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ABSTRACT

An air quality monitoring campaign by passive sampling techniques was carried out, for the first time, between
November 2016 and January 2017 on the Cape Verdean island of Fogo, whose volcanic mountain rises up to
2829 m. Levels of SO, and acid gases (HF, HCl, HNO3, H,SO, and H3PO,) were, in most cases, below the
detection limits. Alkylpentanes, hexane, cycloalkanes and toluene were the dominant volatile organic com-
pounds. The m,p-xylene/ethylbenzene ratios revealed that air masses arriving at Cape Verde have been subjected
to significant aging processes. High toluene/benzene ratios suggested extra sources of toluene in addition to
vehicle emissions. Deposition rates of total settleable dust ranged from 23 to 155mg/m?/day. On average,
organic carbon accounted for 15.6% of the dust mass, whereas elemental carbon was generally undetected.
Minerals comprised the dominant mass fraction. The dust levels were mostly affected by two main airflows: the
westerlies and the Saharan Air Layer. These air masses contributed to the transport of mineral dust from desert
regions, secondary inorganic constituents (50427, NO3~ and NH4") and tracers of biomass burning emissions,
such as potassium. Sea salt represented 12% of the mass of settleable dust. Scanning electron microscope ob-
servations of several particles with different compositions, shapes and sizes revealed high silica mass fractions in
all samples, as well as variable contents of carbonates, sulphates, aluminosilicates, Fe, Ti, F and NaCl, suggesting
that, in addition to the already mentioned sources, dust is likely linked to industrial emissions in the northern
and north-western coast of the African continent. Although some atmospheric constituents presented higher
concentrations near the crater, the small fumarolic activity still present after cessation of the eruption in
February 2015 has a limited impact on air quality, which is most affected by long range transport and some local
sources at specific locations.

1. Introduction

moving lava flows that travelled for several kilometres. Although the
eruption of the volcano has ceased in February 2015, minor fumarolic

Fogo is the island of the Sotavento group of Cape Verde that reaches
the highest altitude: nearly 3000 m above sea level at its summit, Pico
do Fogo. The island has an area of 476 km? and approximately 40,000
inhabitants. The economy is essentially based on agriculture and
fishing. The largest city, Sao Filipe, is located to the west. The island is a
stratovolcano that has been intermittently active. The volcanic cone
rises from a plateau about 8 km in diameter, called Cha das Caldeiras,
and the walls on the western side reach almost 1000 m and end in a
crater 500 m in diameter and 180 m deep. After 19years of quiescence,
Fogo volcano erupted in November 2014. The eruption produced fast-
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activity is still present at the edge of the new crater. Moreover, the
deposited ash is frequently remobilised by the wind causing significant
health concerns. Fogo has a tropical savannah climate characterised by
a relatively dry period and a wet period, the latter between August and
October. Because of the altitude, temperatures are slightly lower than
those of other islands of Cape Verde. The average annual temperature
on the coast is roughly 23-25°C, but decreases to values around
12-14°C on the highest locations. There is an ever blowing, sometimes
fierce sea wind on Fogo, which may temper temperatures. Nevertheless,
when the dry and dusty Harmattan winds blow from the Sahara Desert
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over West Africa, which frequently occurs between the end of
November and the middle of March, warm air is supplied to the island
and temperatures rise.

The Cape Verde archipelago does not have an air quality monitoring
network. Most of the studies have been carried out at the Cape Verde
Atmospheric Observatory (CVAO), in the Barlavento island of Sao
Vicente (Fomba et al., 2013, 2014; Jenkins et al., 2013; Miiller et al.,
2010; Niedermeier et al., 2014; Patey et al., 2015; Sander et al., 2013;
Read et al., 2012). CVAO aims to advance understanding of climati-
cally-significant interactions between the atmospheric remote back-
ground conditions and the ocean and to provide long-term data from
field campaigns. Trace gas measurements began at the site in October
2006. Chemical characterisation of aerosol measurements and flask
sampling of greenhouse gases began in November 2006, halocarbon
measurements in May 2007, and physical measurements of aerosol in
June 2008. On-line measurements of greenhouse gases began in Oc-
tober 2008. A study on the aerosol composition, sources and transport
was also conducted between January 2011 and January 2012 at the
former airport of Praia, in the south-eastern edge of the Sotavento is-
land of Santiago, within the CV-Dust project (Almeida-Silva et al., 2013;
Fialho et al., 2014; Gama et al., 2015; Gongcalves et al., 2014; Salvador
et al., 2016). All these studies provide temporal discrimination, but are
limited in what concerns the coverage of geographical patterns.

To our knowledge, no atmospheric monitoring study has been
conducted so far in Fogo, an island with unique characteristics. As
observed in other islands of the archipelago, it is expected that emis-
sions from the ocean and the outflow of Saharan and Sahelian dust also
affect Fogo. The long range transported air masses are mixed with
freshly emitted pollutants from local sources, likely including volcanic
ashes and fumaroles. The objective of the current study was to obtain,
by passive methods, the distribution of dust and gaseous pollutants in
this tropical Atlantic marine environment, in which the complex terrain
and the absence of significant anthropogenic sources makes it appro-
priate for evaluating remote atmospheric conditions. This information
is important not only to assess cumulative exposures, but also to better
understand local and transboundary sources, circulation patterns and
climate implications.

