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ARTICLE INFO ABSTRACT

Keywords: This study presents for the first time, the results of a one-year measurement campaign on ambient PM;, (par-
PMio ticulate matter with aerodynamic diameter < 10um) at an urban site at Zouaghi, in the south of Constantine,
Trace elements Algeria. The main objective of this work was to provide PM10 mass concentrations, a chemical characterization
Enrichment factor of atmospheric particles and their seasonal variation and to identify the sources of chemical elements in the
Ele':me.:ntal ratio X PM; . To accomplish the goal, enrichment factors (EFs), inter-element correlations, elemental ratios and prin-
Principal Component Analysis . . . . . .
cipal component analysis (PCA) were used for the first time in Constantine. A total of 66 PM samples were
collected during a sampling campaign which extended from January 2015 to February 2016. The PM;, samples
were analyzed for a total of 48 elements by ICP-AES and ICP-MS for major elements and trace elements re-
spectively. Enrichment factor analysis indicated that Pb, Sb, Cd, Bi, As, and Zn were mainly originated from
anthropogenic sources. The ratios of Cu/Sb, Ca/Al, Zn/Pb, La/Ce and V/Ni were calculated and compared to
those being reported in previous studies. A significantly higher Ca/Al ratio was dominant indicating the influ-
ence of construction dust, while a low Zn/Pb ratio was the consequence of high Pb concentrations resulting from
the use of leaded gasoline. Principal component analysis allowed to identify four main groups of sources: crustal
aerosol for Al, Fe, Ti, Li, Mg, Ba, Sr and rare earth elements (REEs) (47%), soil and road resuspension for Cr, As,
S, P, V, Ca, Zn, Sn, Nb, K, Mg, Ba, Sr and Li (27%), traffic emission for Pb and Be (8%), and a metallurgical source
for Cd and W (6%). The results of the source apportionment analysis indicate that natural dust originating from
Saharan dust outbreaks (SDOs) and resuspended dust are the main sources of elements in PM;, in Constantine.

1. Introduction the acceleration of desertification processes in these regions, which is

one of the consequences of climate change and human activities (Lal,

The degradation of urban air quality caused by fine particulate
matter has become a matter of great concern because of its harmful
effects on human health. Epidemiological studies conducted in recent
years have shown that, in urban areas, both the long-term and the
short-term exposures to particulate matter with aerodynamic size below
10um (PM;,) are responsible for mortality and cardiopulmonary
morbidity (Pope III and Dockery, 2006; Elichegaray et al., 2010;
Kassomenos et al., 2013; Benaissa et al., 2016). For this reason, air-
borne PM concentrations are regulated by standards in view of these
significant health impacts.

Desert regions of Northern Africa are the largest source of soil dust
suspended in the atmosphere of the Earth. They account for 60-70% of
global desert dust emissions (Rodrigez et al., 2011) and most of the
mineral dust on a global scale is released to the atmosphere from arid or
semiarid areas (Querol et al., 2009; Prospero et al., 2002), because of
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2001). Anthropogenic emissions do not exceed 10% of global particu-
late emissions, whereas natural primary emissions account for 84% of
these (Querol et al., 2001).

It has been reported by several studies that some regions such as the
Mediterranean sea and North Africa are strongly affected by intrusions
of natural particles (desert dust), confirming that, each year, sand winds
from the Sahara and Sahel carry large amounts of dust around the
world (Querol et al., 2009; Rodrigez et al., 2011; Salvador et al., 2013;
Salvador et al., 2014; Viana et al., 2014). Dust is transported across the
Atlantic to the Americas and across North Africa and the Mediterranean
Sea to Europe. These episodes of desert dust remain a recurring problem
of air quality (Pérez et al., 2008), since they contribute to the ex-
ceedance of the daily limit values and annual averages of PM;, (Viana
et al., 2014), thus affecting human health in the same way as PM, 5
from other anthropogenic sources (WHO, 2016). In addition, Stafoggia
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et al. (2016) confirmed that desert dust outbreaks are an important risk
factor to human health and that PM;, exposure caused by such natural
events is not harmless.

The chemical composition of the particles is highly variable, con-
sisting of inorganic compounds, organic matter (OM), elemental carbon
(EC), marine aerosol and trace elements (Negral et al., 2008). Some
components of particles are more harmful than others for human
health. Among the inorganic compounds, there are metallic elements
(Yadav and Satsangi, 2013) the most important of which are trace
elements that are emitted by many sources such as geogenic materials,
resuspension of soil dust, construction activities, traffic, oil combustion,
incineration of waste and other industrial activities (Swaine, 2000).

The measurement of metallic elements concentrations in fine par-
ticles is of great interest for the evaluation of the exposure of the po-
pulation, because many toxicological studies have shown that metals
such as vanadium, iron, nickel, chromium, copper, zinc and manganese
are among the components of fine particles which are potentially toxic
(Pope III and Dockery, 2006).

