99
3) Deficiente (“deficient”): 100 — 199
4) Mala (“poor”): 200 — 299

5) Pésima (“very poor”): 300 — 499
6) Critica (“critical”): 2500

Although the ICA is calculated for daily and hourly periods, in order to allow the
adoption of appropriate control measures, its retrospective analysis is also valid for
longer periods of time (monthly and annual). It allows evaluating different aspects such
as the trend of air quality over time or the effectiveness of the control measures
adopted. Moreover, it also makes it possible to relate the air quality to the
epidemiological patterns of diseases linked to environmental pollution or to
meteorological or climatic modifications. The evolution of the ICA is also an interesting
tool to compare the situation in the region with the existing situation in other territories
or countries or to assess the perspectives of economic and social development of the
area. Lastly, the standard also includes general actions that must be carried out

according to the category of the ICA.

In addition, since 2010 Cuba has a specific legislation to control the emission of
pollutants into the air at fixed point sources, especially focused on large combustion

power plants (NC-TS 803: 2010 Air quality — Admissible maximum emissions of
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pollutants atmosphere in punctual fixed sources of generating facilities of electricity and

steam) (NC-TS 803, 2004).

1.6. Status of studies on atmospheric PM in Cuba

Atmospheric PM in the Gulf of Mexico, southern and eastern United States and some
region of the Caribbean have been largely studied (Boman and Gaita, 2015; Bozlaker et
al., 2013a; Gichuki and Mason, 2014; Gioda et al., 2007; Golomb et al., 1997; Harris et
al., 2012; Jusino-Atresino et al., 2016; Prospero et al., 2001; Strayer et al., 2007). Many
studies have been not only focused on the input amount of several pollutants, such as
heavy metals from anthropogenic and natural local sources, but also on long-range
contributions, mainly due to the African transported dust that affect these regions every
year (Bozlaker et al., 2013b; Lenes et al., 2012; Prospero, 1999; Prospero et al., 2014;
Prospero and Mayol-Bracero, 2013; Rodriguez et al., 2015; Trapp et al., 2010). However,
in many regions of the Caribbean basin, and especially in Cuba, atmospheric PM has

been poorly investigated.

To date, experimental studies in Cuba have been restricted to some urban locations,
mainly in the capital of the country (Havana city). This situation has been a consequence
of the technical difficulties associated to the instrumentation maintenance and
availability (Barja et al., 2013). Most of the studies carried out in Havana were performed
near industrial and traffic sources, in a station located in the Instituto Nacional de
Higiene, Epidemiologia y Microbiologia (INHEM). These studies included reports on TSP,
PM2.5, PM1o, gaseous pollutants (NO2, SO, and NH3) and chemical constituents (Cuesta-
Santos et al.,, 2002; Martinez Varona et al., 2015a, 2015b, 2013, 2011, 2008; Molina
Esquivel et al., 2011; Pérez et al., 2010, 2009). The results of these studies suggested a
dominant influence from marine aerosol and local anthropogenic sources. The unique
PM source apportionment study found in Cuba was carried out in Havana (Pifiera et al.,
2010). In this work, it identified the main sources of PM, s using to that end a PCA-MLRA
model. Finally, 5 main sources were identified in this study: waste incineration, fossil
fuel combustion, resuspended soil, industrial emissions and marine aerosol. Other
studies also carried out in Havana showed the close relationship among the

concentration of PMjg levels and other pollutants and respiratory diseases (Romero-
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Placeres et al., 2004; Suarez Tamayo et al., 2010). Additionally, a recent work
determined the atmospheric fungal spore concentration in Havana (Almaguer et al.,

2014).

Very few studies have been conducted in the rest of the country. In one of them, a
work carried out in the region of Camagliey (Barja et al., 2013), the chemical
composition and the optical absorbing properties of PM1o and PM; were determined,
showing a remarkable influence of the marine aerosols and Saharan dust intrusions in
the PM composition. In other works, daily PM1o and gaseous pollutants have been
measured in some areas of Pinar del Rio city during 2011 (Cuesta Santos et al., 2014),
atmospheric O3, NO; and SO, have been monitored in the region of Santa Clara city using
passive samplers (Alejo et al., 2013, 2011) and nitrogen compounds in the air (NO2, NH4*
and NOs) have been measured in some meteorological stations of the island (Cuesta
Santos et al., 1998). However, as far as the author knowledge, there are no reports of
PM content or composition in other regions of Cuba. Tables 1.5 and 1.6 summarize the
atmospheric PM levels (PM2.5s and PM1o) recorded in Cuba and the range of variation of

their chemical composition, respectively.

Table 1.5. Atmospheric PM levels (PM,s and PMio expressed in ug m=3) recorded in Cuba.

PMz_s PMlO
Location Period Range Range Reference
Mean (Min-l\g/lax) Mean (Min-l\g/lax)
Havana 1996 - 1998 59.2 7.6-201.9 (Romero-Placeres et al., 2004)
Havana 2001 - 2003 63.2 1.7-438.7 (Sudrez Tamayo et al., 2010)
Havana 2006 -2007 10.1 4.17-22.4 32.2 18.40-59.80 (Molina Esquivel et al., 2011)
Havana 2012 36,0 9.5-85.1 (Martinez Varona et al., 2013)
Havana 2013 -2014 30.7 1.80-82.80 (Martinez Varona et al., 2015a)
Camagliey 2008 27.9 13.15-73.35 (Barjaetal., 2013)
Pinar del Rio 2011 13.3-52.3 (Cuesta Santos et al., 2014)
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Table 1.6. Concentration of chemical elements (ug m=) measured in PM,s and PMy, fraction in

Cuba.
PMz,s PMlO
Havana 2006 — 2007 | Havana 2006 - 2007* |2vana 2013 2014 ‘Camagtiey
(Pérez et al., 2009) (Pérez et al., 2009) (Martinez Varona et 2008™* (Barja
al., 2015a) et al.,, 2013)
Range Range Range
Element Mean (Min - ﬁ/lax) Mean (Min - ﬁ/lax) Mean (Min - i/lax) Mean
NH,* 1.88
cl 0.066 0.012-0.315 |1.901 2.69
NOs 15
SO4* 2.45
Na 1.87
Mg 0.23
S 0.659 0.122-1.711 |1.088
0.043 0.006-0.210 |0.160 0.8
Ca 0.111 0.037-0.515 |2.140 0.98
Fe 0.061 0.016-0.656 |0.296
\Y 0.022 0.002-0.115 |0.036
Cr 0.003 0.001-0.012 |0.006
Mn 0.010 0.001-0.132 |0.021
Ni 0.005 0.001-0.022 |0.008 0.029 0.002 -0.806
Cu 0.002 0.001-0.010 |0.006
Zn 0.019 0.001-0.293 |0.037
As 0.002 0.001-0.003
cd 0.005 0.001-0.026
Pb 0.011 0.005-0.056 |0.021 0.039 0.001-0.249
Ti 0.005 0.002-0.026 |0.027

* Mean values obtained as the sum of mean concentration in PM;s and PM,.s.1o fractions.
** Mean values obtained as the sum of mean concentration in PM; and PM1.1o fractions.

There is also a limited literature focused on the presence of African dust clouds in
Cuba and it is merely based on the information obtained from different satellites and
sensors. In this regard, Mojena Lépez et al.,, (2015) reported the presence and
characteristics of Sahara dust clouds in all the Cuban provinces. They noted that their
presence was especially remarkable between March and September with the highest
peaksin June and July. However, neither they nor other researchers have yet addressed
the study of the impact of African dust on human health and ecosystems in Cuba

(Venero-Fernandez, 2016).
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The lack of information is even more striking for studies of atmospheric deposition,
in such a way that the current understanding of its chemical composition in the island is
quite limited. Even so, several studies have provided some valuable information on the
deposition of nitrogen compounds (NO3 and NH4*) in rainfall (Cuesta Santos et al., 1998;
Cuesta-Santos et al., 2001; Gonzdalez-De Zayas et al.,, 2012), heavy metals in bulk
depositions (Jomolca-Parra et al., 2014) and rain (Montero Alvarez et al., 2007; Préndez
et al.,, 2014) and radionuclides in bulk depositions (Alonso-Hernandez et al., 2014,
2006). Moreover, others studies have been indirectly carried out using dated marine
sediment cores (Diaz-Asencio et al., 2014, 2009). Beyond these works, no more
experimental studies have been performed on the sources of atmospheric pollutants or

the factors controlling the atmospheric dispersion and deposition processes.

On the other hand, air dispersion models have been used in Cuba to assess air
quality. The studies have been mainly oriented to the local implementation of modeling
systems like AERMOD (American Meteorological Society—-AMS/Environmental
Protection Agency—EPA Regulatory MODel) and the meteorological pre—processor
Weather Research and Forecasting model (WRF) when local data is incomplete and is
not in the format required by the model, which is a typical situation in many countries,
particularly in developing ones (Turtos Carbonell et al., 2013, 2010b). These models have
proved to be valuable tools to evaluate the dispersion of air pollutants emitted from
stationary industrial sources and Turtos Carbonel et al., (2007) used them to model the
dispersion of the atmospheric pollutants emitted by power plants in the vicinity of
Havana both at local and regional scales. Turtos Carbonell (2010a) also reported Cuba's
contribution to global greenhouse gases emissions from modelling estimations.
However, the reality is that the scarcity of systematic measurements in Cuba makes it
difficult to verify the modeling validity. Nonetheless, modeling works are not an
effective management tools in many countries because of the lack of regulations. Thus,
in developing countries like Cuba, the regulatory framework is based on screening
models, which are many years behind the state-of-the-art dispersion models and
generally yield inaccurate predictions. However, the implementation in the last years of
high—-resolution models such as AERMOD, have largely improved the accuracy of

predictions in this country (Turtos Carbonell et al., 2010b).
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2. Objectives and outline

In recent years, both the scientific community and the public opinion are paying
increasing attention to the protection of the environment. Nowadays, problems
associated with global warming, climate change, greenhouse gases or the increase of
pollution in big and industrialized cities, as well as the damage they cause on human
health and aquatic and terrestrial ecosystems, have led to the investment of a large
amount of resources in the monitoring and control of pollutant emissions into the

atmosphere.

Monitoring studies of air pollution are, therefore, of paramount importance for the
selection and implementation of measures that allow an adequate harmony between
the various socio-economic activities that are carried out in a territory, so that the

environment is not damaged.

Air pollution is one of the main environmental concerns worldwide, both in
developed and developing countries. In the Caribbean, air pollution has become a major
issue because of the accelerated urban development, the increase of traffic-related
emissions and growing industrialization. In Cuba, air pollution is caused by deficiencies
in some aspects related to the territorial planning of human settlements, industry, use
of obsolete technologies in productive activities and other sources such as an ageing

fleet of vehicles (Romero-Placeres et al., 2004; Turtos Carbonell et al., 2010a, 2007).

As previously discussed, Cuban legislation controls a large number of pollutants
when compared to other countries. However, studies carried out so far are mainly
focused on assessing compliance with current regulations in very few locations in the
country, limiting the national and regional evaluations. As a result, there is scarce
information about the background levels of air pollutants throughout the national
territory and about the nature of the factors that control atmospheric dispersion and
deposition processes of most of these pollutants. Therefore, studies focused on the
estimation of the content, chemical composition and main sources of atmospheric
particulate matter are necessary to develop effective air quality and environmental

management strategies in the country.
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In this framework, the general objective of the present thesis is to investigate the
levels and chemical composition of atmospheric particulate material present in rural and
urban areas of Cienfuegos (Cuba) through the use of different monitoring and statistical
approaches, paying special attention to their sources and effects on air quality and the

environment.

More specifically, the work aims to:

1. Simultaneously quantify the levels of PM1g for the first time in two sites
located in Cienfuegos (Cuba), characterized by exhibiting a different degree
of anthropogenic influence (rural and urban sites).

2. Determine the atmospheric bulk deposition fluxes in a coastal site in
Cienfuegos.

3. Exhaustively characterize the chemical composition of atmospheric
particulate matter (PM1o and bulk deposition).

4. Investigate the spatial and temporal variability of the content/flux and
chemical composition of atmospheric particulate matter and evaluate the
compliance with current regulations.

5. Identify and quantify the main sources of the atmospheric particulate matter
through the application of different statistical approaches and modeling
tools.

6. Study the suitability of stable isotope signatures (6°N and &'3C) and
lanthanoid elements as tracers of potential sources of air pollution.

7. Provide new insights into the atmospheric pollution to support policy
decision making, which demands scientific knowledge on relevant

environmental issues.
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The thesis has been structured in six chapters. The first one, ‘General Introduction’
(Chapter 1), gives state-of-the-art information on atmospheric particulate matter,
gathering a summary background review on their origin, chemical composition, size
distribution, dispersion and deposition, effects on human health, climate and the
environment, as well as current regulations and approaches for the identification and
apportionment of their main sources. Ultimately, this chapter summarizes the status of
studies on atmospheric PM in Cuba and presents the main objectives of the present

work.

In Chapter 2 ‘Chemical characterization of PM1o samples collected simultaneously at
a rural and an urban site in the Caribbean coast: local and long-range source
apportionment’ it is assessed the air quality in Cienfuegos through the simultaneous
characterization of PMio samples in rural and urban sites. The study exhaustively
characterizes samples of PM1g collected simultaneously in a rural and an urban site in
Cuba in order to identify and quantify their main sources of contribution. To that end,
we couple the PMF source apportionment results with the conditional bivariate

probability function (CBPF) and concentration weighted trajectory (CWT).

Chapter 3 ‘Lanthanoid elements as geochemical tracers of atmospheric aerosol in a
Caribbean region’ relies on the study of the pattern and sources of lanthanoid elements
in PM1o in order to gain insight into their role in the atmospheric pollution dynamics in
Cienfuegos. Different approaches, including the analysis of lanthanoid fractionation, the
estimation of enrichment factors and the application of the conditional bivariate
probability function (CBPF) and the concentration-weighted trajectory (CWT) are used

to identifying potential sources of pollution.

Chapter 4 ‘Carbon and nitrogen isotopes unravels sources of aerosol contamination
at Caribbean rural and urban coastal sites’ investigates the stable isotope compositions
(8'3C and 8%°N) of total carbon (TC) and nitrogen (TN) in both PM1o and emissions from
potential sources for the first time in a rural and an urban Caribbean costal sites in Cuba

to better understand the origin of the contamination.
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In Chapter 5 ‘Determination and source apportionment of major and trace elements
in bulk atmospheric deposition in a Caribbean rural area’ the monthly bulk deposition
samples, their levels, temporal variation, chemical composition and main sources are
studied. In this work a source apportionment study using PCA-MLRA in order to quantify

the contributions of the main sources of pollutants to the bulk depositions is conducted.

Chapter 6 ‘General discussion’ provides a discussion about the implications for air

quality and the environment of the findings discussed in Chapters 2 to 5.

Finally, | present a summary of the main conclusions obtained in Chapters 2 to 6 and,
in the Annex | section, it is briefly described the IAEA TC Project CUB/7/008 and National
Program PNUOLU /4-1/ 2 No. /2014, which supported a large part of the activities
developed in this thesis. In this section a brief explanation of other research activities
related to this thesis developed in the framework of these projects, and also with the
support of Laboratorio Integrado de Calidad Ambiental (LICA) is included. In Annex Il a

summary of the published papers related to this PhD can be found.

Note:

The four central chapters of this thesis (Chapters 2 to 5) are presented in scientific
paper format, which have been sent to journals and subjected to peer review. This might
result in some redundancy in the introduction and methods information of the different
chapters. In addition, the datasets not included as supplementary materials in each

chapter, are provided in a CD attached to this thesis.
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Abstract

The deterioration of the air quality is a global concern. Daily PM1p samples were
simultaneously collected and chemically characterized between January 2015 and
January 2016 at an urban and a rural site in Cienfuegos, Cuba. A source apportionment
study was conducted in order to identify and quantify the main local and long-range

source of contributions.

Concentrations of PM1o varied similarly at the urban and rural site, with annual
averages of 35.4 and 24.8 pug m3, respectively. The highest concentrations were
observed between March and August at both sites, when a strong influence of Saharan
dust was identified. The PM1o daily limit (50 ug m=) established in the Cuban legislation
for air quality was exceeded 3 and 8 times in the rural and urban site, respectively. The
chemical characterization of PM1o showed important contributions of mineral matter,
total carbon and secondary inorganic compounds in the region, with the highest
concentrations observed at the urban site. Marine contribution, by contrast, was higher
at the rural site. The highest enrichment factors were obtained for the typical road traffic
tracers Mo and Cu. Positive matrix factorization (PMF) analysis coupled with conditional
bivariate probability function (CBPF) and concentration weighted trajectory (CWT)
identified 5 main sources in the studied sites (Saharan intrusions, marine aerosol,
combustion, road traffic and cement plant). Saharan dust contribution was quantified
for the first time in Cuba, proving to be one of the major components of PMig at both
sites. Its daily contribution, indeed, explained more than 60% of the PMig recorded in

10 of the 11 exceedance events.

This study reports the first simultaneous evaluation of PMio and its chemical
composition in urban and rural areas of Cuba and provide the basis for environmental
managers to adopt control strategies to reduce the impact of PM1o pollution in the

region.

Keywords: PM1o; chemical composition; PMF 5.0; local anthropogenic sources;

Saharan dust



PM1o chemical characterization and source apportionment

1. Introduction

Air pollution caused by the release of particulate matter (PM) from industries, road
traffic, biomass burning, oil combustion and other anthropogenic and natural sources is
one of the major issues of global concern. The exposure to high levels of PM has negative
implications on human health (Pope and Dockery, 2006; WHO, 2016), visibility
(Kanakidou et al., 2005), climate and ecosystems (Grantz et al., 2003). Comprehensive
studies on daily time series of PM levels and chemical composition are therefore
necessary to evaluate the regional air quality. Such data constitute an invaluable basis
of knowledge to identify and quantify the PM sources, by using robust mathematical
tools. Receptor models such as Positive Matrix Factorization (PMF), are widely used for

that purpose (Kim and Hopke, 2005; Querol et al., 2007; Squizzato et al., 2017).

Several studies on PM source apportionment have been carried out around the
world (Amato et al.,, 2009; Contini et al., 2016; Kim et al., 2016; Viana et al., 2008).
Results indicate that the concentration and composition of PM at a specific location
depend on a large number of factors, such as the characteristics of local sources, the
regional background and the meteorological conditions, among others. Thus, it has been
found that urban air quality is mainly affected by emission derived from road traffic
(exhaust and non-exhaust emissions), industrial activities, combustion sources and also
by organic and inorganic particles formed from chemical processes involving precursor
gases (Aldabe et al., 2011; Querol et al., 2007, 2004; Squizzato et al., 2017). Moreover,
depending on the characteristics of the study area other important contributions may
derive from the resuspension of road dust, sea-salt or construction activities. Rural air
quality is mainly affected by the resuspension of soil, agricultural activities, wood
burning and secondary pollutans whose precursors have been emitted from distant
sources; but also by the urban background if there are populated areas nearby (Ancelet

et al., 2014; Arruti et al., 2011).

There are numerous reports about the aerosols and PM measurements in the
Caribbean region. Many of these studies are mainly related to the qualitative
identification of the Sahara dust intrusions by using concentration of major elements,

backward air trajectories and satellite data (Mojena Lépez et al., 2015; Prospero, 1999;
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Prospero et al., 2014, 2001; Prospero and Mayol-Bracero, 2013; Rodriguez et al., 2015).
Saharan dust contributions to PM in the region have only been quantitatively estimated
in the southern United States (Bozlaker et al., 2013). As a result of its geographical
position, very close to the Tropic of Cancer, Cuba is influenced by tropical and
extratropical air masses circulation and can then be affected by a large variety of PM
sources including the African dust. To date, studies in Cuba are restricted to some urban
location, mainly in Havana, and showed a main influence from marine aerosol and local
anthropogenic sources (Cuesta-Santos et al., 2002; Martinez Varona et al., 2015; Molina
Esquivel et al., 2011; Pifiera et al., 2010). In a recent work carried out in the region of
Camagtiey, chemical composition and optical absorbing properties of PM1o and PM;
were determined indicating the influence of the marine aerosol and the occurrence of
Sahara dust intrusion events (Barja et al., 2013). However, as far as the authors know,
there are no values reported of chemical elements in PM fractions in other regions of
Cuba and background levels of several air pollutants are unknown in the entire national
territory and in many regions of the Caribbean basin. This scarcity is mainly associated
with technical difficulties with the local measurements based on the instrumentation
maintenance and availability (Barja et al., 2013). Therefore, the identification and the
apportionment of the different sources impacting both rural and urban areas are

imperative to develop effective air quality management strategies in this region.

This work aims to study the concentrations, chemical composition and main sources
of PM1o in rural and urban environments in Cienfuegos, Cuba. For that purpose, a
simultaneous PM1o monitoring at an urban and rural site with an exhaustive chemical
characterization of major and trace elements, was carried out between 2015 and 2016.
Using this information, a source apportionment study, employing PMF 5.0 coupled with
the conditional bivariate probability function (CBPF) and concentration weighted
trajectory (CWT), was performed as an integrated approach in order to evaluate the
local and long-range (Sahara dust) contributions to PMig for the first time in the studied
region. Additionally, similarities and differences in the chemical element correlations

and the crustal enrichment factors (EFs) in the studied sites are discussed.
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2. Materials and methods
2.1. Area of study

Monitoring of PM1o was carried out at two stations (rural and urban sites) located in
the municipality of Cienfuegos, on the south central coast of Cuba (see Figure 2.1). The
rural station (22° 03’ 55" N, 80° 28’ 58”” W) is located in the main facilities of the Centre
for Environmental Studies (CEAC), between the Caribbean Sea and the Bay of
Cienfuegos, a rural area 9 km south of Cienfuegos City. A medium-size town is about 1.5
km east. The urban station is located at the CEAC facilities in the city of Cienfuegos (22°

08’ 32" N, 80° 27’ 29" W) very close to the coast of Cienfuegos Bay.
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Figure 2.1. Area of study, sampling stations and wind rose for the period of study.
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Cienfuegos city is currently an important tourist and industrial center in Cuba, with
a population of about 147 000 inhabitants. The climate in the region is tropical with two
clearly defined seasons: wet (approximately May to October) and dry (approximately
November to April). In the last three decades the average annual rainfall has been 1363
mm, with about 80% produced in the wet period. The prevalent wind direction in the

area during the study was ENE (see wind rose in Figure 2.1).

The main pollution sources in the area are a thermal power plant (TPP), with a
capacity of ¥~316 MW h~! and powered by sulfur-rich Cuban crude oil, an oil refinery and
a cement plant (petroleum-coke powered) framed in a circular area with a radius of 15
km centered in the monitoring urban station (see Figure 2.1). This area also includes the
quarries related to the cement plant activities, the harbour and other pier areas in the
Bay of Cienfuegos, other industrial areas and the rural monitoring station. According to
the prevailing wind direction, the urban station is mainly influenced by the city
background (mainly the road traffic) and cement plant emissions. Moreover, shipping
emissions can also affect this site because of its proximity to the piers area (100 — 500
m away). The rural site may be also affected by the city background, and emissions
derived from the TPP, the cement plant and quarries and local sources such as a small
diesel power unit (2.76 MW h™') and a diesel combustion boiler (1.76 MW) located at 4
km to the west. In addition, the frequent wood burning around this site for charcoal

production will also play an important role in the chemical characteristics of PM.
2.2, PMjo sampling

24-hour PM1p samples were collected in parallel at both stations on quartz fiber
filters (Munktell, 150 mm diameter) every three days from 31/01/2015 to 20/01/2016
using high-volume samplers MCV-CAV which operated at a flow rate of 30 m3 h™*. This
frequency allows us to guarantee at least 50 daily determinations in a year including at
least 4 determinations in each month according to the requirements of the Cuban
legislation to evaluate the PMio annual mean concentration (NC 1020, 2014). A total of
68 and 71 PM1p samples were collected at rural and urban stations, respectively. Due to
a problem with the high-volume sampler, PM1o samples could not be taken during the

period 5/08/2015 - 12/11/2015 at the rural station.
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2.3. PMjo chemical analysis

After sampling, PMyo filters, previously heated at 550 °C during 4 h, were stabilized
at 20 — 24 °C and 35 — 40% relative humidity before weighing. This procedure was
repeated 24 h later, and finally determining the PM1o ambient levels by gravimetric

measurements. Afterwards, filters were cut into quarters for further chemical analysis.

The chemical analysis of PM1o was performed using the methods described in Aldabe
et al., (2013, 2011). In short, a quarter of filter was used to determine major and trace
elements (Be, Na, Mg, Al, P, S, K, Ca, V, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Cd,
Sn, Sb, Cs, Ba, Hf, Tl, Pb, Th, U, Ge, Zr, Nb, Mo, W) by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7500a), after their extraction with HF, H,0,, HNOs and
HCI (3:3:4:1 mL) in a closed microwave digestion system (CEM Co., Mars X press). A
multi-elemental solution (Li, Sc, Y, In, Bi) was added to the samples as internal standard
for further determination by ICP-MS. Ammonium (NH4*) and anions (Cl;, NOs™ and SO4%)
were analyzed in the soluble fraction of another quarter of filter by lon Chromatography
(Dionex ICS 1100 for ammonium and Dionex ICS 2000 for anions). The pH and
conductivity (EC) were also analyzed in the soluble fraction. Punches of 4.1 cm? in the
third portion of filter were used for the analysis of mercury (Hg) and total carbon (TC),
which were determined by thermo-optical methods in a Mercury Analyzer (MA-2000

Series, Nippon) and a Carbon Analyzer (Liqui-TOC Elementar), respectively.

The quality control of the analytical procedures was carried out by repeated analysis
of certified reference materials (CRM) at least every 10 samples. Certified reference
material CTA-FFA1 (fine fly ash), Silty Clay Loam (0217-CM-73007) and Synthetic Carbon
(No 203-029 Leco) were used for major and trace elements, Hg and TC, respectively.
NH4* and anions in turn were assessed by using reference standard solutions at different
concentrations along the method range. Table 2.1 lists the elements measured along
with element recoveries, the Relative Standard Deviation (RSD) obtained from the
CRMs, the average contributions of the filter blanks evaluated and subtracted from the
results, the detection limits (DLs) and percentages of values below detection limits

(BDL).
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Table 2.1. Recovery (%) and
Relative Standard Deviation
(%) obtained from the CRMs,
average contribution of the
filter blanks (ng m3), method
detection limit (DL, ng m?3)
and percentages of values
below the detection limit
(BDL).