2. Methodologies
2.1. Sampling and analytical techniques

Due to the lack of electricity in many places and the complex topo-
graphy, a baseline air quality screening based on passive sampling,
starting on November 21, 2016, was carried out at 21 locations around
the island (Fig. 1). This period is representative of the long dry season,
since Cape Verde's climate is consistent through the year, with only a
rainy season in the early autumn months, with September providing al-
most half of the annual average rainfall for the islands. Thus, in this study,
atmospheric particulate matter settled by gravity involved only dry pro-
cesses. Settleable particulate matter was collected on 47 mm diameter
quartz fibre filters (Pallflex®), which were placed in uncovered petri
dishes (Analyslide® from Pall) of the same internal size. These sampling
devices were positioned at a height of approximately 120 to 150 cm
height above floor level to represent the breathing zone. Filter pairs were
exposed side by side to dust fall for 2 months. Before sampling, the filters
were conditioned for at least 24h in a room with constant humidity
(50%) and temperature (20 °C) in accordance with the European Stan-
dard EN14907:2005. After sampling, the filters were reconditioned, re-
weighed and stored at —18 °C until chemical analyses. The gravimetric
quantification was performed with a microbalance (RADWAG 5/2Y, ac-
curacy of 1pg). Filter weights were obtained from the average of six
consecutive measurements with variations between them of < 0.02%.

Passive sampling tubes for volatile organic compounds (VOCs), acid
gases (HF, HCl, HNO3, HBr, H3PO,4 and H,SO,) and SO, from Gradko
International Ltd. (UK) were exposed at the same sites for 3 weeks,
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starting on the same date as the settleable dust. These commercial
polypropylene tubes, containing a paper filter impregnated with
NaHCOj3 in glycerol or a tape treated with triethanolamine, were used
for collecting acid gases and SO, respectively. After exposure, the fil-
ters or tapes were leached in water and analysed by ion chromato-
graphy (Dionex ICS1100 ICU10), following the Gradko in-house
methods GLM3 (acid gases) and GLM1 (SO,), which were certified by
the United Kingdom Accreditation System (UKAS). VOCs were sampled
in stainless steel tubes packed with Tenax and then determined by
thermal desorption and gas chromatography coupled to mass spectro-
metry in accordance with ISO16000-6.

Each filter of a pair was analysed for its carbonaceous content by a
thermal-optical technique and for water soluble ions by ion chromato-
graphy. The respective pairs were investigated by scanning electron mi-
croscopy to determine the type of minerals present, their size and shape.

For analysis of the carbonaceous material, two 9 mm diameter filter
punches were used in each analytical run. Two replicate analyses for
each sample were performed, one with acidification of the filter, the
other without acidification. The difference between both determina-
tions provides a rough estimate of the carbonate content. The filter
punches were first heated in a non-oxidising atmosphere of N, in order
to volatilise the carbonaceous organic compounds (organic carbon,
0OC). After the first step of controlled heating, the remaining fraction
was burnt in an oxidising atmosphere (mixture of N, and O,) to evolve
elemental carbon (EC). The CO, resulting from the thermal desorption/
oxidation of particulate carbon was quantified by a non-dispersive in-
frared (NDIR) analyser. During the anoxic heating, some OC is pyr-
olysed (PC), and for that reason, it is quantified as EC in the second
stage of heating. The interference between PC and EC can be controlled
by continuous monitoring of the blackening of the filter using a laser
beam and a photodetector measuring light transmittance. Each one of
the replicates was previously acidified in order to evaluate the influence
of carbonates in the quantification of EC and OC. Punches of the filters
were exposed to vapours of hydrochloric acid (HCI - 6 M) for approxi-
mately 4h. After this period, the samples were transferred to a de-
siccator containing sodium hydroxide (NaOH), where they were kept
overnight. The purpose of this process was to neutralise any excess of
acid in the sample to protect de CO, analyser from corrosive HCI fumes.

Two other 9 mm diameter filter punches were subjected to extrac-
tion with 6 mL of Milli-Q ultrapure water under ultra-sonication for
15 min at room temperature. The liquid extracts were then filtered with
a 0.45um pore PTFE syringe filter to remove insoluble particles, and
analysed for water-soluble ions. A Thermo Scientific™ Dionex™ ICS-
5000 + capillary high-performance ion chromatographic system with a
dual pump was used. It enables the simultaneous determination of
anions and cations in a single run.

The other filter of each pair was analysed with a HITACHI SU-70
high resolution scanning electron microscope (SEM) equipped with a
Bruker energy dispersive spectroscopy (EDS) detector in order to detect
the chemical elemental composition of the dust particles individually.
The size and shape of each speck was also taken into consideration. The
chemical analyses were interpreted in terms of particle classes (e.g. Si
rich, S rich) and grossly comparable to mineralogical groups (e.g.
quartz, volcanic glass, sulphates) (Scheuvens and Kandler, 2014). One
of the aims of this study was to investigate the possible risk of the dust
particles to the individuals living at each sampling site. For this reason,
the highest concentration of each element was selected. Around 30
particles in each filter were analysed by SEM/EDS. The possible sec-
ondary emission influence of Si rich phases (fibres and basaltic glass)
when this EDS spectra were examined was taken into account, as well
as results from the standardless analysis.

2.2. Ancillary tools

A GPS (global positioning system) was used to record the co-
ordinates of every sampling station for later data mapping. The
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Fig. 1. Map of the archipelago and location of the sampling sites: 1 - S. Filipe, 2 - Monte Lantico, 3 - Portela, 4 - Ferndo Gomes, 5 - Monte Grande, 6 - Cisterno, 7 -
Monte Preto, 8 - Ponta Verde, 9 - Campanas de Baixo, 10 - Cova Figueira, 11 - Tinteira, 12 - Baleia (Pedreira), 13 - Relva, 14 - Mosteiros, 15 - Cutelo Alto, 16 - Pico
Lopes, 17 - Achada Furna, 18 - Dacabalaio, 19 - Estadncia Roque, 20 - Cova Tina, 21 - Portela.