It is important to note that, among other elements, mercury, lead,
cadmium, chromium, nickel, cobalt are ubiquitous in the environment.
They are considered carcinogenic, accumulate in the body and cause
progressive toxicity (Pandey et al., 2017; Styszko et al., 2017). More-
over, several epidemiological studies have established links between
human health and exposure to fine particles associated with metallic
elements such as As, Au, Cd, Cr, Cu, Fe, Mn, Pb, Ni, Zn, etc. (Sanderson
et al., 2014; Olawoyin et al., 2018). Although trace metals are very low
in mass, they play a role in human health problems because they are
commonly highly bioreactive (Moreno et al., 2006) and they accumu-
late in large quantities (Olawoyin et al., 2018).

It is often difficult to attribute the source of trace elements to a
particular location and sometimes too much emphasis is placed on
anthropogenic sources over natural sources, especially desert dust,
which are not negligible. In this context, this study aims, for the first
time and for a full year, to understand the variability of PM; and forty
eight trace elements that compose them at an urban site in the city of
Constantine in Algeria. In this study, the seasonal variation of PM10
mass concentrations has been carefully studied. The anthropogenic and
natural sources have been explored through enrichment factors (EFs).
In addition, inter-element correlation, elemental ratios and principal
component analysis (PCA) were performed to identify the sources of
trace elements in PM,.

2. Material and methods
2.1. Sampling site

This study was carried out at Zouaghi in the city of Constantine (36°
22'N, 6° 40’E) which is the third largest city in Algeria with about 0.6
million inhabitants. This city is located in northeastern Algeria at an
altitude of 640 m above mean sea level. It is surrounded by twelve sa-
tellite towns located at distances from 6 to 34km. The greater
Constantine area has 1.3 million inhabitants. Most of this population is
within a radius of 14 km. Air quality is impacted by several industrial
and vehicular activities within and nearby the city. The main industrial
activities include a cement plant and a mechanical pole a few kilo-
meters north and south-east of the city respectively, ceramics, food,
chemical industries, quarries, etc. The study area is illustrated in Fig. 1.
The sampling site was located at Zouaghi which is an urban background
site within the Faculty of Earth Sciences in the south of the city at a
distance of 200 m from a very busy road, with a high flow of diesel
buses, light-duty diesel trucks and gasoline passenger cars. The district
of Zouaghi is a large urban residential area and can be considered as
representative for the exposure of the general population. This site in-
cludes both building complexes and extensive estates of detached
housing. The climate of Constantine is semi-arid Bourbia and
Boucheriba, (2010) with great contrasts in temperature between
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summer and winter. It is cold in the winter with temperatures as low as
—6C° and very hot in summer with peaks of up to 47 °C. The average
rainfall varies from 500 mm to 700 mm per year.

2.2. Sample collection and chemical analysis

PM;, sampling was conducted over a period of one year between
January 15, 2015 and February 03, 2016. A total of 66 samples were
collected over the study period using a high volume sampler (Tisch
Environmental, Model TE-6070), installed at a height of approximately
3 m from the ground. The sampling frequency was every sixth day for a
24 h period. PM;, samples were collected on 8 “x 10” quartz micro-
fiber filters at a flow rate in the range 1.04-1.24 m®/h.

Hourly meteorological data such as rainfall, temperature, pressure,
humidity, wind direction and wind speed were extracted from the
meteorological data archive of Ain-El-Bey weather station in
Constantine which is located 1.5 km to the south of the sampling site.

The quartz fiber filters were carefully desiccated prior to and after
the sampling to ascertain correct gravimetric estimation by an analy-
tical balance (Shimadzu AUW 120D) with a sensitivity of 1 pug.

The samples were digested according to the protocol described by
Kemmouche et al. (2017) in an acidic mixture of 1 ml HNO3; and 2 ml
HF in PFA flasks closed at 90 °C for at least 8 h. After cooling, 1 ml of
HClO,4 was added. These PFA containers were then placed on a hot plate
at 240 °C for complete evaporation. The dry residue obtained was then
dissolved with 2.5 ml of HNOs. The acidic solutions obtained were di-
luted in 25 ml of distilled water (Milli-Q). The solution obtained was
filtered, stored and then analyzed by ICP-AES (IRIS Advantage TJA
Solutions Thermo) and ICP-MS (X Series II Thermo) for major and trace
elements, respectively. The blank filter was also extracted and analyzed
in a similar manner to subtract the blank values from samples. All PM10
samples were analyzed for their elemental composition at IDAEA-CSIC
laboratory in Barcelona. The XSERIES 2 ICPMS produces detection
limits for virtually all analytes that are in the low ng/L (ppt) range.
According to Moreno et al. (2010), the detection limits for some of the
metal elements with both instruments are shown in Table 1.