68

Element Recovery RSD Filter DL % BDL
blank Urban  Rural
station station
TC 97 4.4 388.8 248.7 0 0
NH* 98 6.9 50.8 39.2 3 0
Cl 96 3.6 28.7 28.3 3 3
NOs’ 93 5.6 429 4138 0 1
SO.* 96 54 79.6 59.9 0 0
Be 87 5.0 0.03 0.02 37 18
Na 90 3.6 982 6.1 0 0
Mg 76 8.8 59.1 1.3 0 0
Al 74 5.4 268.0 9.2 0 6
84 4.1 <DL 5.7 0 12
S N.A. 6.0 97.6 335 0 0
K 85 5.0 11.2 6.6 0 0
Ca 92 7.6 1442 113.7 0 9
Vv 89 3.8 <DL 0.5 0 0
Cr 88 3.8 4.4 0.2 3 4
Mn 92 4.4 1.7 0.1 0 3
Fe 88 34 455 6.6 0 0
Co 86 3.7 0.01 o0.01 0 1
Ni 83 4.3 2.8 0.1 0 3
Cu 85 4.4 1.2 0.2 0 0
Zn 94 53 4.7 0.5 0 0
As 90 4.6 0.2 0.1 7 28
Se 73 13.8 0.2 0.2 44 44
Rb 64 14.8 0.2 0.04 0 7
Sr 82 8.2 0.9 0.1 0 0
Cd 79 3.7 0.01 o0.01 3 16
Cs 81 4.4 <DL 0.01 4 6
Ba 74 6.9 17.1 0.2 8 43
Hf 95 2.9 0.6 0.01 15 25
Tl N.A. 39 0.04 0.01 27 15
Pb 94 2.5 0.3 0.1 0 0
Th 87 6.5 0.6 0.01 30 40
U 87 3.2 0.8 0.003 0 43
Ti 94 3.5 43 1.2 3 0
Ge N.A. 4.2 24 0.01 66 69
Zr N.A. 4.7 14.6 0.1 41 59
Nb N.A. 3.9 0.1 0.02 14 19
Mo 75 55 60.1 0.02 0 28
Sn N.A. 2.7 0.3 0.04 3 0
Sb 96 2.9 0.1 0.02 0 0
w 91 3.8 0.1 o0.01 3 6
Hg 82 8.3 <DL 0.01 0 6

N.A.: referent value not available for the CRM CTA-FFA1.
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As a first approach to interpret the PM1o origin in the study region, carbonate (COs?*
), silica (SiO2), alumina (Al203), marine sulphate (mS04?) and non-marine sulphate
(nmS04%) concentrations were obtained by stoichiometry according to the literature

(Sanchez de la Campa et al., 2007).
2.4. Enrichment factors

Enrichment factors (EFs) were estimated in order to determine possible
contributions of anthropogenic trace elements in both sampling sites. The EF is

calculated as follow:

EFy = (CX/CR)PMm/(CX/CR)Crust (2.1)

where X represents the element of interest; EFy the EF of X; Cyx the concentration
of X, and Cy the concentration of a reference element. In this study Ti was selected as
reference element, and the mean elemental composition of the local soils was used to
estimate the elemental concentration of the crustal material. We evaluated the Al and
Fe as reference elements and also the database proposed by Li et al., (2009) as reference
crustal material and similar EFs were observed. According to the EFs values, the
elements can be considered highly enriched (EF>100), moderately enriched (10<EF<100)
and poorly enriched (EF<10) (Fernandez-Olmo et al., 2016, 2015).

Chemical composition of the local soils was determined by using a total of 24 top soil
samples collected in the 15 km radius study area during April 2015. Samples were dried
at 45 °C and then sieved through a mesh of 250 um. A subsample of 0.25 g was digested
in 12 ml aqua regia (HCI/HNO3=3:1) in the microwave system described above. Major
and trace elements were determined using the same techniques described for PM1o
analysis. The recovery from the used CRM (Silty Clay Loam 0217-CM-73007) was

generally within the range of 80 — 102%, and the RSD was less than 8%.
2.5. Source apportionment with PMF

Positive Matrix Factorization (PMF) is a multivariate factor analysis tool for

guantifying the contribution of sources to samples based on the detailed composition
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of the samples collected in one or more sites and it has been widely described in the

literature (Paatero, 1997; Paatero and Tapper, 1994).

The EPA PMF software v5.0 was used in this study (Norris et al., 2014) and for PMF
reporting results we followed the recommendations from Brown et al., (2015). All
available concentration values were used without any censored procedure, and the

uncertainty was calculated according to equation 2.2 (Cesari et al., 2016),
Sij = O-Bj + h]xu (22)

where op; is the standard deviation of the filter blank contributions and h; is a
constant calculated taking into account the analytical uncertainties. The uncertainties of
the identified outliers (values higher than 1.5 times the 95t percentile of the data) were
replaced by 4x;; to minimize their influence. We added a 10% of extra modeling

uncertainty for the runs.

The appropriate number of extracted factors was determined by providing the best

physical significance based on the following procedure:

1. Using the Signal-to-Noise (S/N) ratio computed by the model we classified the
species as “Strong” (S/N>2.0), “Weak” (0.5<5/N<2.0) and “Bad” (S/N<0.5).

2. Species with more than 50% of the data BDL were excluded and selected as
“Bad”.

3. We evaluated the species categorization after the initial runs by reviewing the
linear fit (R?) between predicted and observed concentrations (Vossler et al.,
2016).

4. After steps 1—3, three to 7 factors solutions were tested for both stations using
an initial random seed number (24 for final solution) and 30 model runs. First,
we evaluate how the parameters Q robust (Qrob), Qrob/Qexpected (Qrob/Qexp), |M
and IS (maximum mean and SD values of the scaled residuals, respectively)
changed with the number of factors. When changes in Q become small and/or a
sharp drop in IS or IM is produced with increasing factors, it can be indicative
that there may be too many factors being fit (Brown et al., 2015; Heo et al.,

2009).
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5. Uncertainties on estimated factor profiles and contributions under different
scenarios (different numbers of factors) were evaluated using the Displacement
(DISP), Bootstrap (BS) and BS-DISP methods (Paatero et al., 2014).

6. We examined the Q/Qex for individual species and the time series of Q/Qexp
computed by the model, to understand what samples or species were not well

modeled (values greater than 2).

We found that 5 factors with 17 “Strong” species (PM1o, C, NH4*, CI, NO3", SO+, Na,
Mg, Al, K, Ca, Mn, Fe, Ni, Cu, Zn, Pb, Ti and Sb) and 6 “Weak” species (Cd, Ba, V, Co, As
and Mo) was the better solution for the urban station, while 4 factors with 15 “Strong”
species (PMio, C, NH4*, NOs’, SO4%, CI5, Na, Mg, Al, K, Mn, Fe, Co, Zn and Ti) and 6 “Weak”
species (Ca, V, Ni, As, Cd and Sb) was the most appropriate solution for the rural station.
We also calculated the FPEAK parameter as function of the Q-value for the best found
solution and observed that FPEAK = 0.0 provided the most physically meaningful
solution at both stations. Once the number of factors was optimized, we tested up to
500 model runs and up to 20 random seed numbers and confirmed the solutions as a
global minimum. Finally, the goodness of the fit between the measured and modeled
PM1o mass at both the rural (PMo™deled=0,99PM ome2sured_0.19, R2=0.93) and the urban
(PMygmedeled=0 97pMgmeasured+( 61, R?=0.90) site was corroborated. From these results

the unexplained PM1o mass resulted less than 1.8%.

2.6. Conditional bivariate probability function and concentration weighted

trajectory

Source contribution estimated from PMF coupled with time resolved wind direction,
wind speed and backward trajectory data were investigated by using the conditional
bivariate probability function (CBPF) and concentration weighted trajectory (CWT) to
better understand the local and regional source impacts. Calculations of both functions

were done using the Openair package freely available for R (Carslaw, 2015).

The CBPF improves the traditional CPF (Kim et al., 2003; Kim and Hopke, 2005) by
adding the wind speed as a third variable and estimates the probability that a given

source contribution from a given wind direction and speed will exceed a predetermined
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threshold criterion. The CBPF is defined as CBPF = mg;/ng;, Where my, is the
number of samples in the wind sector 8 and wind speed interval [ with mixing ratios
greater than a threshold concentration, and ngy ; is the total number of samples in the
same wind direction-speed interval (Squizzato et al., 2017; Uria-Tellaetxe and Carslaw,
2014). Here, the same 24-h mass contribution of each identified source was assigned to
each 3-h wind data available from the Canta Rana meteorological station located in the
study area within a radius of 15 km. We used 16 wind sectors (6 = 22.5°) and calm

winds (€1 km h') were excluded from the analysis.

The CWT computes a log-mean concentration at the receptor site weighted by the
residence time of the trajectory for each grid cell of the geographical domain (Cheng et
al., 2013; Hsu et al., 2003). A high CWT value means that air parcels passing over a given
cell would cause, on average, high concentrations at the receptor site. For our study,
120-h and 240-h back-trajectories (BTs) were computed using the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model and the Global NOAA-NCEP/NCAR
reanalysis data files (Draxler and Rolph, 2015). BTs were run at 3-h intervals with an
increase of 1-h starting at a ground-level of 500 m for each day during the sampling
period. The trajectory domain was divided into grid cells of 2.5x2.5° and because of this
and the proximity between the sampling sites, the coordinates of the urban station were

selected as the starting point.

3. Results and discussion

3.1. PM1o concentrations

Variation of the daily concentration of PMig at both sampling sites are shown in
Figure 2.2a. The concentration of PM1o varied between 10.7 and 69.5 ugm (average of
24.8 ugm=3) and between 15.6 and 84.5 ugm3 (35.4 ugm3) at rural and urban sites,
respectively. Similar values to those obtained in the urban site have been reported for
urban regions in Havana (Martinez Varona et al., 2013; Molina Esquivel et al., 2011) and
Camagley (Barja et al., 2013). No more studies have been performed either in the

Cienfuegos region or in other rural areas of the country. On the other hand, similar
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annual average of PMig has also been reported in Caribbean areas like at Cayenne

(French Guiana) and Guadeloupe (Lesser Antilles) (Prospero et al., 2014).
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Figure 2.2. Temporal distributions of the concentration of PMg at the rural and urban stations
(a) and linear correlation between sites (b).

Although the temporal dynamic of PM31o was very similar in both sampling sites,
probably as a result of the regional and global influence, the levels of PM 1o were higher

in the urban site showing and additional influence of local sources. A t-test (p < 0.05)
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showed that there was no seasonal pattern for PMip among the wet and dry season
either in the rural or urban site. However, the highest PM1g levels were recorded during
the March-August period in both sites. A significant correlation (r = 0.93, p<0.01)
between the values of both stations was found in this period (Figure 2b). No such

correlation was found between November and April, when PM1o contents were lower.

A visual examination of the filters with the highest concentration of PM1o from both
stations revealed a yellow PM, thereby suggesting the influence of the Sahara dust
which frequently affect the Caribbean region during those months (Prospero et al.,
2014; Prospero and Mayol-Bracero, 2013; Rodriguez et al., 2015). The well-known
seasonality of the Saharan dust clouds in Cuba (Mojena Lépez et al., 2015), with the
highest presence in the months from May to August, seems to corroborate this idea.
Thus, Barja et al., (2013) also detected higher concentrations of PM1o between May and
August in the Camagliey region (central Cuba), which they attributed to the occurrence

of Saharan dust intrusions.

According to the Cuban legislation for air quality (NC 1020, 2014), the maximum
admissible daily concentration of PM1o (MAC=50 ug m=3), was exceeded 3 and 8 times
during the sampling period at rural and urban sampling sites, respectively. All
exceedance events occurred in the period of high concentrations, often coinciding with
the presence of Saharan dust clouds. Similar events were also reported in other
Caribbean countries and in Southern United States in the same period (Bozlaker et al.,
2013; Prospero et al., 2014). Although the annual PMso limit established by the Cuban
legislation (30 ug m3) was only exceeded at the urban site, the annual value (20 pg m3)
recommended by the World Health Organization (WHO, 2005) was also exceeded in the

rural site.
3.2 Chemical composition
3.2.1. Major elements

Table 2.2 shows the statistical summary of concentration of major elements
analyzed in the PM1o samples, which contributed 71.7% (17.8 ug m3) and 77.3% (27.3

ug m3) to the PMio mass in the rural and urban sites respectively. While in the rural site
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the PM1o mass was dominated by the mineral fraction (CO3%+Al,03+Si0>+Ca+Fe+K+Mg)
and the marine aerosol (Na+Cl+mSQ04?%), in the urban site the mineral and TC fractions

were dominant.

Table 2.2. Statistic summary of concentration of PMig, major elements and estimated major
components (ug m3), ApH and AEC (uS cm™) at both sampling sites. The intersite Pearson

correlations (Ripc) in bold represent a statistic significant at the 0.01 level.

Element Rural station (n=68) Urban Station (n=71) Ripc
AVE (SD) Range AVE (SD) Range

PMio 24.8(12.1) 10.7-69.5 35.4(13.6) 15.6-84.5 0.91
TC 2.60(1.65) 1.01-9.96 5.54 (2.22) 1.54-13.26 0.69
NH4* 0.49(0.33) 0.09-1.98 0.51(0.3) <DL-1.43 0.86
cr 1.76 (1.61) <DL-7.07 1.35(1.3) <DL-6.05 0.76
NOs 0.72(0.42) <DL-2.07 0.77 (0.45) 0.13-2.09 0.73
S0.> 2.31(1.14) 0.2-6.81 2.39(0.96) 0.77-6.76  0.87
Na 1.69(0.94) 0.36-4.57 1.39 (0.83) 0.25-4.09 0.87
Mg 0.29(0.19) 0.04-1.13 0.40 (0.25) 0.09-1.27 0.92
Al 0.67 (1.04) <DL-5.35 1.13 (1.29) 0.15-6.34 0.98
S 0.87 (0.46) 0.26-2.73 0.96 (0.38) 0.38-2.72 0.91
K 0.34 (0.6) 0.07-4.93 0.36(0.21) 0.13-1.14 0.95
Ca 0.51(0.38) <DL-1.51 1.81(1.2) 0.13-6.66 0.18
Fe 0.32(0.49) 0.01-2.4 0.54 (0.55) 0.07-2.71 0.97
COs* 1.72(1.98) 0.1-10.86 3.72(2.09) 0.44-10.87 0.46
Al;O3 1.26(1.97) 0.01-10.09 2.14 (2.43) 0.29-11.96 0.98
SiO, 3.78(5.91) 0.03-30.28 6.41 (7.29) 0.87-35.87 0.98
mS0,> 0.42 (0.24) 0.09-1.14 0.35(0.21) 0.06-1.02 0.87

nmSO,> 1.89(1.14) 0.01-6.54 2.04 (0.95) 0.66-6.51 0.88

Mineral  8.2(10.82) 0.54-56.63 15.38 (12.72) 3.16-66.08 0.93

Marine  3.87(2.67) 0.47-11.17 3.09 (2.3) 0.38-11.16  0.85

% major 17.8 (71.7) 27.3(77.3)

ApH* -0.38 (0.49) -1.92-0.63 0.93 (0.52) -0.72-1.98  0.08

AEC* 50.4 (22.8) 12.9-109.8 58.4 (25.2) 8.13-127.4  0.64
Zmajor IS the sum of all major components and the % of PM1o mass is given in brackets.

*ApH and AEC were calculated as the difference between blank filters (pHpiank=6.43 and
ECpiank=4.75 uS cm™) and sample values.

Concentrations of major elements were generally higher in the urban station except
for the marine aerosol, which indicate a major marine influence in the rural station. The
average concentration ratio Cl'/Na* was 0.89 and 0.81 at rural and urban sites,
respectively. Comparison of these values and the ones expected for seawater (1.16) and

earth's crust (0.003) (Barja et al., 2013), suggests that these elements were primarily of
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marine origin. The most important contribution to the PMjg total mass at both sites was
derived from the mineral matter, being considerably higher in the urban site.
Concentrations of the typical crustal elements Al, K and Fe varied similarly during the
study at both sites with the highest values observed between March and August, which
probably indicated that they were mainly derived from the Saharan dust intrusions. The
biggest difference was observed for Ca being about 3.5 times higher at the urban site,
and could be related to the emissions coming from the cement plant and quarries
located at 15 km downwind from the prevalent wind direction, and also to the wearing
of roads, construction works and the handling of construction materials in the piers close
to the urban sampling site. The TC contribution was significantly high in the urban site
and it is likely due to the direct influence of the road traffic; nevertheless, the TC
contribution in the rural station was also important, probably reflecting the impact of
the wood burning for charcoal production in this area. The mean values of nmS04%, NO3"
and NHg4* were slightly higher at the urban site. Concentrations of nmS0O4% and NHs*
were significantly correlated (r=0.84, p<0.01 at both stations) suggesting the formation
of ammonium sulphate of secondary origin. In both cases, however, a nmS04% excess in
the ionic balance with NHs* was observed, suggesting that part of the nmS04% may be

linked to other cations.

The inter-site Pearson correlation analysis carried out on the studied element and
major components revealed a significant association between the two sampling stations
(Table 2.2), suggesting that both sites are subject to the impact of common sources,
which is consistent with the regional influence produced by the Saharan dust. Although
crustal elements showed the highest correlations (especially Al, K and Fe) no correlation
was found for Ca, suggesting the existence of a local source of that element at the urban
site, where the highest levels were observed. This result supports the previous
conclusions about the influence of emissions derived from the cement plant and related

activities as well as other local sources at the urban site.

The pH of the particulate matter extracts also showed significant differences
between the sampling sites (Table 2.2), as well as correlations with the major ions. In
the rural area pH variation (ApH) was negative (average value of -0.38) and negatively

correlated with TC (r = -0.59, p <0.01), NH4* (r = -0.66, p <0.01) and nmSQO4? (r =-0.61, p
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<0.01), while in the urban site was positive (average value of 0.93) and positively
correlated with mineral matter fraction (r = 0.44, p <0.01) and, specially, with Ca?* (r =
0.65, p <0.01). These results suggest that the alkaline water-soluble elements (probably
anions that accompany Ca?*, such as OH™ or HCOs’) neutralize acidic matter (sulfate,
nitrate and carboxylic anions) in the urban station. Concerning variation of conductivity
(EC), slightly higher values were observed at urban site, probably related to the highest

content of total ions.

Average concentrations of CI', K, NH4* and NOs™ in our sampling sites were lower than
those obtained in Camagliey (Barja et al., 2013), while level of Mg was higher and Na
and SO.> were similar. Concentration of Ca was lower in our rural station but in the
urban site we obtained a value twofold the reported for Camagiliey. Another study
carried out in Havana (Pérez et al., 2009), showed higher average concentrations of CI',
S and Ca, and lower of K and Fe than those found in our sampling sites. Contributions of
most of the major elements in this work were in the range of variation of those reported
in Jamaica (Boman and Gaita, 2015), Puerto Rico (Jusino-Atresino et al., 2016) and
southern United States (Bozlaker et al., 2013; Prospero, 1999; Prospero et al., 2001).
This is not an unexpected result because, despite the strong influence of the marine
aerosol in this region, the Saharan dust intrusions (mainly associated with the mineral
fraction) are synoptic-scale events and, consequently, they can impact large regions of
the Caribbean Sea and southern and eastern United States. By contrast, the
concentrations of SO4* found in Cienfuegos were considerably higher than those
reported in a rural site in Puerto Rico (Jusino-Atresino et al., 2016) and similar to the
values reported for Miami (Prospero, 1999). This result may be related to SO, emissions
from local fossil fuel combustion sources using sulfur-rich oil and the subsequent
secondary processes in the atmosphere. The amount of SO4%~ in the air mass is expected
to grow fast as a result of the conversion of SO; into sulphate; this conversion is faster
in high UV radiation and humidity conditions (Bove et al.,, 2016), two typical

characteristics of the Caribbean region.
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3.2.2. Trace elements

The statistical summary and the inter-site Pearson correlation of the studied trace
elements are shown in Table 2.3. Trace elements represented a 0.5 % (0.12 ug m3) and
0.8 % (0.28 ug m3) of the total PM1o mass at the rural and urban sites, respectively.
Especially, those elements typically derived from non-exhaust traffic emissions, such as
Cu, Ni, Cd, Ba, Pb and Mo (Grigoratos and Martini, 2015; Querol et al., 2007), were

clearly higher in the urban station.

78



PM1o chemical characterization and source apportionment

Table 2.3. Statistic summary of concentration of trace elements (ng m) at both sampling sites.

The intersite Pearson correlations (Riec) in bold represent a statistic significant at 0.01 level.

Element Rural station (n=68) Urban Station (n=71) Ripc
AVE (SD) Range AVE (SD) Range
Be 0.06 (0.05) <DL-0.17 0.05 (0.05) <DL-0.27 0.83
P 20.8 (11.9) <DL-52.8 48.4 (17.2) 13.9-1145 0.44
6.85(6.33) 1.28-35.99 11.34 (7.65) 1.96-38.92 0.47
Cr 2.72(2.47) <DL-12.91 2.99(2.09) <DL-9.45 0.20
Mn 6.14 (8.69) <DL-44.6 11.11 (9.86) 0.24-46.7 0.93
Co 0.2(0.22)  <DL-1.07 0.37(0.23)  0.1-1.28 0.78
Ni 1.88(1.63) <DL-8.69 4.77 (7.46) 0.31-62.1 0.39
Cu 13.2(19.5) 0.61-87.5 69.4 (98.8) 7.58-640.4 0.70
Zn 13.4(33.5) 1.73-277 18.1(7.8) 6.22-45.9 0.12
As 0.38(0.31) <DL-1.04 0.55(0.29) <DL-1.24 0.72
Se 0.58(0.6) <DL-1.7 0.81 (1.04) <DL-4.32 0.74
Rb 0.84(0.78) <DL-4.24 2.44(1.97) 0.17-10.25 0.96
Sr 3.24(2.64) 0.21-14.66 6.4 (4.18) 1.17-22.2 0.91
Cd 0.06 (0.05) <DL-0.22 0.15(0.18) <DL-1.26 0.05
Cs 0.07 (0.05) <DL-0.27 0.09 (0.06) <DL-0.33 0.96
Ba 4.55(6.93) <DL-27.6 11.9 (10.4)  <DL-44.3 0.62
Hf 0.06 (0.05) <DL-0.24 0.11(0.22) <DL-1.7 0.36
Tl 0.08 (0.09) <DL-0.32 0.08 (0.09) <DL-0.4 0.32
Pb 1.29(0.72) 0.11-3.22 4.32 (2.75) 1.13-17.17 0.47
Th 0.09 (0.15) <DL-0.85 0.19(0.27) <DL-1.27 0.51
u 0.04 (0.05) <DL-0.21 0.12 (0.1) 0-0.61 0.36
Ti 39.7 (60) 2.35-287.1 51.4 (65.0) <DL-336.9 0.98
Ge 0.05(0.12) <DL-0.61 0.05 (0.09) <DL-0.54 0.27
Zr 1.22 (2.02) <DL-7.9 0.94 (1.42)  <DL-7.43 0.62
Nb 0.22(0.38) <DL-2.24 0.21(0.4) <DL-2.21 0.34
Mo 5.83(11.9) <DL-58.1 28.7 (20.4) 6.48-114.9 0.36
Sn 0.46 (0.41) 0.05-1.66 0.41(0.36) <DL-1.55 0.77
Sb 0.22(0.53) 0.04-4.38 0.25(0.14) 0.06-0.73  -0.08
w 0.1(0.1) <DL-0.45 0.13 (0.15) <DL-1 0.19
Hg 0.03(0.02) <DL-0.14 0.04 (0.03) 0.01-0.17 0.19
Ztrace(%) 124 (0.5) 276 (0.8)
Ztrace IS the sum of all trace elements and the % of PM1o mass is given in
brackets.

When studying the relation between both sites (see Ripc in Table 2.3), significant
correlations were found for Mn, Rb, Sr, Cs, Ti, Be, Co and Se, elements typically found in
mineral matter, and Cu, As, Ba and Sn, usual components of traffic and industrial
emissions (Taiwo et al., 2014). This result, therefore, confirms the expected influence of

natural sources (likely related to the Saharan intrusion as we noted before) in both sites,
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but, on the other hand, it appears to suggest the existence of common anthropogenic
sources. This was an expected result due to the relative positions of the studied sites
and the prevalent NE wind direction in the region. In the same vein, the lack of
correlation for Cr, Zn, Cd, Mo, Sb and Hg seemed to indicate preeminence of local

sources.

Average level of V/Ni ratio in the rural site (4.8) was higher than the average level at
urban site (3.3). This could be related to the influence of different combustion sources
since these elements are often used as tracers of fossil fuel combustion processes (Viana
et al., 2008). For comparison, six samples of fly ash collected at the stack of the TPP,
located at northern direction from both sites, were measured in this study and showed
an average V/Ni ratio of 4.4 (SD=0.2), consistent with that observed at the rural site.
High V/Ni values, typically ranging from 4 to 8, are characteristic of high sulphur residues
from the fossil fuel combustion (Moreno et al., 2010). In contrast, several authors have
reported V/Ni ratios around 3 for shipping emissions (Pandolfi et al., 2011; Viana et al.,
2014), which are more consistent with that observed at the urban site. This result is
probably related to the shipping emissions from the piers area located near this

sampling site.

The annual mean concentrations of the trace elements As, Cd, Hg, Ni and Pb did not
exceed the annual MAC set in the Cuban legislation on air quality (10, 10, 1000, 20 and
500 ng m3, respectively) at any of the two studied sites. This legislation also regulates
the 24-h concentration of As, Cd, Hg, Ni, Pb, Co, Cr and Mn (20, 20, 2000, 100, 1000,
1000 and 10 000 ng m3, respectively), and all the results obtained were below the MAC
in both stations. In addition, the annual concentration for V did not exceed the WHO air

quality guideline value (1000 ng m3).

When comparing the results of our study with other previously carried out in Cuba,
the average concentrations of V, Cr, Mn, Ni, Zn, As, Cd and Pb found in our sampling
sites were lower than those reported for a traffic station in Havana (Martinez Varona et
al., 2015; Pérez et al., 2009), whereas concentrations of Cu and Ti were higher in our
study. With regard to values reported for other countries, most of the trace elements

reported in this study were comparable to those reported for urban areas in Houston
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(Bozlaker et al., 2013) and in the range of variation of rural and urban European regions
(Aldabe et al., 2011; Contini et al., 2016; Fernandez-Olmo et al., 2016; Minguillon et al.,
2012). Only Mo showed remarkable differences with the above regions, with higher

values especially in the urban site.