distributions of pollutant concentrations or sedimentation rates were
drawn by the Surfer 8.0 software in which the data were plotted using
the kriging gridding method. The HYbrid Single-Particle Lagrangian
Integrated Trajectory model (HYSPLIT), developed by the U.S. National
Oceanic and Atmospheric Administration (NOAA), was run with the
National Centre for Environmental Prediction's (NCEP) Global Data
Assimilation System (GDAS, 1°) data set (Draxler and Hess, 1998;
Draxler and Rolph, 2003; Stein et al., 2015). Daily backward trajec-
tories were computed at 00:00, 06:00, 12:00 and 18:00 UTC, with a run
time of 240 h and an arrival height of 500 and 3000 m above ground
level. These values represent approximately the average altitude at
which a large part of the population lives and the highest elevation of
the island, respectively. A k-means cluster analysis for the two months
of sampling was performed to group air mass back trajectories into si-
milar groups, each one representing a typical meteorological scenario.
The optimum number of clusters to be retained was decided according
to the percentage change in within-cluster variance as a function of the
number of clusters. Hourly wind direction and wind speed data for the
island (Geoname-ID: 3374613; 14.94°N, 24.39°W, 2355 m a.s.l.) were
downloaded from the Meteoblue archives (https://www.meteoblue.
com), a meteorological service created at the University of Basel,
Switzerland, in cooperation with NOAA and NCEP. The wind rose for
the study period was plotted using Hydrognomon, a freeware developed
by the National Technical University of Athens.

3. Results and discussion
3.1. Settleable particulate matter

According to a technical guidance document on monitoring of
particulate matter by the UK Environmental Agency (EA, 2013), no

statutory or official air quality criterion for dust annoyance has been set
at European or WHO level. Also, there are no Cape Verdean standards

for dust deposition. Clark (2013) refers nuisance dust deposition limit
values from nine countries, ranging from 100 mg/m?/day in New York
State, USA, to 333 mg/m?/day in Finland. Dust deposition in Fogo Is-
land ranged from 23 to 155, averaging 51 mg/m?>/day (Fig. 2). The
highest deposition rates were observed in the vicinity of the crater,
where values fell in the range of dustfall limits reported by Clark (2013)
for different countries. For other locations on the island, the particulate
matter dry deposition rates were lower than 100 mg/m?/day and
therefore cannot be classified as nuisance dusts. Higher deposition rates
of total settleable dust (70-700 mg/mz/day) were monitored at back-
ground mountainous areas in northeastern Chalkidiki, Greece (Gaidajis,
2002). During a dust storm that hit the Al-Ahsa Oasis of Saudi Arabia
astonishing deposition rates of 2.84 = 1.2g/m?/day were registered
(Almuhanna, 2015). Average dust deposition rates ranging from
0.137 mg/m?/day in Penny Ice Cap (Canada) to 1233 mg/m?/day in
desert regions of China have been reported in a recent review paper
(Amodio et al., 2014). Particulate matter dry deposition rates varying
from 0.3 to 105.8 (average = 23.6) mg/m?>/day were obtained in Sierra
Nevada, a remote mountain site located in the south of the Iberian
Peninsula, close to the Mediterranean Sea (< 25km), far from direct
human activity, but highly influenced by Saharan dust intrusions
(Morales-Baquero et al., 2013).

It has been reported that, between December and February, atmo-
spheric particulate matter levels in Cape Verde are prompted by the
advections of African dust (Gama et al., 2015; Salvador et al., 2016).
Dust particles are transported in the so-called Saharan Air Layer (SAL),
the warm, dry and dusty airstream that expands from North Africa to
the Americas at tropical and subtropical latitudes. Furthermore, aero-
sols emitted in the boundary layer of North America are regularly ex-
ported to the North Atlantic free troposphere, where they experience
transatlantic transport in the westerlies. Is has been observed that the
westerly jet and the associated eastward moving cyclones contribute to
non-sea-salt-sulphate, nitrate and ammonium aerosol loads at Izana
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Fig. 2. Deposition rates of total settleable particulate matter (a), organic (b) and elemental carbon (c).

Global Atmospheric Watch Observatory at 2367 ma.s.l. in Tenerife,
Canary Islands (Garcia et al., 2017). This prevailing airstream that
flows across the North Atlantic at subtropical and mid-latitudes exports
polluted air from Northeastern Unites States, where the highest SO,
emissions occur. Moreover, dust emissions in a region that expands
from SW Texas northward throughout the High Plains, and subsequent
export to the Atlantic, may also affect the aerosol loads and composi-
tion in the archipelagos along the African coast. The High Plains are
among the major dust sources in North America. It has been pointed out
that conversion of land from natural vegetation to agriculture or pas-
turage could adversely affect surface levels of mineral dust by mod-
ifying surface sediments and soil moisture; as a result, the frequency
and amount of airborne dust increase (Garcia et al., 2017; and refer-
ences therein).

The possibility that these two main airflows (westerlies and SAL)
affect Cape Verde was tracked by means of backward trajectory

253

analysis. Six trajectory clusters were found (Fig. 3). The most frequent
air flows reaching the lowest height (500 m) were those represented by
clusters 1 and 3, grouping 49% of the total number of trajectories.
These clusters gather fast easterly and north-easterly trajectories of air
masses, respectively, coming from the African mainland or crossing the
coastal line of Morocco, Western Sahara, Mauritania and Senegal. The
main potential source areas in the northern border line of Morocco and
Algeria include oil and coal power plants, crude oil refineries and fer-
tiliser industries, among others (Rodriguez et al., 2011; Salvador et al.,
2016), contributing to the mixing of dust with anthropogenic aerosols.
Cluster 1 represents the transport of dust plumes originated in south
Sahara and Sahelian regions. Cluster 2 (30% of the total number of
trajectories) was constituted by regional north-easterly atmospheric
circulations over the Cape Verde archipelago, which prevailed over
advective air mass flows. The occurrence of north-westerly trajectories,
which were grouped into clusters 4-6 (21% of the total number of
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Fig. 3. HYSPLIT clusters of backward air trajectories arriving at 500 and 3000 m. Coloured lines represent the mean trajectory of each cluster. Clusters are numbered
and values in parentheses represent the percentage of backward air trajectories included in each cluster.

trajectories), was also observed. For the arrival height of 3000 m, the
air masses coming from North America are more displaced to the south.
The dominant cluster (38%) is the one that groups trajectories origi-
nated between the Sahel and the equatorial region. The influence of air
masses from North Africa is lost, while the Atlantic influence gains
visibility.