A comparative study of different procedures conducted by
Kemmouche et al. (2017) confirms that the use of a total extraction
technique using HF which promotes the complete recovery of most
elements is necessary for source apportionment studies, where a large
number of elements are required, if the contribution of mineral dust is
important. In this study, two bulk (requiring the use of HF) and three
partial extraction procedures, one of which was assisted by microwave
were applied using different acid mixtures. Five reference mineral-rich
materials (Nist 1633b, UPM1648, NAT-7, SO-2 and SO-4) and 10 real
PM10 filters collected from 15 January 2015 to 12 March 2015 in the
present campaign were subjected to all five extraction protocols. Di-
gested samples were acid-digested in duplicate. Both bulk extraction
procedures were found to be very effective for elemental recoveries for
most elements. Extraction protocols without HF lead to low extraction
recoveries for most of the elements in all reference materials. Similar
results were obtained with the urban 24-h PM10 samples. HF dissolu-
tion of filters was then preferred in order to ensure complete recovery
in most cases. The dissolution procedure applied in this work was
slightly more efficient than the other bulk extraction technique for most
elements. The inherent good recoveries obtained with regard to re-
ference materials allow validating at the same time IP-MS and ICP-AES
measurements.

2.3. Source identification methods

To identify and apportion potential sources of PM;, over the study
period, trajectory analysis, enrichment factors (EFs), inter-element
correlations and principal component analysis (PCA) were used as they
do not require a priori knowledge about the sources (Viana et al.,
2008). Statistical treatment of data including Pearson correlation
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Fig. 1. Study area and sampling site in Constantine (with wind rose diagram of the sampling period). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

analysis and principal component analysis were carried out using the
SPSS 20.0 statistical software.

2.3.1. Trajectory analysis and dust maps

The influence of atmospheric transport scenarios on the levels of PM
was investigated by means of atmospheric backward trajectories using
HYSPLIT model (Hybrid Single-Particle Lagrangian integrated trajec-
tory) developed by NOAA air Resources Laboratory (Draxler and Hess,
1998). Daily 5-days back-trajectories were calculated at 12h GMT at
receptor points of 700, 1500 and 2500 m.a.s.l. They were used to de-
termine the transport trajectory of air masses at the sampling site. This
model has successfully been applied to interpret the influence of long-
range transport on particle levels and other air pollutants (Garcia et al.,
2018). The occurrence of African dust outbreaks was detected with the
previous tool, coupled with the information from BSC-/DREAM dust
maps (http://www.bsc.es/projects/earthscience/DREAM/). Maps on

the daily dust load, the surface dust concentration and the vertical
profile over the Sahara-Sahel region were collected as images from the
BSC-DREAMS8b (Dust REgional Atmospheric Model) model, operated by
the Barcelona Supercomputing Center. The model predicts the atmo-
spheric life cycle of the eroded desert dust (Aleksandropoulou and
Lazaridis, 2012). The efficiency of this model to predict Saharan dust
transport episodes was confirmed by Papanastasiou et al. (2010).

2.3.2. Enrichment factors (EFs)

Enrichment Factors (EF) were used to study the relative contribu-
tion of anthropogenic sources to those of natural origin. The calculation
of element enrichment factors in our samples was based on the nor-
malization of the element measured against a reference element. There
is still no well-established rule for the choice of a reference element,
except that it should not be affected by artificial factors (Hsu et al.,
2016). Al Si and Fe are the most commonly used elements for this
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Table 1
Estimate of detection limits for PM compo-
nents (Moreno et al., 2010).

Element DL
ugm~3

Ca 0.004005
Fe 0.02017
K 0.02075
Na 0.10293
Mg 0.01697
ngm- 3

P 0.00579
Ti 0.00218
\4 0.00020
Mn 0.00079
Co 0.00004
Ni 0.00118
Cu 0.00278
Zn 0.03073
Ga 0.00004
Ge 0.00057
As 0.00007
Se 0.00008
Rb 0.00005
Sr 0.00043
Ccd 0.00009
Sn 0.00201
Sb 0.00010
Ba 0.03708
La 0.00013
Ce 0.00032
Pb 0.00060
Bi 0.00004

purpose (Waheed et al., 2010; Huang et al., 2010); other less abundant

elements have also been used in previous studies such as Mn, Sr, Zr and

Ti (Cesari et al., 2012; Bouhila et al., 2015; Pasha and Alharbi, 2015).
The EF of a specific element (x) was calculated:

Cx
—= )sample
(Cref ) p
Cx
== )crust
(C'ff)

where C, is the concentration of the element of interest and C, is the
concentration of a reference element. Al has been chosen as a reference
element because of its abundance in the earth's crust and its stability
(Al-Momani et al., 2005; Fang et al., 2006; Hsu et al., 2016) and also
because it is commonly used in the literature for urban sites (Cesari
et al., 2012; Padoan et al., 2016). The average composition of the upper
continental crust (JUCC|) was obtained using the updated modified
values provided by McLennan (2001). The UCC is used when no other
database is available, although the best approach is to determine the
EFs in relation to local soil composition (Budhavant et al., 2015).

Sodium is the reference element that is still used in the calculation
of enrichment factors in relation to seawater (Al-Momani et al., 2005;
Fang et al., 2006). Sodium is considered as a tracer element of marine
spray that can be transported over long distances (Minguillon et al.,
2012; Viana et al., 2014; Budhavant et al., 2015).