3.3. Enrichment factors

The elements’ EFs of both sampling sites are shown in Figure 2.3. The elements W,
Cu and Mo were highly enriched at both sites except Cu which was moderately enriched
at the rural site. Comparison of the EF values at the two sites indicates that Cu and Mo,
widely used as tracers of road traffic, were more enriched at the urban site, thereby
indicating a greater impact of road traffic at this site. The high correlation found among
these elements (r=0.85, p<0.01) at the urban site, seemed to confirm the effect of traffic.
The high EFs of these elements at the rural site might be due to the influence of urban
background under northerly wind directions. The elements V, Ni, Tl, Sb, Hf, Zr, Ge, Ba,
Sn, Cd, S, Hg, Nb, Pb and Zn were moderately enriched at both stations being likely an
anthropogenic origin. Finally, Fe, Al, Ca, Mn and Co were the least enriched elements

confirming their crustal origin.
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3.4. Identification of the main sources from the PMF factors
3.4.1. Rural station

Source profiles and daily source contributions at the rural site are shown in Figure
2.4. Factor 1, characterized by high contributions of the crustal elements Al, Mn, Fe, Co
and Ti, was associated with the Saharan dust intrusions. The daily PM1o contribution
from this factor (average of 6.3 ug m= for a 25.9%) was mainly produced between April
and August, thereby agreeing with the Saharan dust intrusions period in our region. The
highest contributions from this factor matched with the 3 PMjo exceedance events
produced in this site, and explained more than 60% of the total PM1o mass obtained in
those days. Similar results were observed in Houston in 2008 under Saharan dust
intrusions (Bozlaker et al., 2013). The CWT plotted in Figure 2.5a confirmed the African
origin of the air masses affecting the studied region during the days with the highest
contributions from this factor. Factor 2 was characterized by ClI, Na and Mg and
represents the marine aerosol contribution with a daily average of 5.1 ug m3(21.1%) of
PM1o. The CWT associated with this factor (Figure 2.5b) indicated that marine aerosol
was mainly originated in the southern region of the Caribbean Sea and in the Atlantic

Ocean.
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Figure 2.4. PMF factor profile and daily source contributions at the rural site.

Factor 3 was characterized by elements typically derived from combustion sources
and secondary compounds, which represent a mixture of sources. In fact, this factor split
into two different sources when testing the 5-factor PMF solution: one related to oil
combustion (association of V, Ni, SO4%, NH4* and Sb) and the other one to wood burning
(TC, NO3™ and K). This solution was, however, discarded because it turned out to be less
stable (higher uncertainties) than the 4-factor solution. Nevertheless, the origin of the
contributions from this factor was later confirmed when considering two intervals of
CBPF (Figure 2.6) (Uria-Tellaetxe and Carslaw, 2014). Contributions between 7.2 and 11
ug m3 were observed for low wind speed and derived from sources located in the E-S
sector (Figure 2.6a), reflecting the impact of local wood burning. In contrast, sources
located in the sector SW-N were dominant between 11 and 22 ug m= when wind speed
was higher than 10 km h (Figure 2.6b), thereby indicating the influence of more distant
sources. According to this, the potential sources were the emissions coming from the

diesel power unit and diesel combustion boiler located 4 km westward and also the
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emissions derived from TPP, refinery and harbour area located at northern directions.
The higher contribution of SO4*> and NHs* indicated the formation of secondary
ammonium sulphate probably related to the primary emissions from the
aforementioned sources. This factor was the most important contributor at this site with

a daily average of 8.2 ug m3(33.4%) of PMso.

Figure 2.5. CWT of Saharan intrusions (a) and marine aerosol (b) contributions (ug m=) estimated

by PMF in the studied area.

In the factor 4, Zn, V, Ni, Co, Ca and TC were dominant. V, Ni, Zn and TC are often
associated with industrial and road traffic emissions while Ca and Co are crustal
elements, which could be associated with activities in the cement plant and construction
works. The CBPF plotted in Figure 2.6c confirmed that contributions from this factor
between 4.7 and 24 ug m= were mainly derived from distant sources mainly located at
NE, suggesting the influence of the urban background and cement plant emissions as
potential sources in this sector. Then, we identified this factor as background with a daily

average contribution of 4.8 ug m3 (19.6%) of the total PM1o mass.
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Figure 2.6. CBPF plot for different concentration intervals of Combustion (a and b) and

Background (c) factor at the rural site.
3.4.2. Urban station

Source profiles and daily source contributions at the urban site are shown in Figure
2.7. Factor 1, characterized by high contributions of the crustal elements Al, Mn, Fe, Co,
Ba and Ti, was identified as Sahara intrusions. The daily contribution was similar to that
observed in the rural site and its maximum values explained 7 of the 8 PM 10 exceedances
observed in this site (except the event produced on 26/03/2015). This factor contributed
with a daily average of 9.2 ug m3 (26.3%) to the total PMo. Factor 2, accounting for a
12.5% (4.3 pug m3) of the PM1o, was characterized by Cl;, Na and Mg and represented
the marine aerosol. Contribution from this factor was lower than that obtained for the

rural site as the discussed in the section 3.2.
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Figure 2.7. PMF factor profile and daily source contributions at urban site.

The Factor 3 was dominated by SO4?, NH4* and V with important contributions of Ni,
As and Sb, elements commonly associated with secondary processes and oil combustion
(Cesari et al., 2014; Querol et al., 2007). According to the CBPF (Figure 2.8a) the
contributions of this factor between 7.3 and 24 pug m™ were associated with sources
located in the sectors N — W and W —S. It suggested the influence of emissions coming
from the TPP located 2.5 km to the N, the harbour and other industries located 3 km to
the NNW, and the influence of the shipping emissions produced in the piers area located
at southern directions. The daily average contribution from this factor was the second
most important with 8.3 ug m=(23.8%) of PM1o. The Factor 4 was strongly characterized
by Cu, Mo, Ba, Zn, Ni and V, elements typically attributed to road traffic (Grigoratos and
Martini, 2015; Querol et al., 2007), and represented the 15.4% (5.4 ug m=3) of the PM1o
at urban site. The CBPF (Figure 2.8b) clearly showed that higher contributions (8.8 —19.0
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ug m3) from this factor came mainly from the urban sector, where the road traffic is

concentrated.

, ——.
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Combustion (CPF 7.3 to 24 ug m™) Road traffic (CPF 8.8 to 19 ug m™)

T
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Cement plant (CPF 6.2 to 12 ng m") Cement plant (CPF 12 to 23 pg m'z)

Figure 2.8. CBPF plot for different concentration intervals of Combustion (a), Road traffic (b) and

Cement plant (c and d) factor at the urban site.

The last factor (Factor 5), which accounted for 21.9% (7.6 ug m3) of the total PM1o
mass, was explained by high contributions of Ca, Pb, Cd, TC, Sb, Zn and NO3". The CBPF
plotted by intervals allowed us to identify 2 different sectors associated with this factor.
The higher contributions (12 to 23 ug m3) were linked to sources located in the NE — E
sector for wind speeds >20 km h%, pointing to the cement plant and quarries as potential
sources (Figure 2.8d). The intermediate contributions (6.2 to 12 ug m=3), by contrast,
were associated with sources located in the N — W sector for low wind speeds (Figure
2.8c). The potential sources here could be the emissions related to the Cienfuegos

harbour, where the main loading and unloading activities of the raw materials for the
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cement plant (kilns, petroleum coke, among others) and the cement produced in the
factory are carried out. Therefore, we identified this factor as cement plant.
Contributions from Factor 5 and Factor 3 (combustion) explained 92% of the PM1o mass

observed on 26/03/2015, when the other PM1o exceedance event occurred.

4. Conclusions

A PM31p monitoring survey was simultaneously performed in a rural and urban
Caribbean coastal site in Cuba between 31/01/2015 and 20/01/2016. PMjig
concentrations varied similarly at the two sampling sites and were mainly governed by
a strong influence of the Saharan dust during the months from March to August when
the highest PM1o concentrations were observed in both sites; however, significantly
higher levels were generally observed at the urban station due to the influence of local
sources. The MAC of PMjo established in the Cuban legislation for air quality was
exceeded 3 and 8 times during the study in the rural and urban site, respectively. The
annual limit established in this legislation was only exceeded in the urban site, although

in the rural site it still exceeded the annual PM1o value recommended by WHO.

Concentrations of all major elements were higher in the urban site except for Na and
Cl, therefore indicating a major marine influence at the rural site. In general, the mineral
matter was the dominant fraction at both sites due to the regional influence produced
by the Sahara dust intrusions. Meanwhile, concentrations of Ca and TC were significantly
higher at the urban site because of the contributions from local sources such as the
cement plant and quarries, and road traffic. In addition, an important contribution of TC
was also observed at the rural site due to the influence of wood burning. Levels of
nmS04%, NHs" and NOs™ were slightly higher at urban sites with a clear tendency to

formation of ammonium sulfate at both sites.

Concentration of trace elements typically derived from traffic and industrial
emissions, such as Cu, Ni, Cd, Ba, Pb and Mo were higher in the urban area, but were
found to be significantly enriched at both sites, thereby indicating the anthropogenic

origin of these elements in both stations. W, Cu and Mo were the most enriched
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elements at the urban site and appear to be excellent tracers of the urban traffic
emissions. The V/Ni ratios were different at the rural (4.8) and urban site (3.3) and seem
to be mainly affected by the power plant and shipping emissions, respectively. The
concentration of trace elements regulated in the national legislation for air quality was

found to be below the MAC during the entire study period at both sites.

At the rural site 4 principal sources were identified: Saharan intrusions, marine,
combustion (mainly related with emission from TPP and wood burning) and a
background source representing the contribution from urban background (mainly urban
traffic) and cement plant, while 5 principal sources were identified at the urban site:
Saharan intrusions, marine, combustion (mainly related with shipping and industrial
emissions), traffic and cement plant. Saharan dust contribution was quantified for the
first time in Cuba, proving to be one of the most significant PM1o sources in the studied
region. This contribution explained 10 of the 11 PMio exceedances events observed
during the study. This result confirms the scale and relevance of the long-range transport
in our region; however, attention must be paid to the identified anthropogenic local
sources since they represented, on average, more than 50% of the total PM1o recorded

in the study area.

The exhaustive PM1o chemical composition data presented here represent the most
complete report on PM in Cuba and provide the basis for environmental managers to

adopt control strategies to reduce the impact of PM1p pollution in the studied region.
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Abstract

This study investigates the content, pattern and sources of lanthanoid elements (La
to Lu) in PM1p to better understand the atmospheric pollution dynamics in a Caribbean
region. The PM1g sampling was simultaneously conducted at a rural and an urban site in
Cienfuegos, Cuba. Concentrations of total lanthanoid elements were in the range <0.01—
13.4 ng m3 and 0.51-18.8 ng m™ at the rural and urban sites, respectively, showing a
similar temporal distribution. The highest concentrations, observed between April and
August in both sites, showed a clear linear relationship with the PM1g mass. This result
was attributed to the Saharan dust intrusions events that occurred during this period,
as illustrated by concentration-weighted trajectory plots and LaCeSm triangular
diagrams. The large fractionation of La/Ce and La/Sm ratios as well as the higher
enrichment factors of heavier lanthanoids, evidenced the influence of anthropogenic
sources, especially in the period with lowest concentration. Most samples showed low
La/V values <0.1 in both sampling sites, suggesting the dominant influence of fuel oil and
petroleum-coke combustion sources rather than refinery emissions. This hypothesis was
investigated using LaCeV triangular diagrams, which confirmed that both sites were
affected by similar sources, consisting in a mixture of crustal matter (driven by Saharan
dust and local soils), oil combustion (power plant and shipping emissions), petroleum-
coke combustion (cement plant) and urban road traffic, but not by emissions from the
refinery located nearby. Finally, the application of the conditional probability function
identified these sources in accordance with their contribution to the total content of

lanthanoid elements.

Keywords: PMip; lanthanoid elements; Sahara dust; fossil fuel combustion; Cuba
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1. Introduction

The studies on source apportionment and environmental assessment of PM
(specially PM1o and PM; ) have received increasing attention in the last two decades
due to their known negative effects on human health (Pope and Dockery, 2006; WHO,
2016), visibility (Kanakidou et al., 2005), climate (P6schl, 2005) and ecosystems (Grantz
et al., 2003). Composition of PM is very complex and distinctly associated with different
sources, so their chemical components can be used for identifying emission sources.
Trace metals, PM1o and PMys, despite accounting for only 10% of the total mass of
particles, have been widely used for the identification of sources since most of ionic
components, carbon and major crustal elements are present in most of common
sources. In this regard, the use of some trace metals like lanthanoid elements (La to Lu,
(Moreno et al., 2008a)) has proved to be a suitable tool to accurately identify PM
sources, although their use have been fairly limited because of analytical limitations
(Wang and Liang, 2014). Thus, the study of the geochemistry of lanthanoid elements in
air can help understand the sources of atmospheric pollution (Hsu et al., 2016; Kulkarni

et al., 2006; Moreno et al., 2008b).

Lanthanoid elements form a coherent group of elements with similar chemical
properties that are often found together in mineral deposits. Although the
concentration and fractionation of lanthanoids have been widely used to investigate
geochemical processes in the lithosphere and hydrosphere, little attention has been

paid to the analysis of their chemical signature in atmospheric particles.

Nevertheless, patterns of lanthanoids have been used to confirm the regions of
origin of aerosols collected on the Tibetan Plateau (Li et al., 2009), the sources of dust
deposited near Beijing (Tang et al., 2013) and the transportation process involving
Sahara dust in the Mediterranean and Caribbean areas (Moreno et al., 2006; Pourmand
et al., 2014). Moreover, La/Sm/Ce/V ratios have been used to identify emissions from
oil refineries using zeolitic fluid catalytic converters (FCC) due to they are typically
enriched in La (Kulkarni et al., 2007, 2006). All these evidences have been confirmed by
source apportionment modelling (Bozlaker et al., 2013; Kulkarni et al., 2007, 2006), air

mass classifications derived from air mass back trajectories (Moreno et al., 2008a) and
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non-parametric wind regression (Du and Turner, 2015). Other studies have also
identified additional anthropogenic sources of lanthanoid elements in air, here including
emissions from power stations (Kitto et al., 1992), manufacture and use of fertilizers
(Wen et al., 2001), fugitive dusts from mines (Dolgopolova et al., 2006; Wang and Liang,
2014), steelworks emissions (Geagea et al., 2007) and the use of catalytic converters in
road traffic (Huang et al., 1994; Kulkarni et al., 2006). As these studies showed,
concentrations of lanthanoids elements in the atmosphere are typically dominated by
emissions from natural sources such as resuspended crustal material, but anthropogenic
processes, including the motor vehicle emissions, oil combustion, and refinery activities,

can be significant contributors.

The aforementioned studies reveal the growing interest in the use of lanthanoid
elements to track both natural and anthropogenic emissions impact. But, in spite of that,
published information on the concentration of lanthanoids and their distribution
pattern in atmospheric PM is still fairly limited in small and poorly industrialized urban

regions and, especially, in rural areas.

This study aims 1) to analyze the content and pattern of lanthanoid constituents in
PMig in a rural and an urban region of Cuba and 2) to identify the possible sources of
lanthanoids-bearing PM1o in order to better understand the aerosol properties and the
processes that pollutants undergo in the atmosphere. To that end, we employed
multiple approaches, which included the analysis of the lanthanoid fractionations and
enrichment factors (EFs) and the application of the conditional bivariate probability
function (CBPF) and concentration-weighted trajectory (CWT) coupled with the

lanthanoid elements concentrations data.

2. Materials and methods

2.1. Site description and sampling

Cienfuegos is currently an important tourist and industrial area of Cuba, activities

that are mainly distributed around its Bay. The climate in the region is tropical with two
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clearly defined seasons: wet (approximately from May to October) and dry
(approximately from November to April). The most frequent wind direction is NE. The
main potential sources of contamination in the area are: a thermal power plant (TPP), a
refinery and a cement plant (see Figure 3.1 for more details). Included in the studied
area are also relevant the quarries related to cement plant activities, the Cienfuegos
Harbour, the maritime traffic in the Bay, the road traffic in the Cienfuegos city and other

industrial areas on the northern outskirts of the city.
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Figure 3.1. Area of study and sampling sites.

Sampling of PMip was simultaneously carried out between 31/01/2015 and
20/01/2016 at two stations (rural and urban sites) located in the municipality of
Cienfuegos, in the central south coast of Cuba (see Figure 3.1). The rural station (22° 03’
55" N, 80° 28’ 58” W) is located at the main facilities of the Centre for Environmental
Studies (CEAC), and the urban station is located at the CEAC facilities in the Cienfuegos

city (22° 08’ 32" N, 80° 27’ 29" W).

Samples were obtained using gravimetric PM1o high-volume samplers operating at a
flow rate of 30 m3 h™ on pre-combusted (4h at 550 °C) quartz micro-fiber filters

(Munktell, 150 mm diameter). 24 h-samples were collected every three days in order to
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obtain a sufficient number of samples for every day of the week. A total amount of 68
and 71 PMjo samples were collected at rural and urban stations, respectively. Due to a
technical problem with the high-volume sampler located in the rural station, between

5/08/2015 and 12/11/2015 samples could not be collected.

For comparison purposes, several samples from potential sources were collected
and analysed: fly ash from the stacks of the TPP (6 samples), petroleum-coke burned in
the cement plant (1), local soils (16) and road dust from the main roads of the Cienfuegos
city (31). Likewise, an annual sample of bulk atmospheric deposition from the vicinity of

the cement plant was also taken.

2.2 Chemical analysis

Analysis of the lanthanoid elements in PM1o was performed using the method
described by Aldabe et al., (2013, 2011). Firstly, a quarter of each filter was digested in
Teflon tubes by adding HF, H,0,, HNOs and HCI (3:3:4:1 mL) in a closed microwave
system. A multi-elemental solution (Li, Sc, Y, In and Bi) was added as internal standard
for further determination by ICP-MS. At the same time, several filter blanks were
analyzed and later subtracted from the sample concentrations. This method allows the
simultaneous analysis of major and trace elements (including lanthanoid elements) by
inductively coupled plasma mass spectrometry (ICP-MS). The PMio and most of major
and trace element data (including V data used in this study) are reported in a paper
recently submitted (Morera-Godmez et al.,, 2018). In this article, we focus on the

lanthanoid elements geochemistry.

For the analysis of the samples from potential sources of contamination the same

methodology was applied, but using 50 mg of sample.

The quality control of the analytical procedure was carried out by repeated analysis
of the standard reference material CTA-FFA1 (fine fly ash). Table 3.1 shows the
measured lanthanoid elements together with their recoveries, relative standard
deviation (RSD), the average of the filter blanks contribution evaluated and subtracted

from the results, the method detection limits (DLs) and the percentages of values below
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the detection limit (BDL). The obtained recoveries (75 — 85%) and DLs (1 — 10 pg m3)

were similar to those reported in the literature (Celo et al., 2012; Du and Turner, 2015)

Table 3.1. Recoveries (%) and relative standard deviation (RSD in %) obtained from the SRM CTA-
FFA1, average contribution of the filter blanks (ng m3), method detection limit (DL, ng m3) and

percentages of values below the detection limit (BDL).

Elements Recovery RSD Filter DL % BDL

blank Urban  Rural

station station
La 80 5.2 03 0.01 0 18
Ce 78 9.4 0.6 0.01 0 15
Pr N.A. 52 0.1 0.002 7 15
Nd 76 46 0.3 0.01 0 19
Sm 82 46 0.1 0.005 13 21
Eu 83 40 0.03 0.001 7 34
Gd 78 39 03 0.003 O 26
Dy 75 3.8 04 0.002 O 32
Ho N.A. 36 0.1 0.001 10 13
Er 84 3.5 0.2 0.002 7 18
Tm 79 3.6 0.02 0.001 3 53
Yb 85 35 0.1 0.002 8 32
Lu 81 3.6 0.02 0.002 14 50

N.A.: referent value not available for the SRM CTA-FFA1.

2.3. Enrichment factors

The analysis of the enrichment factors (EFs) of lanthanoid elements was conducted
in order to evaluate the effect of anthropogenic activities in each station and also to

compare the sampling sites. The EF is defined as follows:

EFy = (CX/CR)PMIO/(CX/CR)Crust (3.1

where X represents the element of interest; EFy the EF of X; Cyx the concentration
of X, and Cy the concentration of a reference element. In this study, Ti was selected as
the reference material, and the average of local top soil composition was used as the

elemental composition of the crustal material.
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2.4. Concentration weighted trajectory and conditional bivariate probability

function.

Potential sources of lanthanoid elements were investigated by using the
concentration weighted trajectory (CWT) approach and conditional bivariate probability
function (CBPF). Calculations of these functions were done with the total lanthanoid
concentration data coupled with time-resolved wind direction-speed and back-

trajectory data using the Openair package, freely available for R (Carslaw, 2015).

The CWT computes a logarithmic mean of concentration at the receptor site
weighted by the residence time of the trajectory for each grid cell of the geographical
domain (Cheng et al., 2013; Hsu et al., 2003). A high value of CWT means that air parcels
passing over a given cell would, on average, cause high concentrations at the receptor
site. For our study, 10-day back-trajectories (BTs) were computed using the Hybrid
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model and the Global NOAA-
NCEP/NCAR reanalysis data archives (Draxler and Rolph, 2015). The BTs were run at 3-h
intervals with 1-h increment starting at the height of 500 m above ground level for every
day during the sampling period. The trajectory domain was divided into 2.5x2.5° grid
cells and, due to that and the proximity between the sampling sites, the coordinates of

the urban station were selected as the starting point.

The CBPF improves the traditional conditional probability function (CPF, (Kim et al.,
2003; Kim and Hopke, 2005)) by adding the wind speed as a third variable and estimates
the probability that a given source contribution from a given wind direction and speed
will exceed a predetermined threshold criterion. The CBPF is defined as CBPF =
Mg /Ny, where my; is the number of samples in the wind sector 8 and wind speed
interval [ with mixing ratios greater than a threshold concentration, and ngy  is the total
number of samples in the same wind direction-speed interval (Squizzato et al., 2017;
Uria-Tellaetxe and Carslaw, 2014). Here, the same 24-h lanthanoid concentration
determined in the PM1o total mass was assigned to each 3-h wind data available from
the Canta Rana meteorological station located in the Cienfuegos city. We used 16 wind

sectors (8 = 22.5°).
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3. Results and discussion

3.1. Total lanthanoids concentration and PM1o mass

Table 3.2 shows the average concentration of PM1g and lanthanoid elements at both
sampling sites. Total lanthanoid (TLoid) contents were in the range <0.01 — 13.4 ng m
and 0.51 — 18.8 ng m3 at the rural and urban site, respectively. Levels at both sites were
similar to those found in Mexico City (Moreno et al., 2008b) and Puertollano, Spain
(Moreno et al., 2008a), locations with characteristics similar to our sampling sites in
terms of the proximity of rural and urban areas or the presence of petrochemical

complexes and oil power stations, among other industries.

Table 3.2. Statistic summary of concentration of lanthanoid elements (ng m3) at both sampling

sites. The inter-site Pearson’s correlations (Riec) in bold represent a statistic significant at the

0.01 level.
Element Rural station (n=68) Urban Station (n=71) Ripc
AVE (SD) Range AVE (SD) Range

PMio 24.8(12.1) 10.7-69.5 35.4(13.6) 15.6-84.5 091
Vv 6.85(6.33) 1.28-35.99 11.34 (7.65) 1.96-38.92 0.47
La 0.34(0.57) <DL-2.77 0.56 (0.71) 0.02-3.50 0.97
Ce 0.69 (1.18) <DL-5.72 1.29(1.73) 0.17-8.88  0.99
Pr 0.08 (0.13) <DL-0.67 0.09 (0.13) <DL-0.64 0.99
Nd 0.29 (0.50) <DL-2.51 0.55 (0.68) 0.07-3.38 0.96
Sm 0.07 (0.09) <DL-0.49 0.11(0.13) <DL-0.61 0.86
Eu 0.02 (0.02) <DL-0.10 0.02 (0.02) <DL-0.12 0.88
Gd 0.05(0.07) <DL-0.39 0.15(0.13) 0.03-0.59 0.69
Dy 0.04 (0.05) <DL-0.31 0.18 (0.12) 0.05-0.69 0.54
Ho 0.02 (0.01) <DL-0.06 0.01 (0.01) <DL-0.06 0.90
Er 0.02 (0.03) <DL-0.18 0.05 (0.05) <DL-0.22 0.70
Tm 0.01 (0.01) <DL-0.06 0.01 (0.01) <DL-0.04 0.67
Yb 0.02 (0.03) <DL-0.16 0.04 (0.04) <DL-0.19 0.77
Lu 0.01(0.01) <DL-0.06 0.01 (0.01) <DL-0.04 0.70
TLoid 1.64 (2.66) <0.01-13.4 3.08 (3.69) 0.51-18.8 0.96
La/Ce  0.57(0.47) 0.12-3.61 0.47 (0.12) 0.09-0.87

La/Sm  3.67(2.97) 0.16-14.1 5.50 (3.60) 0.52-23.9

La/V 0.06 (0.09) 0.001-0.36 0.07 (0.09) 0.01-0.39
TLoid is the sum of the lanthanoid elements concentration.

Figure 3.2a shows the temporal distribution of TLoid during the period of study at

both sites. It can be noted that both sampling sites showed similar trends, therefore
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suggesting the influence of common sources, probably on a regional scale. The highest
concentrations (> 5 ng m3) were observed between middle April and early August at
both sites. The amount of TLoid in this period accounted for 87 and 68% of the TLoid
recorded during the study at rural and urban sites, respectively. The urban site showed
intermediate values (in the range of 2 — 5 ng m3) in February and on 11™ March, while
concentration values lay around 1-2 ng m= during the rest of the year. At the rural site,
concentrations of TLoid were lower and usually below the detection limit (see Table 3.1),
except precisely between April and August, when the highest concentration were
observed. The main differences between both sites may be linked to the influence of

local urban sources like the road traffic.
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Figure 3.2. Temporal distribution of concentration of total lanthanoid (a) and total lanthanoid

concentrations versus PMig mass (b) at the rural and urban sampling sites.