In the present study, most of the total mass of particulate matter was
usually made up of mineral material, whereas carbonaceous con-
stituents represented a less important fraction. A low carbonaceous
content in atmospheric particulate matter with aerodynamic diameter
lower than 10 pum (PM; ) collected over a 1-year long campaign in Praia
City, Santiago Island, was also documented by Goncalves et al. (2014).
In Santiago, OC and EC represented, on average, 1.8% and 0.41% of the
aerosol mass, respectively, suggesting that most of it was of mineral
origin. OC sedimentation rates in Fogo ranged from 2.1 to 21.1 mg/m?/
day (average = 6.3 mg/m?/day), accounting for 3.1-52.9% of the dust
mass (average = 15.6%). The highest OC sedimentation rate was ob-
served in an uninhabited agricultural location near the crater at 1900 m
(Fernao Gomes), where the maximum dustfall value was also registered
(Fig. 2). However, the OC mass fraction (13.8%) in settleable particu-
late matter for this sampling site was close to the average for the whole
island. During the eruption of 2014, the settlements of Portela and
Bangaeira, located within the caldera, 4-5km NW of Pico, were de-
stroyed by lava flows, which reached the boundaries of Ferndo Gomes.
An extensive agricultural area was flooded by the lava, including a vast
area used for agriculture, such as fruits, wine, vegetables, and coffee
plantations. For most places, EC accounted for < 1% by weight. Higher
particulate matter mass fractions were observed in samples collected at
Fernao Gomes (2.0%), S. Filipe (3.4%), Monte Grande (6.3%), Cisterno
(9.3%), Pico Lopes (2.4%) and Estancia Roque (5.1%). Following the
2014 eruption, intense ashfall was reported for the latter place, which is
situated on the flanks of the volcano. Monte Grande is a settlement in
the central part of the island, located at about 900 m in elevation, 10 km
east of the island capital Sao Filipe, where part of the evacuated caldera
communities was relocated following the last eruption. Besides the
additional human activities that followed the eruption, traffic emissions
may also contribute to the carbon levels observed in Monte Grande. The
village is linked by roads with other main settlements, bypassing S.
Filipe, including a route connected to the circular road that has access

to the capital. Pico Lopes is a small village where bonfires are often
detected, lasting for several hours, which may contribute to the rela-
tively high EC particulate matter mass fraction. Cisterno is also a small
village located at 900 m altitude in the western part of the island. Re-
levant local EC emission sources are unknown at this place. It should,
however, be taken into account that the small village is bordered by a
triangle of roads (EN3-FG-01, EN3-FG-06 and EM-SF-12).

Carbonate carbon was roughly inferred from the slope of the re-
gression line between total carbon (OC + EC) in acidified filters and
total carbon in non-acidified filters (Fig. S1). It was observed that CO5%
represented < 3% of total carbon, which corresponds, on average, to
about 0.5% of the mass of settleable dust. Salvador et al. (2016) re-
ported a PM;, mass fraction of 1.4% for this carbonaceous component
in samples collected in the surroundings of Praia City at Santiago Island
between January 2011 and January 2012. Since it is known that the
northern and western Sahara lies upon a carbonated lithology, and
taking into account that the long-range transport from these regions is
relatively frequent, a higher carbonate content would be expected.
Calcium carbonate is considered as the most chemically reactive mi-
neral component in aeolian dust particles (e.g. Laskin et al., 2005). Its
strong alkaline nature causes it to react promptly with acidic gases,
such as HNOs3, HCl, and SO, leading to the formation of the respective
salts (calcium nitrate, calcium chloride, and calcium sulphate). The
conversion of insoluble calcium carbonate particles to deliquescent
calcium nitrate through reaction with HNO3; was first observed in la-
boratory experiments (Krueger et al., 2004) and has also been further
confirmed in field studies (Laskin et al., 2005; Shi et al., 2008; Sullivan
et al., 2009). Low carbonate carbon contents are also consistent with
contributions from suspension of surface soils depleted of calcium
carbonate by weathering. The abundance of carbonate carbon is in-
fluenced by the presence of precipitation, as well as the underlying
formation in the region (Chow and Watson, 2002). Volcanic soils and
ashes, such as those in Fogo Island, are very acidic, providing favour-
able conditions for carbonate weathering.

On average, the sum of water soluble ions represented 18% of the
mass of settleable dust. The mean contribution of Na*, S0,2~, Ca®*,
Cl™ and NO3~ (the major water-soluble components) to the total mass
of settleable dust was 6.2, 4.8, 3.6, 2.3 and 0.65%, respectively
(Table 1). These five constituents accounted for 23.4, 22.7, 16.1, 14.9



C.A. Alves et al.