An E < 1 indicates that the element is depleted in the environment
and therefore the natural sources are predominant. If the EF > 1, the
element is relatively enriched in the environment, while, an EF > 5
indicates that a large part of the element can be attributed to anthro-
pogenic sources (Gao et al., 2002; Enamorado-Baez et al., 2015;
Budhavant et al., 2015). Elements can be considered highly enriched if
EF > 100, moderately enriched when 10 < EF < 100 and less en-
riched in case EF < 10 (Mijic et al., 2010; Lim et al., 2010; Alleman
et al., 2010; Yadav and Satsangi, 2013; Cheng et al., 2018).

EF =
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2.3.3. Principal component analysis (PCA)

PCA is a multivariate method that has been commonly used in the
last two decades to identify possible sources of particles (Karar and
Gupta, 2007). It involves reducing the number of dimensions and re-
moving the correlation between them (Elhadi et al., 2017), summar-
izing a multivariate data set into a few linear combinations of variables
(called principal components). PCA results help to simplify the inter-
pretation of positive and negative correlations between variables. This
method was used to explore the relationship between variables using a
rotation procedure called “Varimax” to maximize the explained var-
iance. PCA is recognized as one of the most commonly used receptor
techniques for source identification (Kalaiarasan et al., 2016). Previous
studies have confirmed that trace elements in PM;, particles have
various sources (Thurston and Splenger, 1985; Querol et al., 2006; Tian
et al., 2010). Due to the relatively limited number of samples available
versus the variables number (64 samples and 48 variables) and con-
sidering the condition n > 30 + (V + 3)/2, where n = number of
samples and V = number of variables (Karar and Gupta, 2007), prin-
cipal component analysis could be performed on PM;, data. After ob-
taining the data, PCA and Pearson correlation matrix were performed
using SSPS statistical software, version 20.0. The measure of the Kaiser-
Mayer-Olkin (KMO) index was followed by the execution of the PCA.
We, then, proceeded to the next step only if the KMO value was 0.5 or
above. In the present study, a value of 0.84 was obtained. PCA extracts
variables into groups known as principal components (PCs). These
components are arranged in descending order, from the largest to the
smallest contributor, as precisely as possible with few major compo-
nents (Elhadi et al., 2017). The post-rotation factor loadings are clas-
sified as strong (> 0.70), moderate (0.50-0.70) and weak < 0.50; weak
loadings are suppressed (Wahid et al., 2013). PCA groups the variables
as major components (PCs), with their eigenvalues, variability (%) and
cumulative values (%) of individual and collective PCs to plot a graph
from which the PCs with eigenvalue > 1 are retained (Elhadi et al.,
2017).

3. Results and discussion
3.1. PM;o mass concentrations

The daily PM;, concentrations at the urban background site of study
are shown in Fig. 2. The average mass concentration of PM;, was
55.7 ug/m>. The maximum and the minimum concentrations were
135.9 and 5.0 pg/m® respectively. The annual mean concentration
(55.7 ug/m®) was almost 3 times higher than the WHO air quality
guideline (20 pg/m?), and more than the European Union's limit value
for PM;o (40 ug/m>). Nevertheless, this concentration was lower than
the annual PM;, limit value of 80 ug/m® allowed in Algeria and was
comparable to the concentrations recorded in previous studies carried
out in several regions of the world such as Tunis, Sousse and Bizerte in

==——=PM10 ==——=WHO EU

PMio(ug/m3)

Fig. 2. Time variation of average daily PM;, concentrations. Red crosses in-
dicate exceedance days with respect of the daily PM;, limit value (according to
the Directive 2008/50/EC). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Table 2
PM;, concentration of the present study and studies elsewhere.
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Study site Year

PM;o (ug/m®) References

Zouaghi, Constantine, Algeria (urban)

Daksi, Constantine, Algeria (urban)

Zouaghi, Constantine, Algeria (traffic)

Algiers, Algeria (urban)

Tunis(a), Sousse(b), Bizerte(c), Tunisia (urban)
Barcelone, Spain (urban)

Dar-essalem, Tanzania (urban)

Chengdu, China (urban)

Riyadh, Saudi Arabia

Aghia Paraskevi, Athens, Greece (urban) June 2003-Dec 2008
Kolkata, India (residential/urban) Nov 2003-Nov 2004
Piedmont region (Italy) 2001

Jan 2015-Feb 2016
March-May 2010
March-Nov 2011
Oct 2001-Sep 2002
2004-2010

May-June 2005
Nov 2014-Oct 2015
Sep 2011-Sep2012

March 1999-July 2000

55.7 = 32 Present study

49 Terrouche et al. (2014)

80.42 Terrouche et al. (2015)

61 Laid et al. (2006)

(a) 90, (b) 58, (c) 80 Bouchlaghem and Nsom (2012)
49.5 Rodriguez et al. (2004)

51 Mkoma et al. (2009)

173.6 = 77.9 Cheng et al. (2018)

289.24 + 228.5 Alharbi et al. (2015)
341 + 23.3 Pateraki et al. (2012)
147.7 £ 97.3 Karar and Gupta (2006)
59 Padoan et al. (2016)

Tunisia, Barcelona in Spain and Dar-essalem in Tanzania. They were;
however, much lower than those recorded in Chengdu in China, Riyadh
in Saudi Arabia, Athens in Greece and Kolkata in India (Table 2). The
European daily limit value of 50 pg/m® (which should not be ex-
ceeded > 35 times a year), was exceeded 32 times out of the 64 sam-
pling days, thus representing 50% of the samples (Fig. 2).