Figure 3.2b shows a clear positive correlation between the PM1p mass and TLoid
concentration in both rural (r=0.92, p<0.01) and urban (r=0.87, p<0.01) sites. This linear
relationship was especially evidenced by the highest concentrations of PMig, which

usually exceeded the maximum admissible concentration of 50 ug m established in the
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Cuban legislation for air quality (NC 1020, 2014). This coincidence suggested a marked
regional influence during this period, which was related to the Saharan dust intrusions
occurring in the Caribbean region (Prospero et al., 2014). In fact, when coupling the CWT
with the TLoid data in both sampling sites (see Figure 3.3), it may be observed that air
masses causing the highest concentration of TLoid in the study area came from the East
through the Atlantic Ocean, thus reflecting their African origin. Previous studies have
shown the influence of African dust intrusions in Cuba in the period between March and
August (Mojena Lopez et al., 2015; Rodriguez et al., 2015) and their relation with high
PM1o concentrations (Barja et al., 2013). On the basis of these results, we may deduce
that Saharan dust was an important source of lanthanoid elements in PM1g, mainly in
the period 22/04/2015 — 05/08/2015. This suggests that lanthanoid elements can be
used as a signature for African dust transported in Cuba, as has also been reported in

close regions such as Miami or Barbados (Trapp et al., 2010).
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Figure 3.3. CWT for total lanthanoid concentration at rural (a) and urban (b) sampling sites.
3.2. Lanthanoid elements in ambient PMjo

As a result of the geochemical differences between the lighter and heavier
lanthanoid elements, the abundance of the lighter lanthanoid Ce and La in crustal
materials is, respectively, 10 and 5 times higher than the heavier lanthanoid Sm, which
is in turn nearly twice as abundant as Yb. In addition, the odd-numbered lanthanoids are
less abundant than their even-numbered neighbours (the Oddo-Harkins rule), explaining
why Ce (atomic number 58) is twice as common as its immediate neighbour La (atomic

number 57) (Moreno et al., 2008b). Thus, in most crustal materials such as natural dusts,
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the commoner lanthanoids occur in the following order of abundance:

Ce>La>Nd>Pr>Sm>Yb>Lu.

Data collected at our sampling sites (see Table 3.2) do not entirely reflect these
features, thereby supporting the conclusion that the level of lanthanoids in the study
area was not exclusively from a crustal origin. This conclusion was demonstrated by the
existence of La/Ce ratios abnormally high or low when compared to the typical range of
natural La/Ce values (0.4-0.6) in uncontaminated rocks, soils and minerals (Moreno et
al., 2010). The wide variation found in the La/Ce ratios of the rural (0.12 — 3.61) and
urban (0.09 — 0.87) sites showed enrichments in both elements (see Table 3.2). About
46% of the samples from the rural site and 56% from the urban site showed La/Ce ratios
in the expected range for crustal composition (0.4-0.6), which indicated that in almost
half of the samples this ratio was clearly influenced by anthropogenic emissions. Thus,
13% of the samples showed La enrichment (La/Ce>0.6) in the urban site, increasing up
to 29% in the rural site, where La>Ce ratios reached values higher than 1. On the other
hand, 25% and 31% of the samples presented Ce enrichment (La/Ce<0.4) in the rural

and urban sites, respectively.

The statistical summary of La/Sm ratios shown in Table 3.2 exhibited a fractionation
similar to that found for the La/Ce ratios (here crustal values of La/Sm lie within the
range 5-7). It can be noted that La/Sm ratios varied in a wide range at both sampling

sites, with more than 50% of samples showing values out of the crustal range.

The LaCeSm triangular diagrams shown in Figure 3.4 further illustrate this
fractionation of lanthanoid elements. These ternary plots, traditionally used by
geologists to illustrate the compositional variations in minerals and rocks, have also
been widely used to show geochemical patterns in atmospheric PM (Moreno et al.,
2008b, 2008a). In this case, the concentrations of La and Sm were adjusted to place
crustal abundances of the three components in the centre of the triangle. In order to
evaluate possible local or long-range crustal origins, we also added to the ternary plots
the concentrations of lanthanoid elements of the local soils as well as information found

in studies carried out in the Sahara-Sahel Dust Corridor (Moreno et al., 2006).
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Rural site Urban site
0.0 PM ¢ (22/04/15 - 05/08/15) 0.0
PMyq (rest of the sampling year)

Local soils
Samples from Shara-Sahel Dust
Corridor (Moreno et al., 2006)

Lax2 Lax2

Figure 3.4. Ternary plots of LaCeSm for PMo data from rural (a) and urban (b) sampling sites.
PM, data were divided into two groups: samples collected in the period 22/04/15 — 05/08/15
(corresponding to the highest TLoid, green circles) and data collected during the rest of the year
(corresponding to the lowest TLoid, dark circles). Results for local soils and the Sahara—Sahel

Dust Corridor (Moreno et al., 2006) have been included.

At the rural site, the LaCeSm diagram showed a clear fractionation into two groups
(Figure 3.4a). The first group encompassed the samples with highest concentrations,
collected between April and August (22/04/15 — 05/08/15, green circles). These samples
were located in the centre of the triangle, next to the local soil samples and the Sahara
dust data, but slightly moved toward the Saharan region. This distribution confirmed the
prevalent regional influence during this period, driven by the Saharan dust intrusions
and suggested a lower influence of the local soil resuspension. The second group (rest
of the samples, dark circles) represents the anthropogenic nature of the LaCeSm
composition as demonstrated by the displacement of the data from the center of the

triangle towards the Sm apex.

Similarly, the rural site (Figure 3.4b) showed a fractionation of data too, but with a
slightly different pattern, probably caused by the influence of urban sources. Thus, most
of the samples corresponding to the period of highest TLoid showed a displacement
towards the Sahara—Sahel Dust Corridor data similar to that observed in the rural site.
However, contrary to that observed in the rural site where the rest of data were mostly
located in the upper part of the triangle (highest values of Sm), the samples collected

outside the April-August period spread along the Sm axis, with many samples located in
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the central part of the triangle. In other words, a large number of samples are grouped
along with the local soils and the samples of Saharan dust, which appears to be related

to the crustal PM deposited on roads that is later suspended by the action of traffic.

3.3. Enrichment factors of lanthanoid elements

In order to determine the impact of natural and anthropogenic sources on the
studied region, lanthanoid elements with EF <1.0 were considered of crustal origin and
elements having EF in the range 1.0 — 10 were identified as originating from both
anthropogenic and crustal sources (Hsu et al., 2016, 2010). Figure 3.5 shows the average
enrichment factors of lanthanoid elements in two periods: from April to August
(22/04/2015 - 05/08/2015), where the highest concentrations of TLoid were found, and

the rest of the year, with lower concentrations of TLoid.
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Figure 3.5. Enrichment factor of lanthanoid elements at the rural and urban sites. The EFs were
separated in to two different periods according to the concentration of TLoid: a) 22/04/2015 -
05/08/2015 (higher concentration of TLoid) and b) rest of the year (lower concentration of
TLoid).

Figure 3.5a shows that most of lanthanoid elements had EF<1.0 between April and
August in both sampling sites, thus confirming their crustal origin in this period where
the most important Saharan dust intrusion events occurred. In contrast, samples
collected during the rest of the year (with low influence of Saharan dust intrusions)
generally showed higher EFs at both sampling sites (Figure 3.5b). Additionally, a similar

fractionation between the lighter (La - Sm) and heavier (Eu - Lu) lanthanoids was
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observed in this period in both sites. The lighter lanthanoids showed EF around 1.0,
thereby indicating the prevalent crustal origin in this period whereas heavier
lanthanoids presented higher EFs (generally EF>2) probably related to the additional
influence of anthropogenic sources. It is likely that these sources were common at both

sampling sites, which produced the similar EFs fractionation.

A similar fractionation between the lighter and heavier lanthanoid elements was
observed in the inter-site Pearson correlations (see Table 3.2). In general, all elements
were significantly correlated between sites at the 0.01 level, which confirmed the
influence of common sources in both sampling sites. However, the light lanthanoids
were more strongly correlated (r>0.96) because of their prevalent crustal origin on all
year, whereas the heavy lanthanoids presented lower correlations (0.902r>0.54). This
last observation is probably the result of the effect of the local anthropogenic sources

under different meteorological conditions, such as wind direction and wind speed.
3.4. La/V ratios

Vanadium, in conjunction with metals like Ni or La, is often used as a tracer of
emission sources related to fossil fuel combustion and oil refining processes (Celo et al.,
2012; Moreno et al., 2010, 2008a; Viana et al., 2008). Specifically, V-rich emissions
derived from fuel oil and petroleum-coke combustion usually exhibit very low La/V
ratios (<0.1) as compared to those of mineral PM coming from uncontaminated crustal
materials or coal combustion (La/V = 0.2 — 0.3 (Moreno et al., 2008a)). On the contrary,
atmospheric emissions of PM in the flue gas from the fluid catalytic converters (FCC) of
refinery regenerators commonly show much greater La/V ratios, reaching values
significantly high like those obtained by Kulkarni et al., (2006) beside an oil refinery in

Houston during a FCC pollution event (average PM,s La/V values of 1.8).

The data obtained in Cienfuegos showed atmospheric La/V values exclusively below
0.4 at both stations (see Table 3.2), with more than 80% of data showing values <0.1.
These results suggest the dominance of anthropogenic emissions from industries with
oil and/or petroleum-coke combustion processes (with low La/V) rather than from
refineries. On the other hand, samples showing La/V values in the crustal range

presented mean TLoid concentrations of 5.9 and 8.9 ng m™3 in the rural and urban sites,
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respectively. Such high TLoid values were obtained in the samples collected between
April and August, which are directly linked to the atmospheric intrusions of Saharan dust

in the study area, as it was noted before.

Despite the above, it is already known that the usefulness of La/V ratios to track
refinery emissions can be limited in industrial areas with multiple air pollution sources
and different PM chemical composition. This is because the combined effect of these
sources (e.g., oil burning (low La/V) and FCC (high La/V) emissions) counteract each
other and can produce apparently ‘natural’ crustal La/V ratios (Kulkarni et al., 2006;
Moreno et al., 2008a). This limitation can be overcome by using a LaCeV triangular
diagram (Figure 3.6), adjusting the lanthanoid values to place crustal abundances of the
three components in the centre of the triangle. For comparison purposes, published and
local information about the composition of relevant emissions (Kulkarni et al., 2006;

Moreno et al., 2006; Olmez et al., 1988) has been added in the Figure 3.6a.
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Figure 3.6. Comparison of published and local data a) on LaCeV compositions of FCC (Kulkarni et
al., 2006), oil PM (Olmez et al., 1988), Sahara—Sahel Dust Corridor (Moreno et al., 2006), TPP
emissions, petroleum-coke, bulk deposition around cement plant, local soil and road dust with

Cienfuegos PMyo data from b) rural and c) urban sampling site.

Data of both sampling sites (Figures 3.6b and 3.6c) showed a well-defined linear
tendency from the centre of the triangle (crustal region) towards the V apex (oil
combustion). When we compare these results with the published and local data (Figure
3.6a), it can be observed that the linear trends were consistent with a mixture of crustal
(local soil and Sahara dust) and anthropogenic (road dust, petroleum-coke and oil
combustion) composition. Thus, the samples collected during the April-August period
(green circles in Figures 3.6b and 3.6c) ranged from Sahara dust to oil PM composition
with a clear prevalence for the crustal composition. This result indicates that, despite
the dominant crustal origin of the PM1o during this period, there was also a remarkable

anthropogenic influence, which seemed to be strongly diluted by the presence of
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natural crustal materials. In contrast, the samples collected during the period of lowest
concentration of TLoid (black circles in Figures 3.6b and 3.6c) were displaced toward the
V apex, thereby reflecting an exclusive anthropogenic influence in both sampling sites.
Most of these samples were located in the extreme of the linear tendency, matching
with PM compositions typical of emissions coming from the power plant and harbour
areas (oil combustion), and from the cement plant (petroleum-coke combustion). In
addition, several samples of the urban site were slightly displaced toward the road dust
composition, which probably reflects the impact of the resuspension produced by the
road traffic. This pattern was also observed in a few samples of the rural site and

probably reflects the influence of the urban background under northerly wind direction.

In general, the similar linear trends observed at both sampling sites confirmed the
influence of common sources and indicated that, besides crustal matter (driven by
Saharan dust intrusions), the combustion of oil and petroleum-coke and the emissions
caused by traffic turned out to be important contributors of lanthanoid elements in the
PMjo fraction in the study area. Following these results, the lack of any strong influence

from refinery emissions at both sampling sites was then clear.

3.5. Lanthanoids source origin: CBPF

We computed the CBPF by intervals of concentration in order to investigate the
influence of different potential sources based on different concentration intervals of
lanthanoid elements. Intervals were investigated in accordance to the methodology
described in Uria-Tellaetxe and Carslaw (2014) and the most likely sources detected for

each concentration range are reported in Figure 3.7.
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Figure 3.7. CBPF plots for different concentration intervals of total lanthanoids. Rural site:
dominant sources located to the NE in the range 0.029 — 0.26 ng m™ (a), dominant sources to
the west in the range 1.0 — 4.8 ng m3 (b) and dominant sources to de east for concentrations
higher than 5.7 ng m3 (c). Urban site: dominant sources from N to E directions in the range 0.9
— 1.2 ng m3 (d), dominant sources to southern directions in the range 1.3 — 1.9 ng m?3 (e) and

dominant sources to the east for concentrations higher than 4.9 ng m* (f).
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Figure 3.7a displays that sources located to the NNE from the rural site were
dominant at the lowest concentrations of TLoid found in the rural site (from 0.015 to
0.062 ng m3) and for higher wind speed. This means that the potential sources must be
located away from the sampling site. The most likely sources are the TPP and industries
(oil combustion emissions) located between 10 and 12 km northward, the city of
Cienfuegos (urban background, traffic and shipping related emissions) located 9 km to
the NNE and the cement plant and quarries located about 25 km to the NE. Similarly,
the sources associated to the lowest concentrations of TLoid (0.9 to 1.2 ng m3) in the
urban site (Figure 3.7d) were traffic-related emissions, mostly generated in the urban
sector from N and E directions. However, potential influence of oil combustion

emissions from the TPP and the industrial area located to the N should not be excluded.

Figure 3.7b shows a clear dominance of western pollution sources for concentrations
between 1.0 —4.8 ng m=3and a wide range of wind speed in the rural site. The most likely
source from this sector was the resuspension of soil particles by the agricultural
activities carried out mainly to the W and NW. Other additional sources could be the
diesel power unit and the diesel combustion boiler located 4 km to the West. On the
other hand, dominant sources for intermediate concentrations in the urban site (from
1.3 - 1.9 ng m3) were associated to the sector E—S (Figure 3.7e), which probably reflect

the influence of the shipping and maritime traffic emissions generated in this area.

Finally, the highest concentrations of TLoid in both the rural (from 5.7 to 13 ng m3)
and urban (from 4.9 — 19 ng m?3) sites, were associated to easterly wind directions
(Figures 3.7c and 3.7f, respectively). It totally agrees with the strong association
observed on CWT between the highest concentrations of TlLoid and the African
intrusions arriving from the East through the Atlantic Ocean. It is also quite likely that
this source be mixed with material resuspended in the cement plant and the associated
quarry when the wind blows from the east. This would explain the wider concentration

range of TLoid observed in the urban site with respect to that found in the rural one.
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4. Conclusions

Lanthanoid elements were measured in PM1o samples simultaneously collected in a
rural and an urban site in Cienfuegos, Cuba. The analysis of the results led the following

conclusions:

Concentration of total lanthanoids presented a similar distribution pattern in both
sampling sites and were slightly higher in the urban site, because of the emissions from
local traffic and industries. The highest concentrations (exceeding 13 ngm3in both sites)
were observed between April and August, showing a clear linear relationship with the
PM1o mass. We attributed this result to the dominance of a crustal origin governed by

the Saharan dust intrusion events.

Lanthanoid elements were not exclusively from a crustal origin. When their
concentrations were low in both sites, the influence of anthropogenic emissions was
obvious, as demonstrated by the strong fractionation of the natural crustal ratios
between the lanthanoids elements (La/Ce and La/Sm), and the increase of their EF,

especially for the heavier lanthanoids.

Using the LaCeV triangular diagrams we illustrated the nature of the sources in the
area resulting in a mixture of crustal material (Sahara dust and local soils composition)
and anthropogenic emissions (road dust, petroleum-coke and oil combustion). The
linear tendency observed in those diagrams clearly proved the lack of any strong
influence from refinery emissions and confirmed the prevalence of emissions from
common sources in both sampling sites. The CBPF, computed by intervals, allowed the

identification of these sources according to their level of contributions.

The results presented in this paper provide the first dataset published on the
concentration of lanthanoid elements in aerosols in Cuba and improve our
understanding of the aerosol properties and the atmospheric pollution dynamics in the

Cienfuegos region.
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Abstract

The constant increase of anthropogenic emissions of aerosols, usually resulting from
a complex mixture from various sources, leads to a deterioration of the ambient air
quality. The stable isotope compositions (8'3C and &*°N) of total carbon (TC) and
nitrogen (TN) in both PM10 and emissions from potential sources were investigated for
first time in a rural and an urban Caribbean costal sites in Cuba to better constrain the
origin of the contamination. Emissions from road traffic, power plant and shipping
emissions were discriminated by coupling their C and N contents and corresponding
isotope signatures. Other sources (soil, road dust and cement plant), in contrast,
presented large overlapping ranges for both C and N isotope compositions. 83Cem1o
isotope compositions in the rural (average of -25.4 + 1.2%e.) and urban (average of -24.8
t 1.2%o) sites were interpreted as a mixture of contributions from two main
contributors: i) fossil fuel combustion and ii) cement plant and quarries. Results also
showed that this last source is impacting more air quality at the urban site. A strong
influence from local wood burning was also identified at the rural site. These conclusions
were comforted by a statistical analysis using a conditional bivariate probability
function. TN and 8'°N values from the urban site demonstrated that nitrogen in PM1o
was generated by secondary processes through the formation of (NH4),SOa. The
exchange in the (NH4)2SOs molecule between gaseous NHs and particle NH4* under
stoichiometric equilibrium may control the observed °N enrichment. At low nitrogen
concentrations in the aerosols, representing PM1o with both the highest primary N and
lowest secondary N proportions, comparison with the 3°N of potential sources indicate
that emissions from diesel car and power plant emissions may represent the major

vectors of primary nitrogen.

Keywords: PMio, 8'3C, 8'°N, Fossil fuel combustion, Cement plant, Secondary

nitrogen



Stable C and N isotope composition of PM1o

1. Introduction

Deterioration of air quality is usually associated to the increase in traffic and
industrial emissions, the increase in uncontrolled urban growth and urban population,
the reduction in forest areas and the increase in biomass burning (Kim et al., 2015;
Reisen et al., 2013; Squizzato et al., 2017). To date, and in spite of many efforts to reduce
and limit the atmospheric anthropogenic emissions (WHO, 2005), this issue remains a
global concern. Atmospheric particulate matter (PM) of 10 um or less in diameter (PM1o)
has become one of the major air pollutants in urban, suburban and even in rural and
remote regions of the world (Mukherjee and Agrawal, 2017; WHO, 2016). Due to its size,
those particles can penetrate into the human breathing apparatus, with smaller ones
more easily reaching the deepest parts of the lungs, and therefore being more lethal for
human health (Pope and Dockery, 2006). Their concentration and toxicity also depend
on their composition as well as on the presence of other pollutants, which in turn is

strongly related to their origin and source type.

The analysis of stable carbon (6'3C) and nitrogen (8'°N) isotope compositions have
widely been used for decoding and tracking biogeochemical processes in oceanography
and limnology (Cifuentes L. A. et al., 1988; Naru et al., 2007; Peng et al., 2015) but also
for tracing sources and cycling of specific elements through the atmosphere. Several
studies have used carbon and nitrogen stable isotopes to establish the sources and
reaction processes in gases, aerosols and atmospheric particles. Pioneering studies
differentiated anthropogenic from natural (marine and continental) particulate
emissions based on their 83C (Cachier et al., 1985; Chesselet et al., 1981). 3N in
aerosols have been used to investigate atmospheric N cycling and to help elucidate the
sources of primary and possibly secondary nitrogen (Moore, 1977; Pavuluri et al., 2010;
Widory, 2007; Yeatman et al., 2001). Coupled 8'3C and 8N have been studied in
aerosols to discern between inputs from C-3 and C-4 vegetation type in remote areas
(Kelly et al., 2005; Martinelli et al., 2002). More recently, this dual-isotope approach has
also been used to trace the sources of atmospheric particles in the urban environment
(Chenetal., 2017; Gorka et al., 2012; X. Guo et al., 2016; Lopez-Veneroni, 2009; Sudheer
et al., 2016; Widory et al., 2004).

127



Chapter 4

To our knowledge, there is no study that combines C and N stable isotope
approaches to address air quality issues in the Caribbean region. In addition, in many
areas of the Caribbean basin and, especially in Cuba, atmospheric contamination issues
regarding PM have been poorly investigated, arising the need for implementing tools in
order to better constrain sources of contamination. The present study follows recent
research that collected and chemically characterized PM1o samples in Cienfuegos, Cuba
(Morera-Gémez et al., 2018). Our study presents the first carbon and nitrogen stable
isotope data for aerosols in Cuba and the nearby islands. Our main objectives were (1)
to determine the C and N contents and isotope compositions (8'3C and 8'°N) of PM1o
samples from a rural and an urban coastal stations in Cienfuegos, (ll) to
chemically/isotopically characterize potential sources of aerosols in the studied region
and (lll) to identify the main sources of air contamination and, when possible, to
estimate their respective contributions. In order to confront the conclusions drawn from
this study of our chemical and isotope dataset, we also applied a statistical approach
using a conditional bivariate probability function (CBPF) that coupled isotope data with

time-resolved wind directions and wind speed data.

2. Methods

Description of the sampling sites, climatic conditions, PM1io samples collection,
analytical procedures and results for the PM1o chemical constituents used in this work

are provided in details in Morera-Gémez et al., (2018).
2.1. Sample collection

PM1o sampling was performed in parallel between 31/01/2015 and 20/01/2016 at
two monitoring stations (rural and urban sites) located in the municipality of Cienfuegos,
in the central south coast of Cuba (Figure 4.1). The rural station (22° 03’ 55”” N, 80° 28’
58" W) is located at the main facilities of the Centre for Environmental Studies (CEAC in
Spanish) 9 km south from Cienfuegos city. The urban station is located at the CEAC
facilities within the city of Cienfuegos (22° 08’ 32"’ N, 80° 27’ 29" W). PM1o samples were

collected on pre-combusted (4 hours at 550 °C) quartz fiber filters (Munktell, 150 mm
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diameter) for 24-h every three days using MCV-CAV high-volume samplers operating at
a flow rate of 30 m3 h™%, A total of 68 and 71 PM1o samples were collected at the rural
and urban stations, respectively. Due to technical issues with one of the high-volume
samplers no samples were collected between 5/08/2015 and 12/11/2015 at the rural
station. Ten blank filters, disseminated randomly along the one-year study, were
collected and analyzed. In parallel several samples, described below, were collected

from the main potential sources located within 15 km from the urban sampling site.
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Figure 4.1. Map showing the sampling sites and main pollution sources.

6 fly ash samples were collected on quartz filters from the stacks of a thermal power
plant (TPP). This power plant has a ¥~316 MW h! capacity, is located 2 km north of the
urban sampling site and uses sulfur-rich Cuban crude oil as fuel (Turtos Carbonell et al.,

2007).

A total of 31 samples of road dust were collected from the main roads of Cienfuegos
city by sweeping an area of about 1.0mx0.5m from pavement edges using a plastic
dustpan and brushes. These samples were dried at 45°C, passed through a 50 um sieve

and stored in polyethylene bags until further analysis.
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1 sample of bulk atmospheric deposition was obtained from the vicinity of the
cement plant located 15 km E-NE from the urban sampling site. Monthly samples of bulk
deposition were collected during the year 2016 using a 0.25 m?2-area plastic collector.
After collection, samples were transported to the laboratory and evaporated to dryness.
A final sample was generated by adding all of the 12-month dried samples. A sample
representative of the petroleum-coke combusted in the cement plant was also
obtained. This petroleum-coke is stored in a large outdoor area, open to winds, near the
cement plant, which also facilitates its eventual resuspension in the atmosphere by

wind.

Soot samples resulting from the incomplete combustion of RON 83 regular gasoline
(1 sample from a car) and diesel (1 sample from a car and 1 from a ship) were obtained

by scraping directly at the end of tailpipes, and stored in polyethylene bags.

Top layer soils were collected at 18 different locations within 15km around the
sampling sites. Samples were taken using a spatula and placed into polyethylene bags.
Once in the laboratory, they were dried at 45 °C, passed through a 250 um sieve and

stored until further analysis.
2.2. Total carbon, total nitrogen and C and N stable isotopes analysis

Total carbon (TC), total nitrogen (TN) and their corresponding stable isotope
compositions (8'3C and 8'N) were determined using an Elemental Analyzer (Vario
MICRO Cube, Elementar, Hanau, Germany) coupled to an Isotope Ratio Mass
Spectrometer (IsoPrime 100, Cheadle, UK) operating in continuous flow mode. The
inorganic carbon fraction (carbonate) was not removed prior to the isotope analysis. TC
and TN fractions measured in PM1o are expressed in percent (%) by normalizing the
carbon and nitrogen contents with the PM1o total mass, respectively. For the 8'3C
analysis either a punch of 1.3 cm? taken on each PM1o quartz filter or about 1 to 4 mg
(for the emission sources and soil samples) were packed into a tin capsule. For the 6*°N
analysis a punch of 3.0 cm? taken on each PM1g quartz filter or about 4 to 10 mg (for the
emission sources and soil samples) were packed into a tin capsule with tungsten oxide

(WOs3) to achieve complete combustion. 5'°N were not determined in PM1o samples
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from the rural site as the TN contents were usually too low for its quantification (peak
height lower than 1nA). Isotope compositions are expressed as 8'3C and 8'°N values,
which represents the relative difference expressed in per mil (%o) between the isotope
ratio of the sample and that of a standard (Pee Dee Belemnite (PDB) for carbon and

atmospheric N» for nitrogen):
8'3C (%o vs.PDB) = [(Rsampie/ Rstanaara — 1)] x 1000 (4.1)
85N (%o vs.AIR) = [(Rsampie/Rstandara — 1)] x 1000 (4.2)
where R = 3¢ /*2C or "*N /**N.

The analytical quality control was performed by routinely analysis of interspersed
international carbon and nitrogen isotope standards (IAEA, Vienna, Austria) and
interlaboratory-calibrated alga reference material 1452 B (University of Barcelona). We
also ran several samples in duplicates; the obtained reproducibility was <0.2%o for C
and <0.3%o for N isotopes. Similarly, analytical uncertainties for TC and TN
concentrations were within 3 and 4% of the reported values, respectively. TC
concentrations were corrected for mean blank values, while no blank correction was
made for TN as the N content in blanks were considered negligible. No blank correction
was made for 83C and 3%°N as their corresponding IRMS peaks height (typically <0.5 nA)

were below the calibration range (1 — 10 nA).
2.3. Meteorological data and conditional bivariate probability function

Meteorological data were obtained from the meteorological station located within
15 km of the study area (Figure 4.1). Wind directions and speeds were recorded every 3
hours and the other parameters (temperature, precipitation, pressure and relative

humidity) every 24 hours.