Table 1
Deposition rates of some water-soluble ions (mg/mz/day).
F~ cl- NO,~ Br~ S04%~ NO3~
Min < DL < DL < DL < DL < DL < DL
Max 0.75 4.57 0.05 0.04 10.21 0.95
Avg 0.17 0.86 0.01 0.01 1.92 0.24
PO~ Na* NH,* Mg?* K* Ca®*
Min < DL < DL < DL < DL < DL 0.02
Max 1.09 8.59 0.31 0.47 0.95 3.62
Avg 0.21 2.10 0.14 0.09 0.27 0.91

DL - detection limit.

and 7.0% of the total mass of ions analysed, correspondingly. Although
minor, still appreciable mass fractions were measured for K* (0.7%),
NH,* (0.4%) and Mg®* (0.23%). The equivalent ratio of cations to
anions is a good indicator of the acidity of the particulate matter. Based
on the measurements, this ratio was, on average, close to 1.7. The
presence of organic anions (oxalates and other short-chain organic
acids), and compounds produced by phytoplankton activity in the sea
(as MSA, methanesulfonic acid), which were not measured in the pre-
sent study, may explain the deficit of negative species (Kerminen et al.,
2001). For the sampling campaign carried out in Praia City, Salvador
et al. (2016) reported the following percentage PM;o mass fractions:
Cl~ 9.0, Na* 6.8, SO,%>73.2, NO3%>72.0, Ca®** 1.4, Mg*>" 0.65, NH,*
0.36 and K* 0.0004. It must be borne in mind that these researchers
carried out daily PM;, sampling over 1-year in a single location, while
the present study refers to total settleable dust over 2 months at mul-
tiple sites. Salvador et al. (2016) showed that some components asso-
ciated with secondary inorganic compounds (504>, NO;~ and NH,*)
increased when Saharan dust blows over the Atlantic. Rodriguez et al.
(2011) also demonstrated that dust is very often mixed with North
African industrial pollutants and exported to the Canary Islands in the
SAL. Furthermore, as observed in Tenerife, Canary Islands, it is likely
that secondary inorganic compounds observed in Fogo are also asso-
ciated with one transport pathway from North-eastern USA at ~40°N
and another route linked to the North American outflow by Canada and
subsequent transatlantic transport at high latitudes and circulation
around the Azores High (Garcia et al., 2017). However, a study invol-
ving temporal variability in concentrations and chemical speciation of
settleable dust, combined with high resolution backward air trajec-
tories, would be needed to draw firm conclusions.

The NO5;~ /S04~ mass ratio has been used to identify the relative
contributions to the atmospheric particulate matter from mobile versus
stationary sources. The low mean ratio obtained in Fogo (0.3) could be
ascribed to the predominance of long-range transport of emissions from
stationary sources over pollution from mobile sources. This ratio is in
the range of values reported for Chinese cities where coal combustion is
the dominant source (Cao et al., 2009). NO3~ /SO,2~ mass ratios
varying from 2 to 5 were obtained by Kim et al. (2000) in downtown
Los Angeles and in Rubidoux in Southern California, USA, where traffic
is the main emitter of air pollutants.

Sea salt can be estimated as 1.47 x Na* + Cl~, where 1.47 is the
seawater ratio of (Na* + K* + Mg®** + Ca®** + SO,2” + HCO3)/
Na™ (Quinn et al., 2002). This approach prevents the inclusion of non-
sea-salt K*, Mg>*, Ca®*, SO,%~ and HCOj5~ in the sea-salt mass and
allows for the loss of Cl™ mass through depletion processes. It also
assumes that all measured Na* and Cl~ are derived from seawater. Sea
salt sedimentation rates ranged from 0.30 to 27.6, averaging 3.94 mg/
m?/day. This represented 12% of the mass of settleable dust. It has been
observed that sea salt concentrations in PM;, collected at the CVAO
strongly depended on meteorological conditions and sampling height
(Fomba et al., 2014). During days with high wind speeds the sea salt
concentrations increased strongly, in this observatory. The highest wind
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speeds were frequently registered during the westerlies. Increases in sea
salt concentrations were experienced during days of high wind speeds,
but a strong correlation between sea salt and the local wind speed was
not observed. Sea salt and other sea-spray-associated aerosol compo-
nents also increased enormously at a lower height, due to the fact that
sampling was conducted within the internal marine boundary layer. In
the current study, no clear pattern was observed between sea salt dry
deposition rates and wind speed or altitude. It should be noted that,
during the sampling campaign, calm winds (< 2m/s) were recorded
for 50% of the time (Fig. S2). A mean Cl~/Na™* equivalent ratio of 0.74
was obtained. Both ions are the major inorganic components of sea salt,
but are also abundant in evaporitic lake deposits, where they are found
as mineral halite. The ratio was 2.4 times lower than that in seawater
(C1”/Na* = 1.8). Reduction is frequently observed in anthro-
pogenically disturbed marine environments, with enhanced acidity,
because of the volatilisation of HCI from NaCl crystals that had reacted
with nitric and sulphuric acid (HNO3; and H,SO,) to form NaNOs or
(Na),SO,4 (Formenti et al., 2003). Despite the good correlation
(r* = 0.82) between Na™ and SO,%, this hypothesis is unlikely for
Fogo island, because the ionic balance is characterised by an excess of
cations, especially Ca®*. Likewise, deposition of gaseous HCl on dust
particles is discarded. The low Cl~/Na™ ratio is probably due to an
additional non-evaporite dust source for Na* (Formenti et al., 2003).

The strong correlation for the relationship between Mg®* and Ca®*
(r*> = 0.81) suggests they have a common source, most likely local soil
or dust transported from the desert during storms. In addition to dust,
sea salt is also a source of Mg?". However, the very weak relationship
(r* = 0.15) between Mg?>* and Na™* and a mean Mg>*/Na* equivalent
ratio of 0.26, which departs from the typical value of 0.12 of sea water,
suggests that the contribution of the dust source to Mg>* was larger
than that of sea salt. A moderate correlation (r> = 0.57) between Ca?™*
and NO3;~ was also found. The coexistence of these two ions indicates
the presence of deliquescent Ca(NO3),, which is formed by reaction
between CaCO3 and HNO3; on the Ca-rich dust particles (Pan et al.,
2017).