3.2. Seasonal variations and meteorological conditions

For the investigation of the seasonal variation, the year was divided
into the four seasons: winter (December to February), spring (March to
May), summer (June to August), autumn (September to November).

As shown in Table 3, the seasonal average PM;, concentrations
were 44.57 ug/m> and 64.83 pg/m? in summer and spring respectively.
Additionally, the average PM;, levels were 48.64 ug/m> and 59.83 pg/
m? in winter and autumn respectively. There was no significant varia-
tion in PM;, concentrations between winter and summer on the one
hand and between spring and fall on the other.

The sampling period from January 2015 to January 2016 was
characterized by an almost total absence of precipitation during 2015 in
January, February, April, June, July, September, October, November
and December as shown in Fig. 3.

The highest seasonal PM;, levels observed during spring and fall
were associated with low precipitation levels (Table 3). Such a condi-
tion prevents air renovation and promotes high resuspension due to soil
dryness causing an increase in the concentrations of particles in the
atmosphere. Exceedances of the PM;, limit values are due not only to
anthropogenic emissions, but also to the long-range transport of desert
dust. This seasonal cycle contrasts with several studies which reported
high levels of PM;q in spring and summer compared to other seasons
(Querol et al., 1998, 2009). The Sahara is one of the largest sources of
dust on the planet, with North Africa being responsible for half of the
global emissions of mineral dust (Pay et al., 2012).

The contribution of Saharan dust may lead to exceedances of the
PM;, daily limit value of the European Union air quality standard
(Matassoni et al., 2009), of the maximum number of days exceeding the
EU daily limit (set at 35 exceedances per year) and of the annual
average (set at 40 pg/m3) (Bouchlaghem and Nsom, 2012). Two-thirds
of exceedance days were affected by mineral dust which led either to
widening the gap over the limit value or its exceedance at our sampling

Table 3
Levels of precipitation and average PM;, concentrations for different seasons in
Constantine.

Seasons PM;o (pg/mB) Precipitations (mm)
Winter 48.64 84.48

Spring 64.83 22.90

Summer 44.57 104.04

Autumn 59.83 11.87

@@ Précipitation (mm) PM10

90 120

70 100
60 80
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40 o0
30 I 40
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Fig. 3. Monthly variation of concentration of PM;, and precipitation levels.

site (results not shown). Such events accounted for 33% of all the
sampling days.

The influence of atmospheric transport of air masses on the levels of
particulate matter was investigated by means of back-trajectories ana-
lyses using the HYSPLIT Model (http://www.arl.noaa.gov), which was
developed by the Atmospheric Resources Laboratory (NOAA).
Backtrajectories were analyzed at altitudes of 750, 1500 and 2500 m on
15/04/2015, 03/05/2015, 15/05/2015, 01/09/2015 and 06/10/2015
which were days with the highest PM;, concentrations: 114, 128, 126,
107 and 128 ug/m>, respectively. Saharn dust incursions were con-
firmed with BSC-/DREAM dust maps (http://www.bsc.es/projects/
earthscience/DREAM/) (Fig. 4). The contribution of Saharan dust was
in the range 80-160 ug/m°.

The lowest PM,, concentration (5 pg/m?) was observed during the
month of august when an exceptional rainfall of 98 mm was recorded
for just 1day (25/08/2015). The consecutive leaching mechanism of
the atmosphere significantly reduced the PM;, concentrations (Hieu
and Lee, 2010). As shown in Fig. 5, both PM;, and trace metal element
concentrations decreased sharply in the presence of rainfall. The con-
siderable rainfall (98 mm) of August 25, 2015, led to a significant de-
crease of PM;, and trace elements concentrations which gradually in-
creased afterwards.

3.3. Statistical analysis of elements concentrations

Arithmetic means, maximum and minimum values for the elements
analyzed for the four seasons are presented in Table 4. Two groups can
be distinguished: major elements (Al, Fe, Ca, K, Mg, Na, S) and trace
elements (P, Li, Be, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb,
Sr, Yb, Zr, Nb, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Gd, Dy, Hf, Ta, W,
TL, Pb, Bi, Th, U). Concentrations of major elements (Na, K, Ca, Mg, Fe,
S and Al) were high in PM; . Similar results were obtained in a previous
study of Budhavant et al. (2015). The most abundant element was Ca
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Fig. 4. Details of the intrusion of African dust on 15/04/2015, 03/05/2015, 15/05/2015 and 01/09/2015. (Left) Five days HYSPLIT back trajectoriesending at 12
UTC for 750, 1500 and 2500 m above sea level. (Right) image BSC-/DREAM dust maps (http://www.bsc.es/projects/earthscience/DREAM/).