Daily 83C fluctuations coupled to time-resolved wind direction and speed were
investigated by applying the conditional bivariate probability function (CBPF), in order
to better understand the impact of local and regional sources. Calculations were made

using the Openair package free available for R (Carslaw, 2015).
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The CBPF improves the traditional conditional probability function (CPF; (Kim et al.,
2003; Kim and Hopke, 2005)) by adding the wind speed as a third variable. The CBPF
estimates the probability that the contribution from a given source for a given wind
direction and speed will exceed a predetermined threshold (Squizzato et al., 2017; Uria-
Tellaetxe and Carslaw, 2014). The CBPF is defined as: CBPF = mg;/ng;, where my ; is
the number of samples in the wind sector 8 and wind speed interval [ with mixing ratios
greater than a threshold concentration. ng ; is the total number of samples in the same
wind direction-speed interval. As wind data were recorded every 3 hours and 3'3C every
24 hours, we decided to assign this 8'3C to all the wind data recorded on that same day.

We used a total of 16 wind sectors (6 = 22.5°).

3. Results
3.1. Samples from potential sources
3.1.1. TC content and 3'3C isotope composition

Table 4.1 reports the chemical (TC and TN) and isotope (8'3C and &'°N)
characteristics of samples from both the potential sources of contamination and
ambient PM1o collected in Cienfuegos (individual values for ambient PM1g are reported
in Table S4.1 and S4.2 in Supplementary Material). Average carbon concentrations from
pollution sources display large fluctuations ranging from 9.0 to 78.2%. Petroleum-coke
presents the highest carbon content (78.2%) coupled with the lowest 3'3C value (-
31.0%o). Particles from the TPP stacks show a large range of carbon concentrations from
36.9 to 71.9% (average of 50.7 + 18.6%), but with a very narrow range of 3!3C from -27.3
to -26.8%o (average of -27.1 + 0.2%o). The 2 soot particle samples from the diesel and
gasoline road traffic contain 66.5 and 51.5% of carbon, respectively. Their corresponding
813C values are -26.3 and -25.2%., respectively. Soot particles emitted by the diesel ship
present lower carbon concentrations (17.0%) with an intermediate 3'3C value (-25.7%o).
Carbon concentrations in road dust particles vary between 7.3 and 10.9% (average of

9.0 + 1.0%) while their 63C range from -18.0 to -9.4%o (average of -13.1 + 2.0%o). Soil

132



Stable C and N isotope composition of PM1g

samples show carbon concentrations from 3.7 to 16.7% (average of 10.2 + 4.4%) and
d13C values ranging from -28.0 to -14.1%. (average of -20.5 + 4.8%o). The bulk deposition
sample collected in the vicinity of the cement plant yields a carbon concentration of

15.5% with a 83C value of -15.3%o.

Table 4.1. Average concentrations for total carbon (TC) and total N (TN) and their corresponding
stable isotope compositions (8*3C and 6%°N) in aerosol samples from potential sources of
contamination and in ambient PMj in Cienfuegos. Number between brackets show the

standard deviation from the average (1c).

Particles origin TC (%) 813C (%o0) TN (%) 3N (%o0)
TPP stacks (n=6) Cuban crude oil combustion 50.7 (18.6) -27.1(0.2) 1.0(0.2) 11.4 (3.4)
Road dust (n=31) Paved roads of Cienfuegos city 9.0(1.0) -13.1(2.0) 0.2(0.1) -5.0(5.6)
Bulk deposition (n=1) Deposited particles around cement 15.5 -15.3 1.1 5.6

plant
Petroleum-coke (n=1) Petroleum-coke burnt in cement 78.2 -31.0 1.8 3.8

plant
Car tailpipe (n=1) Diesel 66.5 -26.3 1.6 1.7
Car tailpipe (n=1) Gasoline 51.5 -25.2 1.2 -1.8
Ship tailpipe (n=1) Diesel 17.0 -25.7 0.6 3.0
Top soil (n=18) Local soils 10.2 (4.4) -20.5(4.8) 0.6(0.3) 1.0(2.8)
Rural PM1o (n=68) Aerosol 12.9 (6.5) -25.4 (1.2)
Urban PM1o (n=71) Aerosol 19.3(7.1) -24.8(1.2) 2.5(0.8) 9.2(4.4)

Emission sources combusting fossil fuel cannot, thus, be segregated by their sole
carbon concentrations, except for shipping emissions that present lowest C
concentration (17.0%). However, the &'3C values are significantly differentiated
between crude oil combustion (TPP) and diesel or gasoline combustion by about 1 — 2%e..
Widory et al., (2004) observed a 2%o difference between particles from diesel and
gasoline (regular and unleaded) combustion in Paris (France), which is in the same order
of magnitude than the 1.1%. difference we are observing here (Table 4.1). The 6'3C
values for diesel and gasoline road traffic in our study are very similar to those reported
for a diesel car (-26.2%o0) and an unleaded gasoline car (-25.3%o) in Barcelona (Mari et
al., 2016), as well as those from diesel (-27.2 to -26.0%o) and unleaded gasoline (-25.8
to -22.6%o0) vehicles in Paris (Widory et al., 2004) and diesel (-26.32 to -23.57%o) and
gasoline (-26.26 to -25.19%) vehicles in Nanjing, China (Z. Guo et al., 2016). The &'3C
measured in the bulk deposition sample collected in the vicinity of the cement plant (-

15.3%o) is higher than the one reported for a similar sample obtained in Barcelona (-24.5
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+ 0.3%o), but similar to the isotope compositions measured for cement (-11.6 + 2.0%o)
and kiln (-15.5 £ 0.5%o0) dust collected in that same cement plant (Mari et al., 2016). Soil
samples collected around Cienfuegos show 8'3C values similar to those obtained in
Mexico (Lopez-Veneroni, 2009) and Japan (Kawashima and Haneishi, 2012). Road dust
samples present a 133C enrichment of 3.9 and 4.3%o with respect to the values reported

in those Mexico and Japan studies, respectively.
3.1.2. TN content and 8*°N isotope composition

Average TN concentrations in samples from contamination sources show a narrow
range, from 0.2 to 1.8 %. In contrast, 8°N show a wide range of values from -5.0 to
13.8%e.. As for carbon, petroleum-coke presents the highest nitrogen content (1.8%)
with a corresponding 3°N of 3.8%o. Samples from the TPP stacks have similar nitrogen
concentrations from 0.7 to 1.1% (average of 1.0 + 0.2%), but the corresponding 3'°N
greatly vary between 5.9 and 13.8%o. (average of 11.4 + 3.4%o). Soot particles from the
diesel and gasoline cars present TN contents of 1.6 and 1.2% and &*N of 1.7 and -1.8%o,
respectively. Soot particles from the ship show a TN of 0.6% and a 8°N of 3.0%o. The
road dust samples have the lowest nitrogen concentrations, ranging from 0.1 to 0.5%
(average of 0.2 + 0.1%) with 3'°N widely fluctuating from -20.5 to 7.1%. (average of -5.0
1 5.6%o0). Nitrogen contents in soil samples vary from 0.2 to 1.4% (average of 0.6 + 0.3%),
whereas their 3'°N range from -3.0 to 7.1%o (average of 1.0 + 2.8%o). Finally, the bulk
deposition sample from the vicinity of the cement plant present a TN of 1.1% and a 8*°N

of 5.6%o.

As for carbon, the sole use of the nitrogen content cannot discriminate the potential
sources, but their 8'°N values present significant differences that allow discriminating
between road traffic, industrial (TPP) and shipping emissions. These differences in
nitrogen isotope compositions could be related to difference in the combustion
conditions (temperature of combustion, O2 supply...; (Widory, 2007)). Soot samples
from diesel (1.7%o) and gasoline (-1.8%o) combustion in our study show 8°N values that
are lower than the diesel exhaust (3.9 to 5.4%0) and unleaded gasoline exhaust (4.6%o)
emissions in Paris (Widory, 2007). Proemse et al., (2012) reported ammonium and

nitrate 8'°N in PMa.s emissions from stack in the Athabasca Oil Sands Region (Alberta,
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Canada) ranging from -4.5 to 20.1%o and from 9.6 to 17.9%o, respectively. Our 8*°N from
the TPP stack (11.4 + 3.4%o) is consistent with those ranges, which may suggest similar

formation processes.
3.2 Atmospheric PM1o

3.2.1. Carbon and nitrogen concentrations and corresponding isotope

compositions in PM1o

Carbon concentrations in PMso at the rural and urban sites (see Table 4.1) range from
4.4 to 35.5% (average of 12.9 £ 6.5%) and from 5.2 to 32.7% (average of 19.3 + 7.1%),
respectively. Their corresponding 6'3C range between -27.1 and -20.9%. (average of -
25.4 + 1.2%0) and from -27.5 to -19.3%o (average of -24.8 + 1.2%e.), respectively. The
carbon contents and isotope compositions show large and similar variations during this
one-year survey at both sampling sites. However, on average, samples from the urban
site present higher carbon contents and higher 3'3C compared to those of the rural site.
For both sites, a t-test showed that there is no statistical difference (p>0.05) between
the dry and wet seasons for both carbon content and 8'3C values. Thus, the fluctuations
mentioned above probably reflect the daily variations in the amount of carbonaceous
aerosol emitted by the main local sources. We also obtained a weak positive significant
correlation (r=0.3, p<0.05) between the 3'3C values measured daily at both sites, which

may indicate the impact of common sources.

Total nitrogen concentrations and 8'°N values were only measured at the urban site
and vary between 1.0 and 4.6% (average of 2.5 + 0.8%) and between 1.5 and 19.1%o
(average of 9.2 + 4.4%o), respectively. No seasonal variation was also observed neither

for the nitrogen content or for the 8N values.

Table 4.2 provides a synthesis of the C and N isotope compositions measured in PM1o
samples in our and other studies around the world. To our knowledge, there is no carbon
or nitrogen isotope compositions measured in Cuban aerosols available in the literature.
Our average 3'3Cin Cienfuegos is comparable to those reported for the cities of Wroclaw
(Poland; Gorka et al., 2014, 2012), Baoji (China; Wang et al., 2010), Delhi, Varanasi and

Kolkata (India; Sharma et al., 2007) and Mexico City (Lopez-Veneroni, 2009). However,
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our data shows a wider range with a clear tendency toward a '3C enrichment compared

to other cities. This may either reflect carbon isotope differences in the combustibles

burnt or indicate the implication of distinct sources, including marine aerosols that have

typical 8'3C between -23.0 and -19.0%o (Ceburnis et al., 2016, 2011; Chesselet et al.,

1981; Miyazaki et al., 2011; Turekian et al., 2003). This 3C enrichment could also identify

the emission inputs from the cement plant and quarries located under the prevalent

wind direction and/or from the road and soil dust. These latest sources yielded 3'3C

usually higher than -20.0%o (Table 4.1).
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While our 8*°N in PMyp are slightly enriched in >N compared to Xiamen (Chen et al.,
2017) and Varanasi and Kalkota (Sharma et al., 2007), they are similar to the ones
observed in Paris, where fossil fuel combustion acts as a dominant source but also where
secondary processes are expected to significantly shift the 8°N (Widory, 2007). In
contrast, our 8*°N are relatively depleted in >N with respect to values from Baoji (China)
and Chennai (India; (Pavuluri et al., 2010)), where fugitive dust, coal burning, animal
excreta and bio-fuel/biomass burning were identified as the main vectors of aerosols.
These authors also demonstrated that secondary nitrogen processes lead to

enrichments in >N (Pavuluri et al., 2010).

4. Discussion

4.1. Carbon isotope compositions

The analysis of the carbon concentrations and 8'3C in our PM1o show that carbon at
both study sites can be interpreted as a mixture of contributions from different sources
(Figure 4.2a and 4.2b). About 70% of the samples collected at the rural site (Figure 4.2a)
are consistent with the carbon isotope compositions of emissions from fossil fuel
combustion (8'3C ranging from -27.3 to -25.2%o). This isotope range includes emissions
from the TPP, from road traffic and from ships, but also possibly emission from a small
diesel-powered unit and a diesel-powered boiler located 4 km west of the study site
(Figure 4.1). Local C3 plant (Lysiloma latisiliquum) burnt for producing charcoal, that
typically presents 8:3C between -32.0 and 24.0%o (Garbaras et al., 2015; Z. Guo et al.,
2016; Martinelli et al., 2002), could also impact air quality at this rural area. Values
around -27.0%o. have been reported for charcoal and firewood burning in Japan and
China (X. Guo et al., 2016; Kawashima and Haneishi, 2012). As most of these sources
display overlapping 6'3C ranges, their respective influences cannot be discriminated in
Figure 4.2a. Nevertheless, samples from March 20t and April 19t", which yield the
highest carbon concentrations appear discriminated from the other rural samples. They

were collected under similar meteorological conditions with the wind blowing
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predominantly from the southern direction (forest area) at very low wind speed (<3 kmh-

1) suggesting that local wood burning may most likely be the source of contamination.
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Figure 4.2. 5'3C versus carbon concentrations measured in PMjo samples at the rural (a) and
urban (b) sites in Cienfuegos. The isotope ranges delimited by horizontal dashed lines indicate

the range we obtained for particles generated by fossil fuel combustion.

For the rest of the rural samples that display 8'3C> -25.2%o0 (Figure 4.2a) at least
another source of aerosol is required to explain their higher carbon isotope
compositions. Due to the closeness with the sea, inputs of marine aerosols may be
expected but no correlation between 6'3C and typical marine constituents (Na, Cl or Mg)
was found. Instead, for these samples having 5'3C>-25.2%o, we observed a significant
statistical correlation with Ca (r=0.5, p<0.05; Table 4.3). This positive correlation
probably suggests the influence of emissions from the cement plant and quarries under
northeasterly wind directions. This hypothesis may also be supported by the positive
correlation observed with the wind speed (r= 0.3, p<0.01), as these sources are located
about 25 km northeast from the sampling site, but it could also suggest a contribution
from soil dust resuspension, which showed an average '3C of -20.5 + 4.8%o (Table 4.1).
Other significant correlations were observed with Sn, Cd, ApH and relative humidity
(RH). The positive correlation with Sn and Cd may be indicative of industrial emissions

(Taiwo et al., 2014), and thus probably relate to the cement plant, comforted by the fact
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that the highest concentrations for Sn and Cd were obtained under northeasterly winds

and high wind speeds.

At the urban site (Figure 4.2b), only 33% of the PM1o samples have 83C compatible
with the isotope range previously defined for fossil fuel combustion (-27.3 to -25.2%.),
which suggests that carbonaceous matter there is controlled by other sources of
contamination. Similarly to the rural site, within the 8'3C range of -27.3 to -25.2%o two
distinct groups of PM1o samples can be defined based on their carbon content: samples
with low (<20%) and high (>25%) carbon concentrations. Samples with low carbon
contents were all collected when winds were blowing from the east-south and south-
west sectors and generally with relatively low speeds, which may indicate the influence
of shipping emissions coming from the harbor area located very close to the sampling
site in those sectors and the overall maritime traffic in the same area of the bay. Samples
displaying the high carbon contents (>25%) were collected when prevalent winds were
blowing from northern directions with an average wind speed of 3 kmh. It may indicate
the influence of particle emissions from both the power plant and road traffic. These
results are corroborated by the agreement in carbon concentration with the soot
samples representative of emission from road traffic, shipping and combustion residues
from the TPP stacks (Table 4.1). This conclusion is confirmed by the significant
correlation we observed between §3C and typical tracers of these sources (Table 4.3):
negative correlation (i.e. depletion in 3C when the element concentrations increases)
with Cu, Mo, W, S and SO4%. Cu, Mo and W are specific tracers of road traffic emissions
(Grigoratos and Martini, 2015; Johansson et al., 2009), while S is mainly emitted as SO,
during fossil fuel combustion and rapidly reacts once in the atmosphere to form

secondary sulfate (S04%*) (Bove et al., 2016).
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Table 4.3. Correlation coefficients (r) and p-values obtained between 3*3C or 8*°N and both some
chemical elements in the PMjo samples and meteorological variables for the rural and urban
sites in Cienfuegos (Morera-Gémez et al., 2018). The significant correlations (p <0.05) are in

bold.

Variable 313C Rural site d13C Urban site 8%N Urban site
r p-value r p-value r p-value
C (%) 0.135 0.274 -0.153 0.205 0.257 0.045
N (%) - - -0.250 0.052 0.522 0.000
Na (%) 0.086 0.486 -0.173 0.152 -0.189 0.142
Cl (%) 0.135 0.271 -0.119 0.326 -0.196 0.126
Mg (%) 0.096 0.436 0.008 0.951 -0.283 0.026
Ca (%) 0.467° 0.038 0.708 0.000 -0.045 0.729
S (%) 0.072 0.560 -0.394 0.001 0.467 0.000
NH4* 0.075 0.542 -0.157 0.196 0.618 0.000
S04% (%) -0.021 0.864 -0.340 0.004 0.571 0.000
Cd (%) 0.261 0.032 -0.069 0.573 -0.254 0.047
Sr (%) 0.015 0.904 0.412 0.000 -0.041 0.749
Cu (%) -0.189 0.122 -0.344 0.004 -0.007 0.956
Mo (%) 0.064 0.603 -0.409 0.000 0.074 0.568
Sn (%) 0.377 0.002 0.354 0.003 -0.040 0.757
W (%) -0.077 0.533 -0.356 0.002 0.020 0.880
ApH® -0.280 0.021 0.678 0.000 -0.196 0.127
Wind speed (km h)  0.345  0.004 0.112  0.356 -0.354  0.005
Relative humidity (%) -0.400 0.001 -0.487 0.000 -0.037 0.773

aDetermined only for samples having §*3C>-25.2%o (n=20).
®oH variation calculated as the pH difference between the PMyo sample and a blank
filter.

Samples enriched in 13C (83C > -25.2%o) represent the largest group at the urban site
and, similarly to the rural site, we found them to be related with atmospheric emissions
from the cement plant and quarries located 15 km E-NE of the study site. This is also
corroborated by the strong correlations observed between their 8'3C and both their Ca
contents and ApH (Table 4.3). In contrast to the rural station, the correlation with ApH
was positive. This may be explained by an excess of carbonates in the urban PM1o, which
once again points out to atmospheric emissions from the cement plant that buffer acidic
matter by addition of their inherent carbonates (Galindo et al., 2011). In addition, these
samples were collected in days with northeasterly and easterly prevalent winds and
higher wind speeds (frequently >10 kmh-?) indicating the influence of a distant source in

that sector. We also observed a positive correlation between 8'3C and both Sn and Sr
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(Table 4.3), indicative of the presence of industrial and mineral fractions in the urban
PM1o that is consistent with the influence of emissions from the cement plant and
quarries. The high Sn and Sr concentrations were observed under easterly winds and
higher wind speed, which agrees with this conclusion as it corresponds to the location

of these emission sources.

Conditional probability functions have mostly been used in conjunction with stable
isotope compositions to elucidate the breeding origins of migratory animals (Royle and
Rubenstein, 2004; Wunder et al., 2005), but to our knowledge not yet to track sources
of aerosol contamination. We ran separate CBPF analysis on our rural and urban
datasets (including 8'3C as a variable). For each dataset we distinguished the 2 groups
defined in Figure 4.3 (based on their 3'3C, with a threshold set at -25.2%o): Figures 4.3a
(rural) and 4.3c (urban) with all samples having 8*3C< -25.2%o indicate local (generally
associated to low wind speeds) contamination by fossil fuel burning, including wood
burning in the case of the rural site. Figures 4.3b (rural) and 4.3d (urban) with all samples
having 8'3C> -25.2%o. identify a contamination from more distant sources along the

northeast direction, where the cement plant and quarries are located.
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Fossil fuel combustion sources

Cement plant and quarries

Figure 4.3. Conditional bivariate probability function plots obtained at the rural and urban sites
in Cienfuegos. For each study site, the distinction between the two graphs created is made based

on the PMjo carbon isotope compositions with a threshold set at 8'3C=-25.2%o. “Ws”
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corresponds to wind speed.

We can then model mixing relationships for these two end-members using mass
balance equations, and ultimately estimate their respective contributions for each

sample. The equation of mixing for a k component system for isotope ratios

02 04 0.6 0.8 1
CPF probability

expressed in the following way (Douglass and Schilling, 2000):

With Z{-‘zlzi = 1 and 0<z;<1, and where [ is the isotope ratio in the mixture, I; the
isotope ratio in each end-member component, z; the mass fraction of component 1, 2,
3... and n; the relative enrichment of element I in component 1, 2, 3... relative to

component k (i.e. n; = c;/cy; where c is the concentration of element I). In our model
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we considered the following characteristics: -26.5 + 1.0%o for fossil fuel burning and -
20.0 + 1.0%o for the cement plant. This latest value is considered a representative 8'3C
estimation of emissions from the cement plant that considers all the carbon-containing
compounds related to the fabrication of cement: emissions from the cement plant,
quarries, transportations and storage of petroleum coke... Results indicate that the
average relative contribution of the cement plant and quarries to the carbon content in
PM1o was estimated to be 6 — 30% and 12 — 40% at the rural and urban sites,
respectively. These results confirm that the daily 3*3C observed in PM1o in Cienfuegos
are mainly governed by aerosol emissions from local sources, with a clear prevalence of
fossil fuel combustion contributions at both sites (70 — 94% at the rural site and 60 —

88% at the urban site).
4.2. Nitrogen isotope compositions

Figure 4.4a reports the TN and 3'°N isotope compositions of both PM1o aerosols and
particles emitted by potential sources of contamination. The high variability observed in
the 8'°N (between 1.5 and 19.1%o; Table 4.2) in Cienfuegos PM1o could reveal either that
multiple sources of (primary) nitrogen are involved or that secondary processes undergo
in the atmosphere post-emission that induce nitrogen isotope fractionation (nitrogen in
the aerosols is then of secondary origin; (Ciezka et al.,, 2016; Widory, 2007)). The
hypothesis that post-emission processes may generate secondary nitrogen is also
supported by the fact that our PMio samples all have TN concentrations higher than
those measured in particles from the sources of contamination, clearly indicating the
presence of a N excess in the aerosols. Ultimately the 8'°N measured in the PM1o may
also result from a mixture of both primary and secondary nitrogen. However, the
significant positive correlation observed between the 3°N in PMo and the TN and NH4*
concentrations (Table 4.3) suggest that secondary processes are the dominant pathway
to generate nitrogen in the aerosols (Bikkina et al., 2016; Pavuluri et al., 2010). At the
urban site, inorganic nitrogen (N-NH4* + N-NOs", obtained from Morera-Gémez et al.,
(2018)) represents on average 65% of the TN, and N-NH4* is the major inorganic fraction
(71%). It is thus likely that one source of NH4* and/or the exchange between gas (NHs)

and particle (NH4*) controls the 8*°N of the total nitrogen in PM1o.
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Figure 4.4. Nitrogen characteristics in PMyo samples from Cienfuegos. a) Total nitrogen (TN) and
8% N. Characteristics of particles from the main sources of contamination are also reported (bars
represents the standard deviation with 1c5). b) 8N vs. N-NH," relative inorganic fraction. c)

S04% vs. NHs* concentrations. d) 6'°N vs. SO4%/NH," ratios.

The positive trend observed between 8N and the relative N inorganic fraction (e.g.
N-NH4*; Figure 4.4b) strongly suggests that NHs* controls the final 8*°N in PMio. We
observe a significant °N enrichment (almost 17%o) positively correlated with the
relative N-NHs* content during the year of sampling. NHs* is also positively correlated
with SO4?" (Figure 4.4c), suggesting the formation of ammonium sulfate ((NH4)2504). In
addition, these two species (NH4* and SO4%") are correlated with V (r=0.4, p<0.01 for both
NH4* and SO4% (Morera-Gémez et al., 2018)), indicating that they are mainly formed
during fossil fuel combustion (Moreno et al., 2010). As nitrogen in aerosols, mainly
present under the forms of ammonium and nitrate ions, is mostly generated from
gaseous precursors (i.e., NH3 and NOx produced during fossil fuel combustion), the trend
observed in Figure 4.4b may finally suggest that 8'°N in PMyg traces the formation of

secondary nitrogen using gaseous precursors from fossil fuel combustion.
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Heaton et al., (1997) exposed H,SOs-containing filters to an NHs-rich atmosphere for
various periods of time. While results showed that for short exposure periods (1 to 3
min) the final 5'°N of the generated NH4* was lower than the isotope composition of the
initial NHs, for longer exposure periods (>10 min), when equilibrium conditions were
reached, the final 8'°>N-NHs* became higher than the one of the initial NHs. °N-
enrichments of up to 33%. were reported (Heaton et al., 1997). The authors concluded
that, at the onset, the reaction between NH3 and H;SOs is unidirectional (i.e. kinetic
isotope fractionation) and favors the lighter isotopes (}*N) in the (NH4),SO4 formed. But
when the reaction reaches the stoichiometric equilibrium (~6 min), a NH3/NHs*
equilibrium isotope exchange takes place, resulting in a final 8>N-NH4* higher than the

one of the initial NHs.

PM1o aerosols in Cienfuegos present an average SO4%/NH4* molar ratios of 5.1 + 1.7
showing a SOs>enrichment (Morera-Gémez et al., 2018) probably resulting from the use
of sulfur-rich crude oil in the TPP, as well as the fast conversion of SO; into sulphate
catalyzed by high UV radiation and humidity conditions (Bove et al., 2016), that are
typical of the Caribbean region. Figure 4.4d shows that 3°N values are negatively
correlated with SO4%/NH4*. It suggests that when NHs reaches a stoichiometric
equilibrium with (NH4),SO4 (reached for a SO4>/NH4* molar ratio of 2.67) it enhances >N
enrichment in agreement with Heaton et al., (1997). A similar trend have been recently
observed over the Bay of Bengal, in which the 8'°N of TN in PM3.s (10.4 to 31.7%o) has
been shown to significantly be influenced by the exchange reaction of gaseous NH3 and
particulate NH4* during the formation of ammonium sulfate aerosols (Bikkina et al.,
2016). In general, a °N isotope fractionation have been suggested in aerosol (Pavuluri
et al., 2010) and rainwater samples (Ciezka et al., 2016) collected around the world

during the equilibrium exchange between NH3 and NHa4*.

As discussed in Widory, (2007), if the trend observed between 8'>N and TN reflects
the formation of secondary nitrogen in PM1g, it can be assumed that the aerosols having
the lowest TN are the closest representatives of the primary nitrogen origin (e.g. their
TN is mostly controlled by primary nitrogen and include low secondary nitrogen). If we

consider this hypothesis, the 8'°N of low-TN in PM3g are consistent with the isotope
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ranges we measured in 3 potential sources of contamination (Figure 4.4a): diesel road
traffic, TPP (crude oil combustion) and petroleum-coke. Ultimately it comes that, taking
into account the previous findings (i.e. secondary nitrogen formation linked to gaseous
precursors from fossil fuel combustion), our results identify diesel road traffic and TTP
emissions as the main sources of primary nitrogen in the PM1o collected in Cienfuegos.
This conclusion is consistent with the fact that most of the transportation vehicles in
Cuba are running on diesel fuel, and that thus gasoline road traffic is expected to have a

lower impact.