Non-sea salt potassium [, K" = K" —(0.0355 X Na*), where
0.0355 is the K*/Na™ ratio in seawater] was found to represent, on
average, 82% of total K. Sedimentation rates ranged from values
around 60-90 pg/m?/day at locations such as Ponta Verde, Monte
Grande, Cutelo Alto, Cova Tina, Campanas de Baixo and Monte Lantico
to 600-800 ug/m>/day in Portela, Pico Lopes, Cisterno and Mosteiros.
Water soluble potassium has been pointed out as a major constituent of
biomass burning particles (e.g. Alves et al., 2011; Calvo et al., 2013). In
addition to local biomass burning sources, it is expected that Fogo is
also affect by long range transport. Every year huge amounts of aerosols
are produced from wild- and agricultural fires in Africa. From October
to March the most intense fires are registered in sub-Sahelian west
Africa (N'Datchoh et al., 2015). Global fire maps from NASA confirm
the occurrence of hundreds of active events during the sampling cam-
paign (Fig. S3).

3.2. Chemical and morphological properties of dust by SEM-EDS

The relative order of concentrations of elements with crustal origin
in settled dust samples was Si > Al > Ca > Na > Mg > K >
Fe > Ti > P. Among these, Si was always present, regardless of the
sample, although in varying concentrations. These elements were se-
lected since they are used as fingerprints of the Saharan/Sahel dusts by
several authors (e.g. Chiapello et al., 1997; Formenti et al., 2001;
Molinaroli et al., 1999; Scheuvens et al., 2013). Pearson correlations
disclosed significant results at the 0.05 level for the sets S/Mg (0.556),
S/P (0.452), Fe/Ti (0.509) and at the 0.01 level for the pairs Si/Ca
(0.580), Fe/K (0.592), Fe/Na (0.592), K/Na (1.000). According to
previous studies, Si is the most abundant element in dusts, mainly in
quartz (SiO,). Mostly present in alumosilicates and different clay mi-
nerals (e.g. illite, kaolinite, smectite), Al is the second most abundant. It
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23.10 um

Fig. 4. SEM images: (a) Si-rich (quartz?); (b) basaltic glass; (c) plagioclase (bigger particle) and two specks of sea salts; (d) calcic Ti-bearing amphibole; (e) illite; (f)
organic particle; (g) organic speck Si-rich, (h) mixture of organic particle with Na cape (right), speck with composition typical of pollution (centre) and a F-rich unit
(down left). Settleable dust collected passively on quartz filters at sampling sites 11, 3, 1, 1, 3, 4, 6, and 5, respectively.

is considered a characteristic crustal marker in dusts, accounting for
mass fractions of 2-8 wt% in Saharan mineral aerosol. Ca is used as a
carbonate content tracer, representing > 5wt% in Saharan dust. Na is
mostly found in albitic plagioclase and in the smectite group. Mg can be
traced mainly in chlorite and palygosrkite, carbonates and clay mi-
nerals, while K is present in many alumosilicates, but can also derive
from biomass burning. Fe exists mostly in the form of iron oxides and
hydroxides, chlorite and palygosrkite. Ti is probably reflecting the
presence of TiO, phases. P is linked to phosphate deposits and to mines
existing in North Africa (Formenti et al., 2001; Scheuvens et al., 2013).

The SEM analyses detected a mixture of specks with diverse sources,
composition, shapes and sizes, often in agglomerates, which were very
rich in < 10 um particles. Most of the particles revealed a Si rich con-
tent, mainly quartz and basaltic glass (Fig. 4(a) and (b)). The submicron
rounded quartz speck is indicative of abrasion and long-distance
transport, while the PM3 volcanic glass presents angular edges typical
of volcanic environments. Samples of settleable dust also have different
carbonates, sulphates and alumosilicates, sodium chloride, Fe-bearing,
Ti-bearing, and F-bearing particles, which are suggestive of different
sources: (a) volcanic environment or, (b) Saharan dusts transported to
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Fig. 5. Distribution of (a) Si/Al and (b) Ca/Al ratios. The red line in (a) represents the limits of the mineral dust contribution with origin in Sahara and Sahel,

proposed by Chiapello et al. (1997).
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Fig. 6. Distribution of (a) Si maximum wt% concentrations, and (b) Cl/Na ratio with the red line that embodies the limits of the presence of sea salts, proposed by
Riley and Chester (1971). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

this region, (c) sea salts, (d) organic compounds, (e) pollution (biomass
burning and/or urban emissions), and/or (f) a mixture of the previous.
Minor amounts of S-bearing, Cl-bearing and carbonaceous specks were
found (Fig. 4). The diameter of typical Saharan mineral dust that
reaches Cape Verde ranges between 1 and 10 um (Haywood et al.,
2003; Weinzierl et al., 2011). Most of the particles after 1000 km or a
few days of transport are < 3 pm (Scheuvens and Kandler, 2014).
Saharan and Sahelian mineral dusts can be traced by the Si/Al ratio
of 2.4 = 0.7, proposed by Chiapello et al. (1997). The spatial distribu-
tion of this ratio (Fig. 5a) clearly reveals the effect of the mineral dusts
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that are transported by the NE winds and the influence of the Pico do
Fogo Mountain and the Bordeira Scar. The Ca content, and particularly
the Ca/Al ratio (Fig. 5b), are also used as a compositional characteristic
of the northern African dusts. Both ratios show a very similar behaviour.
The dusts transported from North Africa are mostly composed of light
particles of quartz [SiO,], calcite [CaCOs], dolomite [CaMg(COs)-],
feldspars [KAISi;Og - NaAlSizOg - CaAl,Si»Ogl, clay minerals, such as
illite [(KH3O)(Al,Mg,Fe)g(Sl,Al)4010], kaolinite [A1251205(OH)4] and
smectite, specifically montmorillonite [(Na,Ca)g 33(Al,Mg)2(Si4010)
(OH),.nH,0], and palygosrkite [(Mg,ADs(Si,Al)gO20(OH), sH,0]
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Fig. 7. Concentrations of some gaseous compounds.