(3290 ng/m>) followed by Al (570 ng/m>), S (400 ng/m?), Fe (380 ng/
m?), Na (350 ng/m®), Mg (200 ng/m®) and K (190 ng/m>). For trace
elements, the average concentrations of Pb, Ti, Cu, P, Ba and Zn were
79.43, 33.08, 17.16, 16.86, 8.87 and 8.81 ng/m3 respectively. They
were higher than those of Mn, Zr, Sr, V and Cr which were < 6 ng/m>.

The highest concentrations were reached in spring for 30 out of 48
elements (Table 5). Maximum concentrations for Ni, Cu, Ge and U were
recorded in the summer. Maximum concentrations for Cd, Cs, Sm, Gd
and Dy were observed in the fall season. Be, Pb, and Sb outmosted other
elements in winter. Average seasonal concentrations of 29 elements
were all under the unity and did not undergo, as such, significant
seasonal variations. Only 12 metals had concentrations exceeding 1 ng/
m®. They were in descending order: Pb, Ti, Cu, P, Ba, Zn, Mn, Zr, Sr, V,
Cr, and Ni.

Compared with other studies conducted around the world (Table 5),
the annual mean concentration of PM;, in the present study was sig-
nificantly lower than those recorded in Hankou (China), Agra (India)
and Diizce (Turkey). It was more or less comparable to values observed
in Barcelona (Spain), Cenica and To (Mexico). Most concentrations of

metal elements were lower than those recorded in most studies, except
for Pb which exceeded by far those recorded in Seville, Piedmont and
Diizce (Amato et al., 2011; Padoan et al., 2016; Bozkurt et al., 2018)
while remaining well below those reported for Hankou, Cenica and
Agra (Querol et al., 2006; Querol et al., 2008; Singh and Sharma, 2012)
in China, Mexico and India respectively. However, a study conducted in
the town of Draria in Algiers reported lower concentrations of elements
Cd, Sb, Sm, Ca, Cr, Mn and As than in the present study (Bouhila et al.,
2015). Singh and Sharma (2012) reported higher concentrations of Ca,
Fe, Mg, Na, S in a study conducted in the city of Agra in India. Ali-
Khodja et al. (2008) reported higher concentrations of Cr, Mn, Co, Ni
and Cu and Cd at an urban site in the nearby town of Didouche Mourad
than the present study. This could be attributed to the size of dust
collected as total suspended particulates in their study.

3.4. Enrichment factors

The enrichment factors of the 48 trace elements analyzed are shown
in Fig. 6. In the present study, we can distinguish three main sources of
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Fig. 4. (continued)

trace elements in PM;o, namely anthropogenic, mixed and crustal.

3.4.1. Elements associated with anthropogenic sources

Throughout the sampling period, Pb, Sb, Cd and Bi showed the
highest EF, with values in the range 100-1000 (Fig. 6a). These elements
are considered to present a strong anthropogenic component. For ex-
ample, Pb is emitted by traffic in the sampling area as leaded gasoline is
the major source of Pb in urban aerosol. Leaded gasoline is still used in
Algeria (Terrouche et al., 2015; Naidja et al., 2018) despite its ban in
most countries of the world (Singh and Sharma, 2012; Terrouche et al.,
2015). Combustion of leaded gasoline continues to be the major source
of atmospheric Pb emissions worldwide (Pacyna and Pacyna, 2001).
Antimony (Sb) has also a high enrichment factor (EF > 100). The use
of antimony alloys in various components of automobiles and vehicles
results in a significant increase in Sb emissions in the environment
(Belzile et al., 2011). Moreover, antimony is a low boiling point ele-
ment, which can therefore be emitted in the form of particles or sub-
micron gases during combustion processes. This element is commonly

associated with high temperature anthropogenic processes, such as
metal smelting, combustion and waste incineration which are con-
sidered as the main sources of antimony emission into the atmosphere
(Filella et al., 2009). Antimony is a potential tracer for waste in-
cineration (Christian et al., 2010). It is worthwhile to note that the
waste incinerator of the region was located 13 km north of the mon-
itoring site. In the past, brake pads were made from asbestos. With the
removal of asbestos, pads are now made from other materials, such as
Ba and Sb sulfates, Mg and Cr oxides and other metal powders
(Dongarra et al., 2009). For Cu, As, Zn, Sn, Ca, the values of EFs are in
the range of 10-100 (Fig. 6a), indicating that these elements are mainly
anthropogenic for all seasons. The high EFs of Zn, Sb, Bi, Cd and Cu
may be due to the influence of traffic in the sampling area. These ele-
ments are generally associated with emissions other than exhaust gases,
particularly tire abrasion, brake wear and pavement degradation
(Amato et al., 2011; Minguill6n et al., 2012). Another major source of
Zn and Cd is the incineration of household waste. Some fossil fuels may
contain arsenic which can be emitted during combustion (Enamorado-
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Fig. 5. Concentration of (a) five major elements (Al, Fe, Ca, Na, S), (b) REEs, (c) and (d) twelve trace elements (Cu, Pb, P, Ti, Zn, V, Mn, Sr, Zr, Sn, Sb, Ba) during a