Finally, the weak but significant negative correlation observed between the 5'°N and
wind speed (Table 4.3) reinforces our conclusion that the 3°N enrichment we are
observing in PM1o under low wind speeds is most probably generated by particle and
gas emissions from local anthropogenic sources rather than from regional or long-range
transportation. This is consistent with our 8'3C results (section 4.1), indicating that the
C and N present in aerosols in Cienfuegos share common origins (i.e. mainly the
combustion of fossil fuels ). This conclusion is also in agreement with the Positive Matrix
Factorization (PMF) analysis undertaken to apportion sources of aerosol contamination
in the study area (Morera-Gémez et al., 2018), and confirm the added value of the
carbon and nitrogen stable isotope approaches for tracing sources and secondary

processes controlling the budget of the aerosols in rural and urban atmospheres.

5. Conclusions

Aerosols (PM1p) from a rural and an urban sites and particles emitted by sources of
contamination in Cienfuegos have been chemically (TC and TN) and isotopically (83C

and 3%°N) characterized for first time in Cuba. Results lead to the following conclusions:

l. While carbon concentration in particles emitted by sources of contamination
displayed a large range of values (9.0 — 78.2%), nitrogen concentration
showed a narrower range (0.2 — 1.8 %). In comparison, carbon contents in

PM1o were significantly lower at both the rural (12.9 + 6.5%) and urban (19.3
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+ 7.1%) sites. For nitrogen, concentrations were higher at the urban site (2.5
1 0.8%), which suggests secondary formation.

Carbon and nitrogen isotope compositions discriminated particle emissions
between road traffic, industrial (TPP) and shipping. Meanwhile, other
sources (soil, road dust and atmospheric deposition around cement plant)
presented large ranges of variation that usually overlapped.

313C at both sites result of mixing contributions from two main emitters:
fossil fuel combustion and cement plant and quarries. The relative
contribution of the cement plant and quarries was estimated to be 6 — 30%
and 12 —40% at the rural and urban site, respectively. Additionally, coupling
carbon concentration in PMio having a 6'3C<-25.2%o (which corresponds to
the isotope range of emissions from fossil fuel combustion) with prevalent
meteorological conditions at the time of sampling helped distinguish the
influence of shipping, traffic and power plant emissions at the urban site and
the influence of local wood burning at the rural site.

8N values at the urban site were positively correlated with TN, NH4* and
S04% concentrations, indicating the formation of secondary nitrogen under
the form of (NH4)2S04. Exchange between gas (NH3) and particle (NH4*) under
stoichiometric equilibrium in (NH4)2SO4 can explain the >N enrichment
observed in PMio. By comparing 8°N values in PM1o at lower nitrogen
concentrations with those measured in samples from potential sources of
contamination we concluded that primary nitrogen may mainly be generated

by diesel road traffic and the power plant emissions.
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Supplementary material

Table S4.1. Concentrations of total carbon (TC) and their corresponding stable isotope

compositions (6*3C) measured in ambient PM;o samples in the studied rural site in Cienfuegos,

Cuba.

Date 513C(%o) TC(%) Date S13C(%0) TC(%)
31/01/2015 -23.27 21.15 21/06/2015 -25.64 4.84
03/02/2015 -23.69 24.50 24/06/2015 -26.20 7.80
06/02/2015 -22.74 19.89 30/06/2015 -26.03 7.84
09/02/2015 -25.36 17.15 03/07/2015 -26.46 9.12
15/02/2015 -21.71 21.46 06/07/2015 -25.03 4.67
18/02/2015 -25.28 7.47 09/07/2015 -25.19 7.51
21/02/2015 -24.60 11.30 15/07/2015 -26.01 12.37
24/02/2015 -26.45 9.05 18/07/2015 -26.72 21.11
02/03/2015 -25.45 9.00 21/07/2015 -26.23 4.35
05/03/2015 -24.32 16.83 24/07/2015 -26.42 14.17
08/03/2015 -25.78 7.59 30/07/2015 -26.17 4.83
11/03/2015 -22.82 12.89 02/08/2015 -26.14 14.19
17/03/2015 -25.90 17.66 15/11/2015 -27.07 15.09
20/03/2015 -25.95 35.45 21/11/2015 -26.04 16.47
23/03/2015 -24.49 23.99 27/11/2015 -26.07 6.87
26/03/2015 -24.09 24.36 30/11/2015 -25.71 9.84
01/04/2015 -25.90 12.11 03/12/2015 -25.64 16.14
04/04/2015 -24.32 11.43 06/12/2015 -25.37 11.26
07/04/2015 -24.60 9.19 12/12/2015 -26.01 10.81
10/04/2015 -26.42 6.11 15/12/2015 -26.32 17.19
16/04/2015 -24.82 18.09 18/12/2015 -26.34 15.56
19/04/2015 -25.92 31.51 21/12/2015 -26.04 7.87
22/04/2015 -26.46 11.89 27/12/2015 -26.72 8.37
25/04/2015 -24.14 8.16 30/12/2015 -25.92 10.65
01/05/2015 -25.29 17.61 02/01/2016  -25.39 7.09
04/05/2015 -26.60 16.80 05/01/2016 -24.75 8.02
07/05/2015 -25.82 12.39 11/01/2016  -25.02 16.85
10/05/2015 -25.04 5.93 14/01/2016  -25.85 14.45
16/05/2015 -20.89 6.90 17/01/2016 -26.50 6.68
19/05/2015 -25.75 8.78 20/01/2016  -26.23 9.73
22/05/2015 -25.73 21.71 Average  -25.45 12.92
25/05/2015 -25.74 6.80 SD 1.19 6.46
31/05/2015 -26.93 15.83 Min  -27.07 4.4
03/06/2015 -26.26 10.13 Max  -20.89 35.5
06/06/2015 -26.67 19.71 5th -26.70 5.22
09/06/2015 -25.96 11.53 95th  -22.98 24.23
15/06/2015 -25.73 8.42

18/06/2015 -24.26 6.33
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Table S4.2. Concentrations of total carbon (TC), total N (TN) and their corresponding stable

isotope compositions (8*3C and 8°N) measured in ambient PM;o samples in the studied urban

site in Cienfuegos, Cuba.

Date 88C(%o)  TC(%)  8N(%o) TN(%)
31/01/2015 -23.48 21.99 6.5 2.6
03/02/2015 -23.17 23.61 6.6 2.5
15/02/2015 -21.31 26.52 -- --
18/02/2015 -26.28 14.02 16.5 4.0
21/02/2015 -24.14 21.07 8.1 2.5
24/02/2015 -22.54 16.10 8.2 2.3
11/03/2015 -23.24 13.57 7.0 3.6
17/03/2015 -24.02 19.82 6.9 1.2
20/03/2015 -24.06 24.24 11.3 2.7
23/03/2015 -25.03 26.09 5.6 2.1
26/03/2015 -24.67 23.61 16.2 2.7
01/04/2015 -23.84 17.58 8.7 3.2
04/04/2015 -23.89 14.99 11.9 2.2
10/04/2015 -24.04 14.28 10.7 3.0
19/04/2015 -25.29 15.00 54 4.6
22/04/2015 -24.32 11.90 55 1.0
25/04/2015 -24.02 10.27 1.8 1.4
01/05/2015 -25.09 22.22 -- --
04/05/2015 -26.51 28.64 3.8 3.5
07/05/2015 -24.76 18.19 10.2 1.7
10/05/2015 -24.69 9.16 19.1 2.3
16/05/2015 -25.69 16.92 12.0 4.0
19/05/2015 -24.85 21.55 -- --
22/05/2015 -25.39 26.07 10.5 2.1
25/05/2015 -25.04 8.49 -- --
31/05/2015 -24.55 24.50 -- --
03/06/2015 -26.14 18.55 -- --
06/06/2015 -26.02 29.58 -- --
09/06/2015 -19.32 13.79 6.2 1.7
16/06/2015 -24.05 5.18 1.5 1.3
18/06/2015 -24.75 10.00 5.7 1.5
21/06/2015 -24.90 8.68 4.3 1.6
24/06/2015 -25.14 11.03 5.1 2.2
02/07/2015 -25.79 15.33 4.4 2.3
06/07/2015 -24.27 6.29 3.1 1.2
09/07/2015 -24.88 15.31 5.0 2.5
15/07/2015 -24.40 23.81 12.6 3.1
18/07/2015 -26.11 12.04 7.5 2.4
21/07/2015 -26.21 18.21 16.5 3.2

Date 8BC(%o)  TC(%)  8N(%0) TN(%)
24/07/2015 -24.84 21.07 148 3.5
30/07/2015 -24.55 8.97 10.7 1.9
02/08/2015 -25.18 19.14 83 24
05/08/2015 -24.24 9.44 39 14
08/08/2015 -25.23 16.38 16.3 2.6
14/08/2015 - - 93 21
17/08/2015 -23.94 15.29 10.1 2.8
29/08/2015 -24.42 13.46 6.6 2.0
01/09/2015 -24.64 18.93 12.1 2.6
04/09/2015 -26.17 29.96 125 29
07/09/2015 -25.17 2590 184 3.8
13/09/2015 -24.49 20.42 15.4 3.7
16/09/2015 -25.00 18.41 6.7 21
19/09/2015 -26.26 12.39 6.2 2.3
22/09/2015 -25.04 21.04 143 33
28/09/2015 -25.48 24.79 19.0 4.2
01/10/2015 -24.60 16.44 113 3.7
04/10/2015 -25.96 13.90 11.5 2.4
07/10/2015 -23.90 20.12 13.8 21
16/10/2015 -24.45 31.43 4.7 2.7
19/10/2015 -24.64 32.18 74 3.9
22/10/2015 -24.50 25.95 46 21
28/10/2015 -25.44 24.46 103 2.2
31/10/2015 -25.44 27.25 11.3 3.3
03/11/2015 -25.56 30.01 101 29
06/11/2015 -25.32 24.00 54 1.8
12/11/2015 -24.98 25.52 63 21
15/11/2015 -25.10 25.62 53 23
15/12/2015 -26.08 32.25 86 21
30/12/2015 -25.82 28.75 9.9 17
14/01/2016 -26.60 32.71 - -
17/01/2016 -27.47 7.51 - -

Average -24.81 19.31 9.18 2.53
SD 1.19 7.13 4.37 083

Min -27.5 5.2 15 1.0
Max -19.3 32.7 19.1 4.6
5th  -26.27 8.58 3.77 1.33
95th -23.20 30.79 16.50 4.00
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Determination and source apportionment of major
and trace elements in atmospheric bulk
depositions in a Caribbean rural area

This chapter reproduces the text of the following manuscript:
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Determination and source apportionment of major and trace elements in atmospheric bulk depositions

in a Caribbean rural area. Submitted to Atmospheric Environment.



Abstract

Atmospheric deposition is considered to be the major pathway by which substances
from the atmosphere enter to the terrestrial and aquatic ecosystems. This study
constitutes the first exhaustive report on trace metal deposition in Cuba and is aimed to
determine the monthly atmospheric flux of 47 major and trace elements in a Caribbean

coastal site and investigate their main sources of contribution.

Bulk depositions (average of 46 018 ug m2day?) and fluxes of studied elements
showed a high variability and no seasonality with the dry and wet periods, result that
we attributed to the fluctuations of the emissions from their main sources rather than
to meteorological factors controlling the deposition processes. However, stronger
correlations were found between typical crustal elements, which showed a marked
seasonality with the presence of Saharan cloud dust in the Caribbean. Most of the
analyzed elements were found in the range of variation of those reported in rural
environments around the world but, the elements V, Ni, As and Sb presented higher
levels, typically founded in urban and industrial areas. The elements Sb, Pb, W, Sn, S, Cu,
Mo, Nb and P were moderately enriched (10<EF<100) and Zn was highly enriched
(EF>100), indicating they were mainly derived from anthropogenic sources. The La/V
ratios were found to be exclusively lower than 0.06 suggesting the prevalence of
anthropogenic emissions from industries with oil and/or petroleum-coke combustion
processes rather than from refineries. In this direction, we corroborated that our data
was consistent with LaCeV compositions characteristic of emissions related to industries
in the studied area such as the thermal power plant, cement plant and also with
emission from the road traffic. Finally, Principal Component, Multilinear Regression and
Cluster analyses led the identification of 5 main sources contributing to the bulk
depositions: crustal matter (39.5%), marine aerosol (38.2%), combustions including the
wastes incineration, wood and fossil fuel burning (6.7%), industries (8.7%) and road

traffic (1.4%).

Keywords: Atmospheric bulk deposition; Trace elements; Enrichment factors; PCA-

MLRA; Saharan dust; Cuba



Major and trace elements in bulk deposition and source apportionment

1. Introduction

Atmospheric particulate matter (PM) is generally defined as a mixture of solid and/or
liquid particles that remain individually dispersed in air and it is identified as one of the
most significant air pollutants in terms of environmental and health impacts (Grantz et
al., 2003; Kanakidou et al., 2005; Okin et al., 2011; Pope and Dockery, 2006). Wet and
dry deposition are important processes for removing PM and other pollutants from the
atmosphere on urban, regional, and global scales (U.S. EPA, 2009). The residence time
of particles (and associated trace elements) in the atmosphere depends on their size.
While the rate of deposition is slower for fine particles, the coarse particles settle out
quickly near their sources by sedimentation or impaction processes. Thus, deposition is
a significant pathway for transferring trace elements from the atmosphere to the
terrestrial surfaces and aquatic ecosystems. It is important for PM and its elemental
concentrations and compositions to be measured, monitored and determined in rural,
urban and industrial regions in order to assess whether it has negative effects on biotic

or abiotic environments.

Bulk deposition sampling (i.e., sampling the total deposition fluxes without
separating as wet or dry), provides some advantages compared to ambient air
monitoring, such as being low cost, and simple, having no needed for electrical power,
and low maintenance (Dammgen et al., 2005; Shanquan et al., 2016). The deposition
fluxes of atmospheric PM and the ratio of wet to dry deposition are controlled by
emission sources, atmospheric concentrations, distance to receptor sites, and
meteorological conditions (i.e. wind speed, prevailing wind directions, frequency,
amount and intensity of precipitation) (Miji¢ et al., 2010; Okubo et al., 2013). Then, the
characterization of bulk deposition samples is important for identifying the variability

and sources of the atmospheric pollutants.

In the last decades, many studies on the deposition fluxes of trace elements in rural,
urban and industrial areas have been widely used to estimate the influence of
atmospheric inputs of trace elements to the environmental compartments (Castillo et
al., 2013a, 2013b; D’Alessandro et al., 2013; Golomb et al., 1997; Kara et al., 2014; Miji¢

et al., 2010; Sharma et al., 2008). Some studies have indicated that trace elements
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particularly emitted from anthropogenic sources can be persistent, toxic, widely
dispersed in the environment (air, water and soil compartments), and interact with
different natural components, cause threat to human health and have harmful effects
on the biosphere (Baker and Jickells, 2017; Gao et al., 2016; Mason et al., 2006; Morel
and Price, 2003; Okin et al., 2011).

The atmospheric depositions in the Gulf of Mexico and southern and eastern coast
United States have been largely studied (Golomb et al., 1997; Harris et al., 2012; Strayer
et al., 2007). Many of these studies have been not only focused on the input amount of
several pollutants, such as heavy metals from anthropogenic and natural local sources,
but also on long-range contributions, mainly due to the African transported dust that
affects these regions every year (Prospero, 1999; Prospero and Mayol-Bracero, 2013;
Trapp et al., 2010). Nutrients associated with African dust deposition have been linked
to toxic algal blooms in the Gulf of Mexico and the coastal environment of South Florida
(Lenes et al., 2012; Walsh et al.,, 2006). However, few studies on atmospheric

depositions in the Caribbean basin have been published.

Cuba is the major island in the Caribbean Sea. Scarce reports on pollutants in
atmospherics depositions are available, limiting the national and regional evaluations.
Some of these studies have been indirectly carried out using dated marine sediment
cores (Diaz-Asencio et al., 2014, 2009). To our knowledge, only some heavy metal
(Jomolca-Parra et al., 2014), nitrogen compounds (Cuesta-Santos et al., 2001; Gonzalez-
De Zayas et al., 2012) and radionuclides (Alonso-Hernandez et al., 2014, 2006) have been
directly measured in atmospheric depositions. As a consequence, at present, the
understanding of the chemicals elements deposition along the island are quite limited,
and studies on the main pollutant sources and factor controlling the atmospheric

deposition processes have not been addressed.

In this framework, the objectives of this study were (1) to determine and
characterize the levels and seasonal variations of monthly atmospheric bulk depositions
and atmospheric fluxes of major and trace elements in a coastal rural region in
Cienfuegos Province (Cuba) and (2) to identify and quantify the main sources of major

and trace elements in bulk depositions in this area.
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2. Materials and methods

2.1. Study area and sampling site

The Cienfuegos region, with a population of ~150 000 inhabitants, is located in the
south center part of Cuba on the coast of the Caribbean Sea and contains a number of
significant air pollution sources including a large petroleum refinery, a thermal power
plant (TPP), a cement plant, a fertilizer plant, a harbour, large pier areas and ship
breaking yards, coal storage and packing, scrap storage and classification sites, heavy
road traffic, very intense transportation activities including ferrous scrap trucks and busy
ports used for transportation. Several villages and agricultural areas and some resorts
are also located within the region. The region is mainly classified within the local climate
of the Caribbean Sea that is characterized by dry (approximately from May to October)
and wet (November to April) seasons. While the annual rainfall in this study reached to
1166 mm, the average rainfall were 820 and 226 mm for wet and dry sampling periods,
respectively. Monthly average temperatures during the sampling periods were
measured as 25.4 °C, max (27.6 °C) and min (21.6 °C). The wind roses generated for the

sampling periods and the main pollution sources are shown in Figure 5.1.

In the present study, the bulk deposition samples were collected at the
Environmental Study Centre Facilities (22° 03’ N, 80° 29’ W) located in a rural area. This
sampling site is one of the air monitoring stations in the Environmental Radiological
Surveillance Network (RNVRA, Spanish acronyms), established in Cuba in 1990, with the
support of the International Atomic Energy Agency (IAEA). Samples collected through
this network were used in this study. Locations of the sampling site and settlements in

the region are illustrated in Figure 5.1.
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Figure 5.1. Map showing the sampling site, wind rose for the sampling period and main pollution

sources in Cienfuegos, Cuba.
2.2, Sample collection and analysis

Sampling of bulk atmospheric deposition (wet + dry) was carried out between
March, 2014 and November, 2016. Bulk deposition samples were collected using five
bulk rain collectors (50 L polyethylene and 0.25 m? of surface area each one). The
collectors were installed on a small building roof (about 5 m high of the ground) in the
CEAC facilities, and acidified prior to deployment with concentrated HCI. After monthly

periods the samples were collected rinsing the walls of collectors twice with distilled
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water and combined all into plastic bottles; then the collectors were acidified and
deployed again. The samples were immediately transported to the laboratory where
they were evaporated to dryness and weighed (before and after the evaporation) to
obtain the mass of total deposited particles. The residual particles were ground to a fine

powder and stored until chemical analysis.

Determination of chemicals elements was performed by inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7500a), after their acid extraction in closed
microwave digestion (CEM Co., Mars X press) adding 0.25 g of sample and 12 ml of aqua
regia (HCI/HNOs=3:1). A multi-elemental solution (Li, Sc, Y, In, Bi, Inorganic Ventures
71D) was added to the samples as internal standard for further determination by ICP-
MS. A total of 47 elements, including 13 lanthanoids elements (La to Lu), were

simultaneously quantified in all samples using this procedure.

For comparison purposes, several samples from potential sources were collected
and analysed: fly ash from the stacks of the thermal power plant (6 samples), petroleum-
coke burned in the cement plant (1), local soils (16) and road dust from the main roads
of the Cienfuegos city (31). Likewise, an annual sample of bulk atmospheric deposition

from the vicinity of the cement plant was also taken.
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Table 5.1. Element recoveries (%) and relative standard deviations (RSD, %) of CRM CTA-FFA1
(n=6), and method detection limits (DL*, ng/g) for elements in the dissolved blank samples (n=9)

measured by ICP-MS.

Element Recovery RSD DL Element Recovery RSD DL

Be 88.38 12.40 0.02 Pr N.A. 0.01
Na 88.07 6.10 23.67 Nd 73.36 6.67 0.05
Mg 104.86 5.13 4.67 Sm 75.88 5.13 0.02
Al 74.83 7.86  50.15 Eu 80.36 4.32 0.002
94.15 3.33 3.51 Gd 7132 5.61 0.01

N.A. 843.51 Dy 63.25 6.64 0.01

K 78.30 6.49 13.94 Ho N.A. 0.01

Ca 91.17 6.96 1271.68 Er 70.13 6.95 0.01
\'% 94.62 7.52 0.11 Tm 65.51 8.16 0.01

Cr 104.21 10.27 0.28 Yb 69.01 7.44 0.01
Mn 110.77 2.82 0.65 Lu 63.30 7.90 0.01
Fe 103.32 6.09 25.84 Tl N.A. 0.05
Co 98.71 11.60 0.02 Pb 84.69 1.86 0.16
Ni 89.72 2.84 0.39 Th 67.47 6.55 0.03
Cu 9430 2.42 1.14 U 82.05 832 0.01
Zn 100.65 5.35 1.02 Ti 68.23 6.11 1.53
As 95.78 10.61 0.14 Ge N.A. 0.19
Rb 88.92 3.18 0.11 Zr N.A. 0.17
Sr 95.19 1.57 0.07 Nb N.A. 0.01
cd 66.46 5.73 0.02 Mo 77.05 5.04 0.01
Cs 70.01 1.86 0.02 Sn N.A. 0.30
Ba 77.74 10.89 1.02 Sb 93.54 6.59 0.17
La 81.81 3.70 0.06 W 72.87 2.23 0.01

Ce 84.64 3.17 0.12
*DLs were calculated as 3x standard deviation of blank samples.
N.A.: reference value not available for the SRM CTA-FFA1.

The quality control of the analytical procedures was carried out by repeated analysis
of the certified reference materials (CRM) CTA-FFA1 (fine fly ash). The recovery of major
and trace elements was generally within the range of 80-110%, and the relative
standard deviations (RSDs) less than 12%. Table 5.1 provides the element recoveries,

RSDs and method detection limits (DLs).

The monthly atmospheric fluxes (F, in ug m2 day) for the studied elements were

calculated as follows:

L
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where: C is the measured concentration (in ug g''), m is the total deposited dry mass
(in g), S is the total surface area of the collectors (in m?) and T is the duration of the
sampling period (in days). The atmospheric bulk deposition rate (ug m2 day?,
hereinafter bulk deposition) was calculated by the same formula (Eqg. 5.1) without the

parameter C.

We also calculated the Eu anomaly (Eu/Eu*) as in Eq. 5.2 (Pourmand et al., 2014) in

order to identify different origins of the PM.

Euy

JSmyGdy

Here, N mean that values are normalized to Post Archean Australian Shale (Gromet

Eu/Eu* = (5.2)

et al., 1984).
2.3. Enrichment factors

An analysis of the elements enrichment factors (EFs) was conducted in order to
distinguish typical anthropogenic elements in bulk depositions. The EFs is defined as

follow:

EFy = (Cx/Cr)puik/ (Cx/Cr)cruse  (5.3)

where X represents the element of interest; EFy the EF of X; Cx the concentration
of X, and Cy the concentration of a reference element. In this study Fe was selected as
the reference material, and the average of local top soil composition was used as the
elemental composition of the crustal material. We evaluate the Al and Ti as reference
elements and also the database proposed by Li et al. (2009) as reference crustal material
and similar results were observed. According to the EF values, the elements were
considered highly enriched (EF>100), moderately enriched (10<EF<100) and less
enriched (EF<10) (Fernandez-Olmo et al., 2014).

2.4. Statistical analyses

We performed Pearson's correlation and t-test analysis at the probability level of

0.05 between bulk deposition, flux of the studied elements and meteorological variables
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to identify possible seasonal variations. Meteorological data (temperature,
precipitation, pressure, relative humidity and wind speed all collected every 24 hours
and monthly averaged) were obtained from a meteorological station located in

Cienfuegos city.

Principal component analysis (PCA) with VARIMAX rotation and Kaiser normalization
was used to identify the main element contribution sources in the study area. Prior to
statistical analyses, the data set distribution was evaluated using the Kolmogorov-
Smirnov method; when the distribution was not normal, the data was log-transformed
(Zhong et al., 2014). Principal components were extracted from the variables with
eigenvalues >1 and the PCA results were only accepted when the sum of those principal
components accounted for more than 75% of the total variance of the dataset, and all
the communality values were greater than 0.6. Contributions from the identified
sources were quantitatively derived applying a multi-linear regression analysis (MLRA),
using the bulk deposition values as the dependent variable and absolute factor scores

from the PCA analysis as independent variables.

Clustering analysis (CA) was also performed to help in the association of the principal
components (from the PCA results) with the main anthropogenic or natural sources in
the study area. A CA using the Ward method and the Pearson correlations as similarity
was applied. The statistical analyses were carried out using the SPSS 15.0 statistical

software package.

3. Results and discussion

3.1. Bulk depositions

Figure 5.2 shows the monthly variation of the bulk depositions and amount of rainfall
during the study. Monthly fluxes ranged from 23 129 to 97 224 ug m2day* (averaging
46 018 ug m2day). These values were lower than those reported in an urban site in
Havana (86 460 ug m?2 day?) (Jomolca-Parra et al., 2014) but comparable to some

reported in other coastal regions around the world (Huston et al., 2012; Rossini et al.,
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2005). Nonetheless, we generally found higher values reported in the literature (Castillo
et al., 2013b; Kara et al., 2014; Shanquan et al., 2016). As in most of the countries, bulk
depositions are not regulated in Cuba; nevertheless, we found all our monthly
depositions to be below the Australian guideline of 4 g m2 month (130 000 ug m=2 day-
1) for deposited dust (Huston et al., 2012).
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Figure 5.2. Monthly variation of atmospheric bulk depositions and rain in Cienfuegos.