(Brooks et al., 2005; Molinaroli, 1996; Remoundaki et al., 2011).
Nevertheless, the distribution of Si maximum concentrations reflects the
importance of the Fogo volcano vents, still active. Riley and Chester
(1971) suggested that the presence of sea salts might be traced by a Cl/
Na ratio of 1.84 = 0.05. The distribution map of this ratio (Fig. 6a)
suggests the presence of salts in the lower areas of the island. The oc-
currence on the island of variable concentrations (0 to 34.85%) of Zn, As,
Mn, Cu, Ni, Cd, and Pb, at levels estimated for urban areas (Remoundaki
et al., 2011; Terzi et al., 2010), is attributed to anthropogenic sources,
such as biomass and waste burning, fossil fuel and residual oil combus-
tion, vehicle exhaust and tyre and brake wear, whether from local origin
or also from transport of polluted air masses.

3.3. Gaseous compounds

Levels of acid gases were, in most cases, below the detection limits.
The only exception was observed at a place (Pico Lopes, location 16)
where traditional pig slaughter is regularly performed for the com-
mercial distribution of meat within the island. To clean the hair off the
pig, each animal is burned with oil or similar combustion fuels. The
slaughter is followed by barbecue and preparation of crispy fried pork
greaves. The bonfire is lit with dry acacia leaves, plastics and card-
boards, and then the embers are fed with acacia logs. These practices
last a minimum of 10 h a day and have possibly contributed to the high
levels registered at this location: 36, 427, 15, 101 and 11 ug/m3 for HF,
HCI, HNO3, H,SO4 and H3PO,, respectively. In general, concentrations
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Fig. 7. (continued)

of SO, were also below the detection limit, except at Pico Lopes
(85.3 ug/m®). However, contrary to that observed for gaseous pollu-
tants, maximum dust sedimentation rates were not recorded at this site.
The fact that biomass combustion mainly generates submicron parti-
cles, which present low settling velocities and long residence times that
favour their atmospheric dispersion, may explain this finding.

It has been reported that VOCs in fumarolic emissions are domi-
nated by alkanes, alkenes and aromatics (Tassi et al., 2012, 2013,
2015). These hydrocarbons are either formed by metabolic and bio-
synthetic activity of biological organisms (biogenesis) or by decom-
position of pre-existing organic matter occurring at temperatures
(> 150°C) too high for bacteria survival (thermogenesis). The domi-
nant VOCs were alkylpentanes, hexane, cycloalkanes and toluene
(Fig. 7). The remaining fumarolic activity seems to have little impact on
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gaseous air pollution, which is most affected by anthropogenic emission
sources. Regardless the location, benzene was always present at con-
centrations lower than 2 ug/m®, ranging between 0.8 and 1.9 pg/m>.
Benzene in ambient air is regulated by the European Union Directive
2008/50/EC (European Commission, 2008), which imposes a mean
annual threshold of 5ug/m®. Ethylbenzene, m,p-xylene and o-xylene
peaked at S. Filipe, the capital (location 1), with levels of 10.4, 8.0 and
3.0 ug/m?, respectively. Levels of aromatic compounds are within the
range of values reported for various cities worldwide (Table 2). Park
et al. (2015) measured the atmospheric concentrations of aromatic
hydrocarbons in Deokjeok and Jeju Islands in the Yellow Sea, where no
significant emission sources are found. Mean levels of 0.73, 2.49, 0.35,
0.61 and 0.26 ug/m* were obtained in Deokjeok for benzene, toluene,
ethylbenzene, m,p-xylene and o-xylene, respectively. The
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Table 2

BTEX levels in ambient air of various cities worldwide (ug/m3). Values from the literature compiled by Kerchich and Kerbachi (2012).
Cities Benzene Toluene Ethylbenzene m,p-Xylenes o-Xylene
S. Filipe, this study 1.1 41.8 10.4 8.0 3.0
Algiers, Algeria 1.94 4.57 1.2 1.07 0.55
London, UK 2.7 7.2 1.4 3.7 1.5
Berlin, Germany 6.9 13.8 2.8 7.5 2.9
Rome, Italy 35.5 99.7 17.6 54.1 25.1
Helsinki, Finland 2.1 6.6 1.3 4.1 1.6
Toulouse, France 2 6.6 1.2 3.7
La Corufa, Spain 3.43 23.6 3.34 5.08 2.74
Pamplona, Spain 2.84 13.3 2.15 6.017
Bombay, India 13.7 11.1 0.4 1.3 2.2
Guangzhou, Nanhai, and Macau, China 20.0-51.5 39.1-85.9 3.0-24.1 14.2-95.6"
Seoul, South Korea 3.2 24.5 3.0 10 3.5
Sao Paulo, Brazil 4.6 44.8 13.3 26.1 6.9
13 sites in 8 states, USA 0.8-3.6 1.5-10.5 0.6-2.4 1.8-5.2 0.6-1.9

2 (m + p + 0)-Xylenes.

corresponding concentrations in Jeju were 0.54, 1.73, 0.22, 0.35 and
0.09 ug/m?>.