heavy rainfall event (98 mm only for the day of 25/08/2015).
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Table 4
Average, standard deviation, minimum and maximum concentrations of PM,, and the different species for different seasons.
Annual Winter Spring Summer Autumn
Mean + SD Range Mean * SD Mean + SD Mean + SD Mean *+ SD
pg/m*
PM;o 55.7 = 32.03 4.99-135.89 48.64 *+ 16.78 64.83 = 9.75 44.57 * 14.61 59.83 + 4.69
Al 0.57 = 0.62 0.03-2.55 0.45 = 0.09 0.76 = 0.15 0.54 = 0.16 0.55 = 0.30
Ca 3.29 = 3.15 0.01-11.95 3.27 = 217 5.76 = 0.61 3.30 = 1.44 1.32 = 0.70
Fe 0.38 = 0.36 0.02-1.41 0.35 = 0.10 0.52 = 0.07 0.34 = 0.10 0.35 = 0.13
K 0.19 = 0.16 0.01-0.75 0.14 = 0.06 0.27 *+ 0.06 0.17 = 0.05 0.22 *+ 0.09
Mg 0.2 = 0.19 0.01-0.78 0.18 = 0.12 0.35 = 0.06 0.18 = 0.06 0.14 = 0.09
Na 0.35 = 0.43 0.01-2.66 0.42 = 0.41 0.61 = 0.14 0.23 = 0.09 0.24 = 0.19
S 0.4 = 0.33 0.01-1.15 0.38 = 0.26 0.59 *+ 12.43 0.49 = 0.21 0.22 *+ 0.16
ng/m>
P 16.86 = 21.76 0.1-144.1 10.86 + 6.59 34.34 = 1243 19.09 = 5.38 5.49 = 7.03
Li 0.35 = 0.34 0.05-1.32 0.29 = 0.10 0.51 = 0.07 0.34 = 0.10 0.29 = 0.15
Be 0.07 = 0.02 0.05-0.10 0.10 = 0.00 0.06 = 0.01 0.05 = 0.00 0.07 = 0.02
Sc 0.11 = 0.09 0.04-0.51 0.11 = 0.01 0.13 = 0.02 0.08 = 0.02 0.13 = 0.05
Ti 33.08 + 35.60 2-153.61 24.41 * 5.04 45.23 + 8.96 31.86 + 9.46 32.28 + 16.77
A% 1.86 = 1.63 0.05-6.45 1.49 = 1.12 2.83 = 0.63 2.11 = 0.81 1.33 + 0.77
Cr 1.85 = 1.70 0.05-8.45 2.26 + 1.68 2.59 = 0.90 2.00 = 0.47 0.94 = 0.45
Mn 5.99 = 5.76 0.05-23.59 4.29 = 1.12 8.57 = 1.54 6.17 = 1.65 5.39 = 2.19
Co 0.14 = 0.13 0.05-0.55 0.13 = 0.02 0.18 = 0.03 0.13 = 0.03 0.14 = 0.06
Ni 1.24 = 1.18 0.09-4.03 0.32 = 0.07 1.62 = 0.45 2.65 = 0.32 0.53 *= 0.43
Cu 17.16 = 21.75 0.15-93.41 7.64 = 4.47 20.25 * 6.35 41.90 + 10.44 2.46 = 1.34
Zn 8.81 = 6.78 0.15-34.25 11.27 + 3.80 11.48 = 3.79 5.77 = 1.83 7.40 = 3.57
Ga 0.15 = 0.14 0.05-0.59 0.14 = 0.02 0.19 = 0.04 0.14 = 0.04 0.14 = 0.07
Ge 0.12 = 0.07 0.05-0.3 0.08 = 0.02 0.12 = 0.02 0.18 = 0.03 0.10 = 0.03
As 0.46 = 0.36 0.05-1.45 0.56 = 0.30 0.64 = 0.09 0.45 = 0.14 0.28 = 0.11
Se 0.2 * 0.17 0.05-0.97 0.22 = 0.15 0.25 = 0.02 0.18 = 0.03 0.18 = 0.09
Rb 0.72 = 0.73 0.05-2.89 0.49 = 0.14 0.95 = 0.17 0.72 = 0.23 0.80 = 0.15
Sr 4.98 = 5.05 0.1-22.36 3.75 £ 1.51 8.79 = 1.27 492 + 1.74 293 + 1.83
Yb 0.18 = 0.18 0.05-0.77 0.13 = 0.03 0.24 = 0.06 0.16 = 0.04 0.18 = 0.09
Zr 5.2 = 3.10 0.16-11.05 5.09 + 3.19 6.72 = 0.40 481 = 1.29 4.81 = 2.19
Nb 0.2 = 0.18 0.05-0.78 0.26 = 0.13 0.27 = 0.07 0.15 + 0.04 0.15 + 0.07
Ccd 0.22 = 0.19 0.05-1.08 0.21 = 0.06 0.18 *+ 0.05 0.08 + 0.02 0.41 += 0.09
Sn 0.68 = 0.58 0.05-2.44 0.89 = 0.33 0.89 = 0.14 0.54 = 0.19 0.47 = 0.27
Sb 0.85 = 0.67 0.05-2.76 1.18 + 0.41 0.90 = 0.03 0.65 = 0.29 0.66 = 0.14
Cs 0.19 = 0.31 0.04-1.84 0.17 = 0.15 0.09 = 0.01 0.12 + 0.05 0.39 + 0.38
Ba 8.87 = 6.97 0.3-26.13 8.43 = 3.28 11.88 = 1.24 9.42 + 3.24 6.45 = 1.58
La 0.32 = 0.35 0.05-1.59 0.23 = 0.07 0.42 = 0.09 0.31 = 0.08 0.33 = 0.17
Ce 0.65 = 0.74 0.05-3.28 0.45 = 0.13 0.83 *+ 0.18 0.60 *+ 0.16 0.73 = 0.41
Pr 0.1 = 0.07 0.05-0.37 0.12 = 0.03 0.11 = 0.02 0.08 = 0.01 0.11 = 0.01
Nd 0.28 = 0.31 0.05-1.4 0.22 = 0.05 0.37 = 0.07 0.26 = 0.07 0.29 *= 0.15
Sm 0.09 = 0.31 0.1-0.27 0.08 = 0.03 0.08 = 0.01 0.06 = 0.01 0.14 = 0.03
Gd 0.08 = 0.04 0.05-0.24 0.07 = 0.03 0.08 = 0.01 0.06 = 0.01 0.12 = 0.01
Dy 0.08 = 0.03 0.05-0.17 0.07 = 0.02 0.07 = 0.01 0.06 = 0.01 0.11 *= 0.01
Hf 0.21 = 0.10 0.05-0.38 0.20 = 0.10 0.26 = 0.03 0.20 = 0.04 0.22 = 0.07
Ta 0.09 = 0.03 0.05-0.19 0.10 = 0.00 0.08 = 0.01 0.06 = 0.00 0.10 = 0.00
w 0.08 = 0.02 0.05-0.12 0.09 = 0.02 0.07 = 0.01 0.06 = 0.01 0.09 = 0.01
Tl 0.08 = 0.08 0.05-0.64 0.08 = 0.02 0.06 = 0.01 0.07 = 0.01 0.09 *= 0.05
Pb 79.43 £ 69.75 0.8-260.24 138.41 + 22.98 69.67 * 7.66 35.81 + 12.67 67.90 £ 29.74
Bi 0.1 = 0.00 0.07-0.1 0.10 = 0.00 0.10 = 0.00 0.10 = 0.00 0.10 = 0.00
Th 0.11 = 0.09 0.02-0.42 0.10 = 0.03 0.12 = 0.03 0.11 *= 0.02 0.13 = 0.03
U 0.09 = 0.04 0.05-0.21 0.06 = 0.02 0.08 = 0.03 0.12 = 0.01 0.08 *= 0.02