There was no significant correlation between the monthly bulk depositions and the
meteorological variables and there were no differences between the bulk depositions
among the wet and dry season (t-test, p<0.05). We observed a wide variation of bulk
depositions with maximum values in both typically wet and dry months. However, the
annual bulk depositions during the study (2014-2016), 16.6, 17.9 and 15.8 g m year,
respectively, showed fluctuations similar to the annual precipitation (1010, 1166 and
964 mm, respectively). In fact, when we included the annual flux values corresponding
to the years 2010-2013 (unpublished values) we obtained a significant correlation
(r=0.8, p<0.05) with the annual amount of precipitation. These results suggest that
monthly variations of the bulk depositions probably reflected the variations in the
amount of PM emitted from their major sources, while the annual variations reflected

the changes in the meteorological conditions in the studied site like the precipitations.
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3.2. Atmospheric flux of major and trace elements

Average and range of variation of atmospheric monthly fluxes of major and trace
elements are reported in Table 5.2. The average monthly fluxes of major elements
followed the order Ca>Na>S>K=Al>Fe>Mg, whereas the average fluxes of trace metals
were dominated by elements in the following order
P>Zn>Ti>Mn>V>Sr=Cu>Pb>Ba>Ni>Cr=Rb=Sbh>As. These rankings are commonly found in
rural regions around the world with the exception of V and Sb, which presented high
levels compared with typical values reported in this environment (Castillo et al., 2013b;

Fernandez-Olmo et al., 2015; Kyllonen et al., 2009).

Wide variation in the monthly fluxes of all elements was observed, which explains
their high standard deviations. This may be attributed mainly to weather conditions
(amount of precipitations, height of mixing layers, and the origin of air masses, among
others) that strongly affected the dispersion and deposition of air pollutants, as well as
to variation of emission of pollutants. However, similar to the bulk depositions, no
significant correlation (at p=0.05) was observed between the monthly fluxes of the
studied elements and the meteorological variables. Additionally, a t-test showed that
there were no significant differences (at p=0.05) of atmospheric fluxes of any studied
elements between the wet and dry season. This appeared to suggest that the monthly
deposition fluxes of the studied elements were mostly affected by fluctuations of the

emissions from their sources.
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Table 5.2. Descriptive statistics for the monthly atmospheric flux (ug m2day?, n=33) of major

and trace elements in Cienfuegos, Cuba.

Element Mean Min Max SD Element Mean Min Max SD

Ca 3259 1692 8051 1456 La 0.27 0.06 0.78 0.17
Na 2801 1027 8008 1389 Nd 0.24 0.06 0.71 0.15
S 1127 445 2224 437 Cd 0.073 0.019 0.239 0.056
K 637 232 1085 241 Pr 0.064 0.015 0.190 0.041
Al 677 154 1921 347 Nb 0.053 0.010 0.184 0.043
Fe 581 169 1651 295 Sm 0.050 0.013 0.146 0.030
Mg 493 205 1247 225 Th 0.049 0.010 0.155 0.037
P 103 33 315 60 Gd 0.046 0.012 0.133 0.026
Zn 60 6 302 77 W 0.039 0.008 0.400 0.067
Ti 30 8 91 17 Cs 0.039 0.008 0.250 0.043
Mn 152 4.8 501 85 Dy 0.036 0.010 0.104 0.020
vV 107 24 226 5.0 Ge 0.031 0.004 0.138 0.027
Sr 9.0 35 429 6.7 U 0.024 0.008 0.062 0.014
Cu 8.8 1.9 50.2 10 Er 0.020 0.006 0.057 0.010
Pb 64 11 343 6.6 Yb 0.018 0.005 0.049 0.009
Ba 51 18 141 238 Be 0.015 0.004 0.048 0.010
Ni 35 13 91 15 Ho 0.014 0.002 0.049 0.014
Cr 28 0.7 83 16 TI 0.013 0.001 0.066 0.014
Rb 249 121 551 0.92 Eu 0.013 0.003 0.036 0.007
Sb 23 01 125 31 Tm 0.003 0.001 0.008 0.001
As 1.2 01 60 15 Lu 0.003 0.001 0.007 0.001

Ce 0.53 0.12 1.58 0.35 La/Ce 0.52 0.48 0.84 0.07

Zr 047 0.13 148 0.27 La/Sm 5.28 436 8.19 0.79
Sn 035 0.06 1.71 0.33 lLa/V 0.03 0.01 0.05 0.01
Mo 0.31 0.08 1.92 0.34 V/Ni 3.17 159 5.95 1.09
Co 0.27 0.08 0.84 0.14

A similar temporal trend between the flux of the typical crustal elements was
observed (see Figure 5.3). In general, atmospheric fluxes of the elements Al, P, Cr, Mn,
Fe, Co, Rb, Cs, Ba, Th, U, Ti, Ge, Zr, Nb and lanthanoid elements were significantly higher
(t-test, p<0.05) between March and August than during the rest of the year. The highest
fluxes were obtained in July each year of study and in April 2015. This result may indicate
a strong association with the seasonality of African dust clouds in the Caribbean region
(Prospero and Mayol-Bracero, 2013; Rodriguez et al., 2015). The presence and
characteristics of Sahara clouds dust in Cuba have been reported for each province
based on the information obtained from different satellites and sensors (Mojena Lépez

et al.,, 2015). In the case of Cienfuegos, the presence of the Sahara dust clouds was
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mainly reported from March until August with the highest presence in June and July,

which agree with our results.
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Figure 5.3. Temporal trend of selected crustal elements.

The stronger correlations (r>0.9, p<0.001) were found between the typical crustal
elements Al-Fe, Al-Co, Al-lanthanoid elements, Al-Ti, Al-Zr, Cr—Fe, Cr—Co, Cr-Ti, Mn—
Fe, Mn—Co, Mn—Ni, Mn-Ti, Fe—Co, Fe—Rb, Fe-Ti, Fe—Zr and Co-Ti, which corroborated
that these elements had a predominantly common origin. Important correlations
(0.7<r<0.9, p<0.01) were observed between Mg, Ca, S, Ba, Th, U and Nb and most of the
above crustal elements, probably reflecting an important contributions of these
elements from the crustal matter. A strong correlation was also observed for As—Sb
(r=0.98, p<0.0001) and Cu—W (r=0.8, p<0.0001), probably indicating a common origin of
these pairs of elements. Additionally, there was a significant correlation for V-Ni (r=0.66,
p<0.0001), which are typical markers of fossil fuel combustion sources (Moreno et al.,
2010). No correlation between the metals typically associated to traffic and industrial
emissions (Cu, Zn, Cd, Pb, Mo and Sn) and crustal elements was found; however,
statistically significant correlations (0.4<r<0.6, p<0.01) for Zn—Sn, Cu—Cd, Cd—Sn and Pb—

Sn, were observed.
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In Figure 5.4a are compared the average monthly fluxes of elements measured in
the present study with those determined in other worldwide regions at rural
environments (Castillo et al., 2013b; Fernandez-Olmo et al., 2015; Fowler et al., 2006;
Hovmand and Kystol, 2013; Kara et al., 2014; Kyllonen et al., 2009; Rossini et al., 2005).
The atmospheric fluxes of most of the studied elements in Cienfuegos were within and,
in some cases below (e.g. lanthanoid elements), the range of variation found in those
sites. However, the fluxes of the elements V, Ni, Sb and As were higher in our studied
site. These elements are typically associated to fossil fuel combustion sources (Querol
et al., 2007; Viana et al., 2008), and their high flux values probably reflects the influence
of emissions derived from local anthropogenic sources. A comparison with values
reported in urban (Bermudez et al., 2012; Castillo et al., 2013b; Fernandez-Olmo et al.,
2014; Gao et al., 2016; Huston et al., 2012; Kara et al., 2014; Miji¢ et al., 2010; Rossini et
al., 2005) and industrial (Castillo et al., 2013a; Fernandez-Olmo et al., 2015; Kara et al.,
2014; Rossini et al., 2005) sites around the world (Figures 5.4b and 5.4c) confirmed that
atmospheric fluxes of these elements in Cienfuegos were in the range of variation

observed in those environments.
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Figure 5.4. Comparison of atmospheric fluxes of major and trace elements in a rural site in
Cienfuegos with values reported in rural (a), urban (b) and industrial (c) sites around the world:
1 (Fernandez-Olmo et al., 2015); 2 (Castillo et al., 2013b); 3 (Kyllonen et al., 2009); 4 (Hovmand
and Kystol, 2013); 5 (Fowler et al., 2006); 6 (Kara et al., 2014), 7 (Rossini et al., 2005), 8 (Miji¢ et
al., 2010), 9 (Fernandez-Olmo et al., 2014), 10 (Huston et al., 2012), 11 (Bermudez et al., 2012),
12 (Gao et al., 2016) and 13 (Castillo et al., 2013a).
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3.3. Lanthanoid elements

In most unpolluted crustal materials such as natural dusts, the commoner
lanthanoids occur in the following order of abundance: Ce>La>Nd>Pr>Sm>Yb>Lu
(Moreno et al., 2008b). Our data (Table 5.2) also reflected the same order and supported
the conclusion that the levels of lanthanoid elements in the studied area were mostly of
natural origin. In Table 5.2 is also provided the statistical summary of La/Ce and La/Sm
ratios, which showed narrow ranges of variation: 0.5-0.8 (average of 0.5) and 4.4-8.2
(average of 5.3), respectively. These values were in the typical range of natural La/Ce
(0.4-0.6) and La/Sm (5-7) values in uncontaminated rocks, soils and minerals (Moreno

et al., 2010), confirming their prevalent crustal origin.
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Figure 5.5. Eu anomalies versus Lan/Luy ratios in bulk deposition samples collected in Cienfuegos

between 2014 and 2016.

To identify different origins of the particulate matter in Cienfuegos, we plotted the
Eu anomalies versus Lan/Lun ratios (Figure 5.5). Most of samples from May—August, a
period of high presence of Sahara dust clouds in Cienfuegos (Mojena Lépez et al., 2015),
showed the lowest Eu anomaly values and the highest Lan/Lun ratios. A similar result
was observed in North African aerosols collected in Barbados (Pourmand et al., 2014).
Thus, this result revealed the influence of the African dust intrusions in the geochemical
composition of bulk deposition in Cienfuegos governed by a clear seasonality. The

sample collected on April 2015 presented similar geochemical signatures to samples
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from May—August, suggesting an important influence of African dust. This hypothesis
was corroborated by back trajectory frequency analysis (not shown), which showed the
frequent arrival of air masses from Northeast Africa in late April. This fact would explain

the higher fluxes of crustal elements obtained in that month (see Figure 5.3).

As discussed in Chapter 3, the La/V ratio values in atmospheric particles can be used
to distinguish the emission sources related to the fossil fuel combustion and oil refining
processes. V-rich emissions derived from fuel oil and petroleum coke combustion
usually exhibit very low La/V ratios (<0.1) compared to those of mineral particulate
matter coming from uncontaminated crustal materials or coal combustion (La/V = 0.2—
0.3) (Celo et al., 2012; Moreno et al., 2008a). On the contrary, atmospheric emissions of
PM in the flue gas from the fluid catalytic converters (FCC) refinery regenerator
commonly show much greater La/V values (Kulkarni et al., 2007). Our data from
Cienfuegos showed atmospheric La/V values exclusively below 0.06 (see Table 5.2)
suggesting the prevalence of anthropogenic emissions from industries with oil and/or
petroleum-coke combustion processes rather than from refineries. We confirmed that
using a LaCeV triangular diagram (Figure 5.6) and comparing with local and published
data (Kulkarni et al., 2006; Moreno et al., 2006; Olmez et al., 1988). Samples from
Cienfuegos (Figure 5.6a) showed a clear displacement toward the V apex indicating a
strong influence of oil and/or petroleum-coke combustion sources. According to that,
the potential sources affecting the studied region (see Figure 5.6b) were the TPP,
shipping emissions, the diesel power unit and diesel combustion boiler located 4 km
west of the sampling site (all these sources use diesel as fuel) and the cement plant that
use petroleum-coke as fuel. The influence of urban road traffic was also possible due to

some samples presented similar LaCeV composition.
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Figure 5.6. (a): Triangular diagram of LaCeV compositions of bulk deposition samples collected
in Cienfuegos. (b): LaCeV compositions of published data of FCC (Kulkarni et al., 2006), oil PM
(Olmez et al., 1988), Sahara—Sahel Dust Corridor (Moreno et al., 2006), and local data of power
plant emissions, petroleum-coke burned in the cement plant, local soils, road dust and a bulk

deposition sample collected around the cement plant.

3.4. Enrichment factors

The monthly average of EFs values for the studied elements are displayed in Figure
5.7. Sodium and Zn were highly enriched (EF>100). The high value for Na indicated the
strong marine influence while the high EF values of Zn may be related to the scrap
storage, classification and transportation activities in Cienfuegos city. The elements Sb,
Pb and W were moderately enriched (10<EF<100) but, sometimes they reached values
higher than 100 indicating a dominant anthropogenic origin. Tin, S, Cu, Mo, Nb and P
were also moderately enriched indicating they had a significant anthropogenic
influence. Copper, W and Mo are typical tracers of road traffic (Grigoratos and Martini,
2015; Johansson et al., 2009; Querol et al., 2007), so their moderate enrichment could
be due to the influence of the urban traffic emissions in the studied site under northerly
wind directions. The S-enrichment probably reflected the use of sulfur-rich Cuban crude

oil and diesel in industries (Turtos Carbonell et al., 2007). Due to lead gasoline not being

175



Chapter 5

used in Cuba since 1990, the Pb-enrichment was probably related to industrial

emissions, mainly by fossil fuel combustion and other anthropogenic activities.
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Figure 5.7. Element enrichment factors in bulk deposition samples collected in Cienfuegos

between 2014 and 2016.

Cadmium, V, Ni, K, Ba and As, with average EFs below 10, appeared to be mainly of
crustal origin, but they sometimes presented values higher than 10 suggesting the
influence of anthropogenic sources. Vanadium and Ni are often used as tracers of fossil
fuel combustion processes (Viana et al., 2008) and their slight enrichments probably
reflected the influence of these kind of sources. The average V/Ni in our samples was
3.2 +1.1, which is lower than the V/Ni ratio found in fly ash samples collected in the TPP
stacks (4.4 £ 0.2) but, within the range of variation of those reported in the literature for
shipping emissions (values around 3) (Moreno et al., 2010; Pandolfi et al., 2011; Viana
et al., 2014). Slightly enrichment of K could be due to the wood burning for charcoal.
The rest of elements were less enriched, specially the lanthanoid elements, which

presented the lowest EFs confirming their prevailing crustal origin.

3.5. Source identification and source apportionment

3.5.1. PCA-MLRA

The PCA results shown 5 principal components with eigenvalues greater than 1

accounting for 82.7% of the total variance (Table 5.3). The obtained chemical profiles,
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based on the factor loadings greater than 0.6, were used to identify the most probable

sources.

Table 5.3. Result of the PCA carried out with VARIMAX rotation. Factor loadings >0.6 are
highlighted in bold.

. Factors
Variables
F2 F3 F4 F5
Al 090 0.13 0.22 0.19 -0.02
Tloid* 089 036 0.07 0.03 0.12
Zr 087 030 0.16 0.24 0.06
Ti 085 036 024 0.10 0.06
Fe 083 037 0.26 0.18 0.08
Ni 081 002 030 0.29 0.08
Co 080 036 0.24 0.13 0.10
Nb 0.76 055 -0.01 0.05 0.06
Ba 0.75 047 0.17 0.25 0.01
Mn 0.74 028 031 0.22 0.11
Rb 0.73 034 045 0.09 0.28
Vv 0.72 -0.22 0.17 0.07 0.14
Cr 066 040 0.26 0.35 0.26
Tl 0.60 0.40 -0.07 040 -0.06
S 0.51 0.42 043 0.20 0.22
As 0.40 0.78 0.20 0.26 -0.14
Sb 0.26 0.78 0.19 0.27 -0.27
P 0.42 0.54 0.24 0.04 0.31
Na 0.05 0.00 0.89 0.23 0.07
Mg 0.52 031 0.71 0.22 0.04
Ca 0.51 0.16 0.64 0.18 0.19
K 0.41 0.34 0.58 0.08 0.16
Cu 0.20 0.07 0.25 0.86 0.08
w 0.17 0.24 0.19 0.83 0.06
Sn 0.20 -0.23 0.05 0.21 0.88
Zn -0.15 -0.08 0.04 -0.15 0.86
Pb 0.34 0.26 0.28 0.24 0.65
Cd 0.36 0.28 0.20 0.53 0.54

Percentage of
variance (%) 57.77 9.75 6.55 459 4.06

Cumulative (%) 57.77 67.52 74.07 78.66 82.72
*TLoid: The sum of lanthanoid elements flux.

F1 (Crustal), accounting for 57.8% of the variance, was dominated by the typical
elements from the Earth's crust Al, lanthanoid elements, Zr, Ti, Fe, Ni and Co. Other

elements highlighted in this factor were Nb, Ba, Mn, Rb, V and Cr. The source of these
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elements may be related to the impact of Saharan dust intrusion and to the
resuspension of soil. F2 (Combustion), with 9.8% of the variance, was represented by
higher loading of As and Sb. The origin of this factor is not clear but may be related to
the incineration of solid wastes that take place in an outdoor dump located about 1 km
N of the sampling site and other burnings including fossil fuel combustion. In the
literature, these elements have been related to the contribution from waste incinerators
and oil combustion (Gao et al., 2002; Venturini et al., 2013). F3 (Marine) accounted for
6.6% of the variance and was represented by the typical constituents of the marine
aerosol Na and Mg. F4 (Traffic), with 4.6% of the variance, is dominated by Cu and W,
which are typical tracers of non-exhaust traffic emissions (Grigoratos and Martini, 2015;
Johansson et al., 2009). The last factor F5 (Industrial) was associated to the elements Sn,
Zn and Pb explaining 4.1% of the variance. In the literature these elements have been
often linked with metal, cement and asphalt production and also with combustion in
industries (Taiwo et al., 2014). The most likely sources in the region may be the
emissions coming from the industrial activities in Cienfuegos city including scrap storage,
classification and transportation activities and from the cement plant located 25 km at

NE.

The monthly average contributions of the different sources, calculated by MLRA, are
shown in Figure 5.8. The crustal and marine sources were dominant, contributing with
39.5 and 38.2% of the bulk atmospheric deposition, respectively, while 6.7% were
derived from the combustion sources, 8.7% related to industrial activities, 1.4% from
road traffic and 5% undetermined. Although natural sources dominated the
atmospheric depositions, the source apportionment demonstrated the influence of the

anthropogenic emissions in the studied rural site.
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Figure 5.8. Average contribution of the different sources determined by PCA-MLRA to the bulk

atmospheric deposition in the period 2014 — 2016 in Cienfuegos.

3.5.2. Cluster analysis

The dendrogram in Figure 5.9 shows the result of the CA. For its interpretation have
been highlighted 5 distinct clusters which are consistent with each identified factor from
the PCA analysis. Some of the highlighted elements clusters may contribute to a better

interpretation of the identified major sources (from the PCA analysis).

In cluster 1 the elements As, Sb, S, Tl, P and K are associated, representing the
influence of different burnings. In addition to the waste incineration (As and Sb), this
cluster reveals the influence of the wood burning (K and Tl), probably related to the
charcoal production around the sampling site, and the fossil fuel combustion as a result
of the use of S-rich Cuban crude oil and diesel in the TPP, other industries, trucks and

ships.

The elements Al, Zr, Fe, Ti, Rb, Ba, Nb, TLoid, Cr, Mn, Co and Ni were grouped in
cluster 2 indicating a common crustal origin. High fluxes of most of these elements were
associated to the Saharan dust intrusions in this study, a result similar to that reported
in nearby areas (Prospero et al., 2001). The high dissimilarity of V with respect to the
rest of elements in this cluster is probably related to some anthropogenic contributions

of this element as noted when we discussed the EFs.
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Finally, clusters 3 (Na, Mg and Ca), 4 (Cu and W) and 5 (Cd, Sn, Pb and Zn) clearly

represent the marine, traffic and industrial influence, respectively.

Figure 5.9. Hierarchical clustering on variables for major and trace elements in bulk atmospheric

deposition (using the Ward method).

4. Conclusions

In this study we monitored and chemically characterized the monthly bulk
atmospheric depositions in a coastal rural site in Cienfuegos (Cuba). No significant
correlation was found between meteorological factors (precipitation, temperature or
relative humidity) and the monthly bulk depositions or the monthly flux of major and
trace elements. We attributed this result to the fluctuations of the emissions from their
main sources rather than to meteorological factors controlling the deposition processes.

No seasonality was observed with the dry and wet periods. However, strong correlations
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were found between typical crustal elements, which showed a marked seasonality with

the presence of Saharan cloud dust in the Caribbean.

Most of the studied elements were found in the range of variation of those reported
in rural environments around the world, but some trace elements such as V, Ni, As and
Sb presented higher levels, typical of urban and industrial areas. Atmospheric
depositions were highly enriched (EF>100) with Zn and moderately enriched
(10<EF<100) with Sb, Pb, W, Sn, S, Cu, Mo, Nb and P, indicating significant contributions
of these elements from anthropogenic sources. The rest of the elements were less
enriched confirming their predominant crustal origin. The La/V ratio values were found
to be exclusively lower than 0.06 suggesting the prevalence of anthropogenic emissions
from industries with oil and/or petroleum-coke combustion processes rather than from
the refinery. We corroborated the consistence of our data with a LaCeV composition

characteristic of emissions related to the TPP, cement plant and, eventually, road dust.

Five main sources of elements were identified by multivariate statistical analyses
(PCA-MLRA and CA): crustal matter (39.5% of the bulk deposition), marine aerosol
(38.2%), combustion including waste incineration, wood and fossil fuel burning (6.7%),

industrial emissions (8.7%) and road traffic (1.4%).

This study represents the first exhaustive report on element deposition fluxes
directly measured in bulk deposition in Cuba and significantly expand the database for
the Caribbean region. The evidences and results provided here could be of help to
establish efficient environmental strategies for the improvement of the quality of the

air and ecosystems.
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General discussion

1. Air quality and environmental implications

Particulate matter (PM) is a complex mixture of extremely small particles and liquid
droplets suspended in the atmosphere originated from a wide range of sources such as
traffic, industry, energy production, arid regions, domestic combustion or biomass
burning, among others (U.S. EPA, 2016). Consequently, its composition and size is widely
variable in space and time (Cheng et al., 2016; Seinfeld and Pandis, 2012). Nowadays,
particles, and particularly those with mean aerodynamic diameter below 10 um (PM1og),
are a concern because they are related with many adverse effects on human health,
ecosystems and climate (Grantz et al., 2003; Kanakidou et al., 2005; Mukherjee and

Agrawal, 2017; Pope and Dockery, 2006).

In the present thesis both the concentration and the chemical composition of
atmospheric particulate matter have been studied in the coastal region in Cienfuegos,
Cuba. The levels of PM1o and bulk atmospheric depositions, their chemical and isotopic
compositions and their main sources of contribution have been assessed in Chapters 2,
3, 4 and 5. In this chapter we discuss the implications of the results obtained in those

chapters for air quality and the environment.

The results presented in this dissertation provide, to our knowledge, the largest
datasets published so far on atmospheric chemical element concentrations and
depositional flux measurements in Cuba. The levels and composition of aerosol samples
in a rural area and the concentration of elements such as Be, total carbon (TC), Al, P, Co,
Se, Rb, Sr, Cs, Ba, Hf, Tl, Th, U, Ge, Zr, Nb, Mo, Sn, Sb, W, Hg and lanthanoid elements
(La to Lu) in an urban area are reported for the first time in Cuba. Stable carbon and
nitrogen isotope composition in aerosols and most of the atmospheric fluxes of the
studied elements are also reported for the first time in the country. Therefore, these
results expand significantly the existing datasets in Cuba so far, providing a useful
information to study air quality and the potential impact of air pollutants on human

health and on terrestrial and aquatic ecosystems.

Figure 6.1 shows the concentration range of PM1p and major and trace elements

measured in PM1o in this study (results shown in Chapter 2) that are regulated in the
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Cuban legislation for air quality (NC 1020, 2014). Additionally, the Cuban ranges (see
Tables 1.5 and 1.6) for the elements determined in PMip have been included. The
obtained values are within the range of variation, and in some cases below (As and Cd),
of those reported in other regions of the country. Although all major and trace elements
in PM1o determined in this study were below the MAC established in the Cuban
legislation for air quality (NC 1020, 2014), this was not the case for the total content of

particulate matter.

[ Rural site (this study) [l Urban site (this study) [l Cuban range  —— 24h-MAC (NC 1020, 2014)
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Figure 6.1. Concentration range of PMio and major and trace elements in the studied sites in
Cienfuegos. Concentration ranges obtained in different studies carried out in Cuba (see Tables
1.5 and 1.6) (Barja et al., 2013; Cuesta Santos et al., 2014; Martinez Varona et al., 2015, 2013;
Molina Esquivel et al., 2011; Pérez et al., 2009; Romero Placeres et al., 2006; Suarez Tamayo et

al., 2010) and the 24h-MAC set in the Cuban legislation for air quality (NC 1020, 2014).

Levels of PM1o measured in the rural sampling site (24.8 + 12.1 pg m3) were lower
than those measured in the urban site (35.4 + 13.6 ug m3). Even though the annual MAC
(30 ug m3) established by the Cuban legislation was only exceeded in the urban station,
the annual PM1o value in both studied sites fell below the limits of WHO Air quality
guideline (20 pg m3). The PMyo daily limit (50 ug m3) established in the Cuban legislation
was exceeded 3 and 8 times in the rural and urban site, respectively. In a PMig
monitoring study that we carried out in 2016 at 3 different sites in the city of Cienfuegos

(traffic, urban and sub-urban background sites, see Figure 6.2 and Annex 1), we found
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similar values to those recorded in 2015. In that monitoring campaign the lower values
were observed in the sub-urban background site where, according to the prevalent wind
direction, a lower impact of road traffic, shipping and power plant emissions was
expected. Highest values were observed the other two sites (traffic and urban

background), in each of which an exceedance event occurred.
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Figure 6.2. PMyo in a traffic (A), urban (B) and sub-urban (C) background sites in Cienfuegos in
2016.

Similar results have been also reported in urban sites in Havana and Camagliey
during the last 12 years, which in turn were very different from those reported before

2006, when higher PM1o (>60 pg m3) levels were recorded (see Table 1.5). These results,
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and the existence of similar meteorological conditions throughout the island, may
suggest that there are similarities in terms of air quality in different cities of the country
over the last years, which in turn, may be related to a regional impact governed by the
Saharan dust intrusions (Mojena Ldpez et al., 2015). In this regard, our results can
provide the basis for environmental managers to adopt control strategies in order to
reduce the impact of PM1g pollution, not only in the studied region but also in the rest

of the country.

The maximum value recorded for PMi in the rural and the urban sites was,
respectively, 69.5 and 84.5 pg m3. According to these values, the Air Quality Index (ICA),
included in the legislation NC 111: 2004 (NC 111, 2004) and calculated using the
Equation 1.14, was 139 and 169, thereby indicating a “deficient” air quality at both sites.
According to this legislation, these values still do not lead to a “situation of attention”
(200<ICA<299: “poor” air quality) or “alert” (300<ICA<499: “very poor” air quality);
nevertheless, under such conditions, a slight increase in the frequency and severity of
acute and chronic adverse health effects can occur in the general population and,
especially, in people with cardiovascular, respiratory and allergic diseases (NC 111,
2004). In that case, the legislation proposes the establishment of environmental
programs to prevent the increase of air pollution and achieve their progressive

reduction until reaching an ICA<80.