For reasons we do not know, the highest concentrations of several
VOCs were registered in Monte Grande (location 5): toluene (503 pug/
m®), 2-methylpentane (334 pg/m®), 3-methylpentane (343 pg/m?),
hexane (270 pg/m>), methylcyclopentane (184ug/m®), cyclohexane
(27 ug/m3), 2,2-dimethylpentane (18 pug/m?), 2,4-dimethylpentane
(52 ug/mg), heptane (2.4 ug/mg), and ethyl acetate (13 ug/mg). Perhaps
the additional anthropogenic activities resulting from resettlement at
this village of the populations affected by the eruption may have con-
tributed to enhanced emissions of these compounds. Phenol (2.3 ug/
m>) was only detected at Monte Lantico, a location in the crater of the
volcano.

An excellent linear correlation (r> = 0.99) between m,p-xylene and
ethylbenzene was found. It has been reported that their ratios remained
relatively constant at different locations in Europe, Asia, and South
America because they share common emission sources (Park et al.,
2015). The m,p-xylene/ethylbenzene ratio has been also pointed out as
an useful tool for estimating the photochemical age of an air mass. In
this study, the ratio of m,p-xylene/ethylbenzene determined by the
slope of the fitted line was 1.3. This value is within those documented
for the remote islands in the Yellow Sea, revealing that air masses ar-
riving at Cape Verde have been subjected to significant aging processes.
These compounds are present in relatively constant proportion in the
major anthropogenic sources (e.g. vehicle exhaust, refineries, etc.) with
ratios in a narrow interval between 2.8 and 4.6 (Monod et al., 2001).
However, differences in photochemical reactivity cause the isomers to
disappear from the atmosphere at notably different rates. Because of the
higher reaction rates with hydroxyl radical (OH-), 18.8 x 10'? cm?/
molecule/s for m,p-xylene at 298K versus 7.1 cm>/molecule/s for
ethylbenzene (Atkinson and Arey, 2007; Yu et al., 2015), xylenes have
shorter lifetimes. Similarly, toluene has a shorter atmospheric lifetime
than benzene due to faster photochemical removal by OH- (rate con-
stants of 5.96 x and 1.23 X 10'? cm®/molecule/s for toluene and
benzene, respectively, at 298 K; Atkinson and Arey, 2007; Yu et al.,
2015). Thus, the toluene/benzene ratio can also indicate the photo-
chemical age of the pollution carried by air masses. As toluene is more
rapidly removed by oxidation, the toluene/benzene ratio gradually
decreases as air is transported over longer distances away from the
source. Although dependent on the fuel composition, vehicular exhaust
emission ratios from combustion during transient engine operation
within Europe typically yield ratios in the range from 1.25 and 2.5
ppbv/ppbv, but the introduction of catalytic converters has been shown
to significantly decrease the toluene/benzene values (Shaw et al.,
2015). Although, as observed for other pollutants, it would be expected
that the toluene/benzene ratios revealed aging of the air masses
through photochemical processes, the high mean value (~ 22) suggest
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that extra sources contribute locally to the toluene levels. It must be
borne in mind that the limited car fleet in Fogo is outdated in relation to
Europe. Additional sources such as inter-island ferries and cargo ships
that dock in the port of Sao Filipe should be considered. Moreover,
toluene is a common solvent for paints, paint thinners, silicone sealants,
rubber, printing ink, adhesives (glues), lacquers, disinfectants, etc. It
can also be the raw material for polyurethane foams, and is used in the
agricultural sector against roundworms and hookworms. Thus, the
possible local contribution of some of these sources may override long-
distance transport and associated photochemical degradation of to-
luene.

4. Conclusions

In the absence of regular and continuous air quality monitoring on
the Cape Verdean island of Fogo, a screening programme based on
passive sampling techniques was established in order to obtain the first
overview of the background concentrations and the spatial distribution
of some atmospheric pollutants. This study revealed that deposition
rates of total settleable dust and its chemical composition are influ-
enced by Saharan desert mineral dust, mixed with industrial emissions,
sea salt and biomass burning components. In fact, dust is likely linked to
industrial emissions from crude oil refineries, fertiliser industries, as
well as oil and coal power plants, located in the northern and north-
western coast of the African continent. Smoke plumes from wildfires in
western Africa also affect Cape Verde. Moreover, anthropogenic pol-
lution transported by the westerlies, which flow from North America
through the North Atlantic at mid- and subtropical latitudes, may
contribute to the sulphate, nitrate, ammonium and mineral loads ob-
served in Fogo, although a detailed temporal chemical speciation of
settleable dust, combined with high resolution backward air trajec-
tories, would be needed to confirm this assumption. The settleable dust
deposition rates are within the ranges reported for other remote loca-
tions. The SEM analysis of several particles with different compositions,
shapes and sizes revealed high silica mass fractions in all samples, as
well as variable contents of carbonates, sulphates, aluminosilicates, Fe,
Ti, F and NaCl. The results suggest that these particles have distinct
origins, such as volcanic environment, transported Saharan dust,
marine salts, organic nature (e.g. bioaerosols), anthropogenic pollution
(e.g. biomass burning, urban and industrial emissions), and a mixture of
all these sources. Concentrations and ratios between some volatile
aromatic hydrocarbons also revealed photochemically processed air
masses. The remaining fumarolic activity in Fogo Island seems to have
little impact on gaseous air pollution. Some local sources may con-
tribute, however, to relatively high levels of toluene, acid gases and SO,
in specific sites. Concentrations of benzene were much lower than the
threshold stipulated by the European Commission. In most locations,
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SO, and acid gases were present at undetectable levels.

This screening study has provided valuable input to the design of a
more advanced monitoring programme. The location of Cape Verde and
the absence of relevant local sources of anthropogenic atmospheric
pollutants make this archipelago the ideal place to evaluate the impact
of external contributions on the background levels registered over the
north-eastern tropical Atlantic.
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