In general, the establishment of environmental programs to reduce or limit the
emission of air pollutants involves the identification of the main pollution sources, their
contributions and temporal variation (seasonality), among other features. The analytical
and statistical approaches employed to carry out the studies presented in the previous
Chapters allowed the identification and the chemical and isotopic characterization and
guantification of the main local and long-range pollution sources contributing to the PM

pollution in Cienfuegos.

As stated in Chapter 2, the PMF source apportionment analysis and the use of
integrated statistical approaches and atmospheric transport models (CBPF and CWT) led
to the identification of 5 main PM1p sources in the studied sites: Saharan dust intrusions,

marine aerosol, combustion sources, road traffic and cement plant and quarries. Major
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contributions were estimated to be derived from crustal matter (Saharan dust) and
combustion sources (wood and fossil fuel burning) in both the rural and urban sites (see
Figure 6.3). Globally, contributions related to anthropogenic sources (considered as the
sum of combustion sources, road traffic and the cement plant and related activities)
accounted, on average, for 53 and 61% of the total PM1o mass in the rural and urban
sites, respectively. These results reveal the strong anthropogenic influence in the rural
site, largely determined by activities developed in the urban area. Consequently, this

site cannot be considered as a rural background area.

Rural site Urban site
‘Sahar?n Saharan
intrusions intrusions
20% 26% ® Marine aerosol 26% B Marine aerosol

. Combustion

Combustion 22%

33% Cement plant
Background o
(road traffic + M Road traffic

cement plant)

Figure 6.3. PM1o mass contribution from the identified sources in Cienfuegos after the PMF

source apportionment analysis.

In the same way, the study of lanthanoid elements (Chapter 3) and the Cand N stable
isotope composition of PMig (Chapter 4) provided a very useful information to
understand the sources of atmospheric pollution in Cienfuegos. The lanthanoid dataset
from Cienfuegos was consistent with a mixture of crustal (dominated by Saharan dust)
and anthropogenic contributions (oil combustion), producing a similar trace elements
composition in both sites that was illustrated on diagrams such as Figures 3.4 and 3.6.
These results corroborated the influence of common sources and revealed the lack of
any strong influence from refinery emissions at both sites. On the other hand, 6'3C and
S'°N signatures (Tables 4.1 and 4.2) were particularly useful to help elucidate the
primary sources of contribution of these elements (dominated by emissions related to
fossil fuel combustion and cement plant and quarries) and the secondary atmospheric

processes [formation of (NH4),S04] affecting the final content and isotope fractionation
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of N in ambient PM1o. These results also confirmed the strong influence of combustion

sources in both sites.

In view of these results, it is clear the dominance of local anthropogenic sources,
especially at the urban site. Nevertheless, special attention should be paid to the
Saharan dust contributions. Since the amount of crustal PM present in Cienfuegos air
depends on controlling factors such as the seasonality of Saharan dust intrusions and
therefore the climatic conditions in the region, the early prediction and identification of
such events, as well as the quantification of their contribution, is essential in order to

develop effective air quality management strategies.

Evidences discussed in Chapter 2 demonstrated that Saharan dust reached the
country between April and August 2015 and had a major impact on air quality, even
overwhelming local anthropogenic emissions in many sampling days. Indeed, the
Saharan dust contribution (Figures 2.4 and 2.7) represented more than 60% of the total
PM1o mass measured when its daily limit was exceeded, making clear the importance of
the long-range transported dust when assessing air quality. Despite of the growing
interest in relation to this issue and in the Caribbean region (Bozlaker et al., 2018, 2013;
Prospero et al., 2014) and particularly in Cuba (Venero-Fernandez, 2016), the impact of
this pollution source on human health has not been adequately addressed. There are

still difficulties to discriminate between local and global dust sources.

The tracing of dust aerosols to specific sources based on composition characteristics
is difficult because of the diversity of soils and the complexity of the soil emission
processes which can lead to a fractionation of different mineral components (Bozlaker
et al.,, 2018). Moreover, the mixing of dust from different locations during transport
across thousands of kilometers throughout a period of days to a week or more tends to
smooth out the compositional differences in dust from different regions (Kumar et al.,
2014; Pourmand et al., 2014). Additionally, dust-loaded air masses can also mix with
aerosols emitted from other natural (e.g. marine emissions and wildfires) and
anthropogenic (e.g. ships and industrial emissions) sources during atmospheric
transport, thereby altering the bulk mineral and chemical composition of PM. These

difficulties are added to the fact that the link between air quality and health is largely
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based on studies in urban regions, where the atmospheric concentration of species is
strongly linked to anthropogenic activities and also to the absence of routine air quality
monitoring programs in many sites of interest, like pristine or rural areas (Prospero et

al., 2014).

To our knowledge, this is the first work where the impact of African dust on rural
and urban ambient PM has been identified and quantified simultaneously in the
Caribbean region. Thus, our evidences and approaches will assist regulatory agencies in
isolating and quantifying long-range transport dust events and developing targeted
management strategies to comply with air quality regulations. More specifically, they
will be a valuable tool to review the current legislation on air quality assessment in Cuba
and they will allow, where appropriate, exceptions when local PM levels exceed national
standards under “exceptional circumstances” (e.g. high contributions from a natural
origin like African dust outbreaks). In order to account for the impact of such events, it
is necessary to develop a set of diagnostic indicators for African dust (Amodio et al.,
2012; Prospero, 1999; Querol et al., 2009). The PMjo elemental composition, more
specifically the concentration of the crustal elements Al, Fe and Ti (Figures 2.4 and 2.7),
the total content of lanthanoid elements (Figure 3.3) and the lanthanoid elements
composition (Figures 3.4 and 3.6), all coupled with atmospheric transport models

discussed in Chapters 2 and 3, appear to be particularly useful to that end.

Other implications of the long-range transported African dust lie in its impact on
coastal ecosystems. Nutrients associated with African dust have been linked to toxic
algal blooms (usually presented as red tides) in the Gulf of Mexico and the coastal
environment of South Florida (Lenes et al., 2012; Walsh et al., 2006). During summer
2015, between 23 and of 26 July, around 60 cases of skin lesions (most of them in
children) were recorded from some popular beaches in Cienfuegos Bay. These lesions
were linked to toxic algal blooms that appeared as reddish-brown patches near the
shore of the affected beaches and persisted until middle September (Moreira Gonzélez
et al.,, 2016). In our study (results presented in Chapter 2) the major Saharan dust
intrusions (PM1o values above 40 pug m=3) were detected in the same region in late June
and July 2015, being more than 50% of the total mass of PM1o attributable to Saharan

dust (see Figures 2.4 and 2.7). Although these results are not conclusive, the input of
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nutrients from long-range transported dust and the extreme weather conditions in Cuba
in this period (high salinity, temperature, irradiance and water residence time) could be
an optimal scenario for algal bloom-forming. Thus, there is a clear need for coordinated
studies on long-range dust events. This implies the execution of integrated projects to
relate the concentration of nutrients in PM, to the content of these elements in sea
water samples and to the algal bloom events occurring in the coastal zone. The
approaches used in this thesis can also serve to adequately address this issue in the
studied region or in other similar regions affected by long-range transport of particulate

matter.

In this sense, the study of the particles removed from the atmosphere, mainly by
wet and dry deposition processes at urban, regional, and global scales (U.S. EPA, 2009),
provides the basis to better understand the dynamics and origin of several pollutants in
the environment, as well as their impact. The study presented in Chapter 5, allowed us
to estimate the monthly transfer of elements from the atmosphere to the Earth surface
in the Cienfuegos region. This kind of information has proved to be especially useful to
study the sedimentation and deposition of nutrients in aquatic and terrestrial
ecosystems (Cao et al., 2011; Castillo et al., 2013; Cundy et al., 2003; Sabin et al., 2006),
the direct effects on metabolic processes of plant foliage, soil biogeochemistry and
microbiology and marine productivity, as well as the contribution to total organics
loading resulting in bioaccumulation and biomagnification across trophic levels (Grantz

et al., 2003; Okin et al., 2011; U.S. EPA, 2009).

As mentioned in Chapter 5, the monthly deposition of inorganic elements varied
greatly throughout the study and no seasonality was observed, which were attributed
to the fluctuations of the emissions rather than to meteorological factors controlling the
deposition processes. Atmospheric fluxes of typical crustal elements such as Al, Fe, Ti,
Co and Zr showed very similar distributions (Figure 5.3), with flux peaks in April and July
2015, coinciding with the occurrence of several African dust intrusions as described
above (see Figures 2.4 and 2.7). The high flux of mineral materials observed in July
(Figure 5.3), considerably higher than those observed in the rest of summer months,
demonstrated that there was a significant contribution of nutrients to the aquatic

ecosystems in the region, supporting the idea discussed earlier about the implication of
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the Saharan dust on the occurrence of algal blooms in the beaches of the Cienfuegos

Bay.

Atmospheric deposition has been regarded as the primary source of heavy metals
and nutrients entering into the soil and water reservoirs in many sites around the world
(Ayars and Gao, 2007; Gray et al., 2003; Pereira et al., 2007; Yi et al., 2018). The annual
flux of nutrients and pollutants over terrestrial and aquatic ecosystems is thus an issue
of primary concern. Table 6.1 provided the annual fluxes of the elements studied in
Chapter 5. Results have been estimated as the annual pondered sum of the monthly
fluxes in each year of study. It should be noted that typical crustal elements (Al, Fe, Mg,
Ti, Mn, Rb and Co) and nutrients such as TC and P presented the highest fluxes in 2015,
when skin lesions were reported in some beaches in Cienfuegos Bay. It is also important
to note the decrease observed for Cu, Mo and W, typical tracers of traffic emissions,
probably indicating a lower impact in recent years. In contrast, industrial markers such
as Pb, Zn, Sn and V increased. Therefore, environmental managers could adopt strategic
measures to improve air quality based on the knowledge of the main pollution sources
and associated emissions and depositions in the region, their inter- and intra-annual

behavior and their relation with local and regional conditions, all provided in this study.
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Table 6.1. Annual bulk deposition (BD) and annual flux of elements determined in a rural site in

Cienfuegos, Cuba.

2014 2015 2016 2014 2015 2016
Kg haly? mg haly?
BD 166 + 53 180+ 63 157 +£53 Cd 278 +116 252+115 275+120
TC 37.2+123 416151 36.5+12.7 W 257 £122 106 £55 85.0142.2
Ca 12.1+51 116+54 11953 Pr 236+ 96 246 £ 109 220+ 94
Na 9.2+3.8 11.1+5 99143 Nb 202 +£108 213+124 163 +91
N 47+1.6 46+1.7 3.8+1.3 Th 201+ 80 196 + 85 150 + 62
S 42+2 43+23 3.8+1.9 Sm 184+ 72 192 + 83 180+ 74
Al 25+14 26+1.6 23+14 Gd 166 + 65 175+ 75 167 £+ 68
K 23+0.9 24+1 23+0.9 Dy 129+54 137+ 62 134 £ 58
Fe 2.2+0.9 23+1 1.9+0.8 Ge 127+ 64 123+ 68 92149
Mg 1.7+£0.7 2.0+0.8 1.6+0.7 Cs 109 +43 104 + 45 219+91
ghatly? U 105+40 87.1+36.6 72.3+29.1
P 381+161 415+192 344+152 Er 70.9+295 75.7+345 7441324
Ti 109 £ 65 126 +82 96.7£60.3 Tl 66.3+42.2 48.0+33.5 31.2+20.8
Zn 70.0+27.4 330%142 235197 Yb 62.1+259 66.1+30.2 66.0+28.9
Mn 56.1+19.9 60.9+23.6 49.5+184 Be 61.8+24.1 60.6+25.8 43.4+17.7
Cu 544+222 242+10.8 20.6+8.8 Hf 52.2+62.8 52.3+68.9 48.8+61.5
Sr 40.0+16.6 29.9+13.6 29.3+12.7 Eu 47.1+18.6 486121 46.2+19.1
\' 33.7+129 36.8+154 457+18.3 Ho 25.0+89 339+13.3 91.8+34.4
Ba 22.1+85 193+81 154+6.2 Te 19.1+15.7 19.7+17.7 8976
Pb 19.6+8.3 20.2+94 31.2+139 Tm 100+4.1 10.7+4.8 114148
Ni 124+49 13.6+58 11949 Lu 9.2+3.6 10.3+45 11.1+4.6
Cr 10.6+46 11.7+5.6 8.0+3.7
Sb 9.8+3.8 145+6.1 09+0.4
Rb 89134 9.3+3.9 9.1+3.7
As 45+1.8 7.5+3.2 1.3+0.5
Ce 20+0.8 2.0+0.9 19+0.8
Mo 1.7+£09 0.7+0.4 1.0+0.5
Zr 1.7+0.8 1.8+0.9 1.6+0.7
Co 1.0+x04 1.1+04 0.9+0.3
La 1.0+04 1.0+04 1.0+04
Sn 0.9+0.6 0.9+0.7 20+15
Nd 09+0.4 0.9+0.4 09+0.4

Note: Total carbon (TC) and total nitrogen (TN) were not included in Chapter 5 but due to their
importance they have been included here (see Annex I). They were measured according to the
methodology described in Chapter 4.

As in the PM1p samples, the study of the atmospheric bulk deposition samples
revealed the anthropogenic origin of several elements such as Zn, Sb, Pb, W, Sn, S, Cu
and Mo (Figure 5.7), typically related to the industrial and road traffic emissions

(Grigoratos and Martini, 2015; Johansson et al., 2009; Querol et al., 2007; Taiwo et al.,
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2014). Such results and the application of different statistical approaches such as PCA-
MLRA source apportionment or cluster analysis, allowed to identify 5 main contributors
to the bulk atmospheric depositions collected in the rural site (Figure 5.8): crustal matter
(39.5%), marine aerosol (38.2%), combustion (6.7%), industrial activities (8.7%) and
traffic (1.4%). These sources were similar to those isolated by the PMF analysis on PM1g
samples (Figure 6.3). The main differences observed in the estimated contributions are
attributed to the different particle fractions studied. It is expected that in bulk
deposition, the concentration of coarse particles (greater than 10 um) be significant, as
a consequence of the mechanical disruption of large particles by crushing or grinding,
the bursting bubbles in the ocean (sea spray) or the dust resuspension (Cao et al., 2013;
Cesari et al., 2012). As a result, higher crustal and marine fractions were observed in

bulk depositions.

In addition to the separate evaluation of the impact of the aerosols and atmospheric
depositions, the simultaneous monitoring of PM1o and bulk deposition samples during
2015 have relevant implications on assessing the impact on air quality and terrestrial
and aquatic ecosystems. Both approaches can be used to calculate the total (wet plus
dry) deposition velocity (V;) of the studied elements, a critical parameter for
environmental modeling purposes (Chance et al., 2015; Maro et al., 2014; Roupsard et
al., 2013). Taking into account that data required for the calculations of V; are often
limited, empirical estimates of V/; and calculations using radiotracers like ’Be and 21°Pb
have been usually applied to improve the parametrization of deposition models (Chance
et al., 2015; Laguionie et al., 2014; Percot et al., 2013; Roupsard et al., 2013; U.S. EPA,
2009). Then, our results are very suitable to alleviate these limitations and expand the

existing databases.

The V; for any element can be determined by the ratio between the total flux (F) of
an element to the Earth’s surface and its concentration in air (C) at the Earth surface
(V; = F/C) (Duefias et al., 2005). The average V; of the studied elements, estimated
by taking into account the fluxes of bulk deposition and the concentrations in
atmospheric PM1o provided in Chapter 2, 3 and 5, are shown in Figure 6.4. The total
deposition velocity generated in this way is, therefore, a function of aerosol particle sizes

(e.g. elements with higher velocities such as Ca, Mn, Fe, La, Ce, Rb and Al, are partially
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attributed to the dominance of the largest aerosol particles dominated by gravitational
settling) and environmental conditions such as precipitations (amount of rainfall,
number of rainy days, duration, among other parameters) and wind speed (that can

induce resuspension).
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Figure 6.4. Average total deposition velocity (V;) determined in a rural site of Cienfuegos during

2015. Bars represent the standard deviation (1c).

Once calculated, V,; can be used to determine the fluxes of pollutants to the Earth’s
surface from the concentration of these pollutants in air (Gao et al., 2016; loannidou,
2012) or, in our case, to determine the concentration of air pollutants from their fluxes
(reported in Chapter 5 from 2014 to 2016). Figure 6.4 shows the estimated average
concentrations of the studied elements in 2014 and 2016 along with the average
concentration of 2015. Although the estimated concentrations were derived from
deposition velocities directly calculated for each element, bulk deposition varied
temporally depending on many factors. Therefore, it is likely that these values have an
associated uncertainty. For most of the elements, the estimated concentrations are
comparable to the values measured in 2015, although slightly lower. The highest
differences are observed in crustal elements like Al, Fe, Ti, Ce and La. As described in
Chapters 2 and 3, the high concentrations of these elements are associated to Saharan

dust intrusions, indicating a stronger long-range transport influence in 2015.
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Figure 6.5. Estimated average concentrations of the studied elements in 2014 and 2016 and
average concentration measured in 2015 in the rural site in Cienfuegos. Bars represent the

standard deviation (1c).

On the other hand, dry particulate deposition, especially of heavy metals, base
cations, and organic contaminants, is a complex and poorly characterized process
(Dammgen et al., 2005; U.S. EPA, 2009). For the determination of the atmospheric dry
deposition fluxes of trace elements in aerosols is necessary to have the dry deposition
velocity (V;4), instead of the V;. As our data are based in monthly bulk deposition (wet
plus dry), it is not possible to determine V,;,4; nevertheless, for specific purposes, a rough
estimation, based on data from the months without precipitation (or having little
precipitation, e.g. <20mm) could be addressed. However, we recommend to modify the

approaches used in this work in order to monitor dry and wet depositions separately.

Finally, the emissions from different pollution sources (power plant, traffic and
shipping exhaust emissions, road dust, top soils, bulk deposition around a cement plant
and petroleum-coke from the cement plant) were chemically and isotopically (6*3C and
8'°N) characterized, which can be the basis for future studies on air pollution and
environmental impact assessment. These results are very suitable for 1) calculation of
both receptor and source-oriented models (Amato et al., 2009; Gibson et al., 2013; Kim
and Hopke, 2005; Turtos Carbonell et al., 2007) and for 2) establishing specific tracers,
capable of discriminating different pollution sources (Lopez-Veneroni, 2009; Moreno et
al., 2010; Viana et al., 2009; Widory et al., 2004). Based on the knowledge acquired on
PM sources and the chemical/isotopic profiles provided by the measurement of samples

collected directly in several of these sources, we strongly recommend to preform
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constrained source apportionment analyses (Amato et al., 2016; Cesari et al., 2016) and
dispersion model calculations in order to continue improving the understanding on

aerosol properties and the processes that pollutants undergo in the atmosphere.
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General conclusions

The evaluation of the obtained results in the present thesis lead to the following

main conclusions:

1. Annual concentrations of PMyg in the rural and urban sites of Cienfuegos reached
24.8 and 35.4 pg m3, respectively. The highest concentrations were observed

between March and August at both sites, as a result of the Saharan dust intrusions.

2. Analyses of PM1g showed significant contributions of mineral matter, total carbon
and secondary inorganic compounds in the region, with highest concentrations in

the urban site. By contrast, marine contribution was higher in the rural site.

3. The PMjyo daily limit of 50 pg m3, established in the Cuban legislation for air quality,
was exceeded 3 and 8 times in the rural and urban sites, respectively. However,
concentrations of trace elements in both sites were below the maximum admissible

concentration set in this legislation.

4. According to the levels of PM1o and the current regulation NC 111: 2004, the Air

Quality is classified as “deficient” in both studied sites in Cienfuegos.

5. The applied statistical and model tools identified 5 main sources contributing to the
total PMqo in the studied region: Saharan dust, marine aerosol, combustion, road

traffic and cement plant and quarries.

6. Saharan dust contribution was quantified for the first time in Cuba, proving to be
one of the most important pollution sources. In fact, the contribution of this source

explained more than 60% of the PM1o in 10 of the 11 exceedance events.

7. Contributions from anthropogenic sources accounted, on average, for 53% and 61%
of the total PM1o mass in the rural and urban sites, respectively. Consequently, the

studied rural site cannot be considered as a rural background area.

8. Concentrations of lanthanoid elements were strongly modulated by the seasonality
of Saharan dust intrusions in the Caribbean, which suggest they can be used as a
signature for African dust. However, the origin of these elements was not exclusively

crustal, showing the influence of different anthropogenic sources.
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10.

11.

12.

13.

14.

15.
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83C signature in PMyo in Cienfuegos revealed the mixing contributions from two

main emitters: fossil fuel combustion and cement plant and quarries.

8'°N signature in PM1g in Cienfuegos suggested the formation of secondary nitrogen
under the form of (NH4),S0a4. Exchange between gas (NHs) and particle (NH4*) under
stoichiometric equilibrium in (NH4)2S04 can explain the >N enrichment observed.
However, primary nitrogen seemed to be generated by diesel road traffic and power
plant emissions.

Bulk depositions and fluxes of major and trace elements showed a high temporal
variability, although without showing any significant relation to dry and wet periods.
However, crustal elements showed a marked seasonality with the presence of
Saharan dust intrusions in the Caribbean.

Most of the elements in bulk depositions showed similar values to those reported in
rural environments around the world. On the contrary, V, Ni, As and Sb presented
higher levels than those typically found in urban and industrial areas. In addition,
samples were significantly enriched in Zn, Sb, Pb, W, Sn, S, Cu, Mo, Nb and P, thereby
revealing their anthropogenic origin.

Annual flux tendency of trace elements revealed a decrease of road traffic emissions
and an increase of industrial ones in the last years.

Statistical analyses enabled the identification of 5 main sources contributing to bulk
deposition: crustal matter (39.5%), marine aerosol (38.2%), combustion of wastes,
wood and fossil fuel (6.7%), industries (8.7%) and road traffic (1.4%).

The results presented in this thesis expand significantly the datasets already existing
in Cuba, providing a useful information to study air quality and the potential impact

of air pollutants on terrestrial and aquatic ecosystems.
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IAEA TC Project CUB/7/008 and National Program PNUOLU /4-1/ 2 No. /2014.

The field samplings, samples treatments and PM1o levels determinations undertaken
in this thesis involved to the Centro de Estudios Ambientales de Cienfuegos (CEAC) staff
and their facilities and were carried out in the framework of the IAEA TC Project
CUB/7/008 “Strengthening the National System for Analysis of the Risks and
Vulnerability of Cuba’s Coastal Zone Through the Application of Nuclear and Isotopic
Techniques” and the National Program PNUOLU /4-1/ 2 No. /2014 of the National
Nuclear Agency “Soluciones a problemas especificos del manejo integrado de cuencasy
areas costeras en Cuba, a través de técnicas isotdpicas y nucleares (TIN): Acidificacién
del Mar, Ciclo y Secuestro de CO;, Florecimiento de Algas Toxicas, Especies Invasivas,
Contaminacién ambiental, Erosion-Sedimentacidon-Transporte de Nutrientes vy

Contaminantes, Eutrofizacidn y Calidad de embalses de aguas”.

The main aim of these projects is to reduce specific problems for the sustainable
management of watersheds and coastal areas in Cuba, their conservation and
adaptation to climate change, with the introduction, development and validation of

nuclear and isotopic technologies.

To contribute to that goal, and in addition to the research studies presented in this
thesis, during this period (between 2014 and 2018) other research activities have been
carried out in close collaboration with the Laboratorio Integrado de Calidad Ambiental
(LICA). Although in the present PhD only a part of the findings related to those
investigations have been discussed, it is important to highlight the obtained results since

they constitute research lines in which we continue working:

a. Three epiphytic bromeliad species (Tillandsia recurvata L, Tillandsia fasciculata
and Tillandsia bulbosa) were monitored during 2015 in 24 sampling sites around
the Bay of Cienfuegos in order to evaluate their feasibility for air pollution
biomonitoring surveys. The only species found inside the Cienfuegos city
(Tillandsia recurvata L) was additionally monitored every three months at 4
sampling sites during 2015 and 2016. In parallel, and simultaneously, this specie

was monitoring at 5 sampling sites in the Santa Clara city (located at 50 km at NE
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of Cienfuegos). All collected samples were analyzed for their major and trace
elements (a total of 54 elements), TC and TN tissue contents, and their stable C
and N isotope composition (8'3C and 8'°N).

At the same time, top soil samples were collected in the same sampling sites and
analyzed for the same elements in order to evaluate their contribution by
resuspension. This led to the exhaustive characterization of top soil layers in the
studied areas. These results have been partially presented in Chapters 3 and 4
and they were employed for the calculation of the EFs presented in Chapters 2,
3 and 5.

Monthly bulk deposition samples, addressed in Chapter 5 for major and trace
elements, were also analyzed for TC and TN content and their stable isotope
composition (3'3C and 8'°N). These results have been partially presented in
Chapter 6. Additionally, these samples were analyzed to determine the
concentration of the atmospheric radionuclides ’Be, ?1°Pb, 13’Cs and %°K and to
calculate their monthly atmospheric depositional fluxes.

At the same time, 48h-PM1o samples were collected every 15 days in 2015 at the
urban and rural studied sites in order to determine the concentration of
atmospheric radiotracers (’Be, 21°Pb, *3’Cs and “°K). Similar to the discussed in
Chapter 6, these results can serve to calculate the total deposition velocity (Eq.
6.1) and to evaluate the feasibility of these radionuclides to trace processes of
transport and deposition of pollutants in the atmosphere.

A PM1o monitoring (24h-PMio samples every 2 days) was carried out at a traffic,
urban and sub-urban background sites in the Cienfuegos city during February,
March and April 2016, respectively. The main aim is to evaluate the PM1g levels
variability along the city and the influence of different sources of contamination.
Collected samples have been analyzed for their TC and TN content and their
stable isotope composition (8'3C and 8'°N), NH4*, SO4*, NOs, CI, pH and
conductivity according to the methodologies described in Chapters 2 and 4.
These results have been partially presented in Chapter 6.

A total of 31 road dust samples were collected in the main roads of the
Cienfuegos city in summer 2016. These samples were chemically characterized

for major and trace elements (a total of 50 elements), TC and TN contents, and
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their stable Cand N isotope composition (613C and 5'°N). These results have been
partially presented in Chapters 3 and 4.

A total of 18 PMio samples (9 from each sampling sites), from the samples
collected in the study shown in Chapter 2, were analyzed by scanning electron
microscopy coupled with energy dispersive X-ray analyzer in order to better
understand the characteristic and origin of the PM and support the results

discussed in Chapter 2.
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