Baez et al., 2015). High values for Pb and Zn have already been re-
ported by Megido et al. (2016) who related Cu, Sn, Sb and Bi to brake
wear. Brake abrasion is thought to be one of the most important sources
of Sb and Cu in PM (Iijima et al., 2009; Amato et al., 2011; Lage et al.,
2016). Calcium may have different sources as it may originate from sea
spray (Megido et al., 2016), construction and demolition works (Amato
et al.,, 2009a), road dust resuspension (Amato et al., 2011), cement
industries (Morishita et al., 2011; Alharbi et al., 2015), vehicular
emissions and iron and steel plants (Mooibroek et al., 2016). Mineral
industries such as the cement and ceramic brick plants as well as a stone
quarry which are strong emitters of calcium (Yatkin and Bayram, 2008)
are situated 13 km north north of the sampling site which is in the wake
of prevailing north westerly winds. Calcium is highly enriched with
respect to seawater (EF > 100) (Fig. 6¢) but is moderately enriched
with respect to the earth's crust (EF > 10). This reflects not only the
contribution of soil dust resuspension (Amato et al., 2011), but also the

impact of other complementary human activities such as the use of
cement in nearby construction works (Wang et al., 2008; Dall'Osto
et al., 2012).

3.4.2. Elements associated with mixed sources

Relatively lower EFs values (ranging from 1 to 10) were obtained for
Ti, Fe, Si, Mn, P, Na, Mg, Co, Sr, Ba, Ni, V, Cr and Cs for all seasons. In
this study silicon was not measured and was indirectly determined
using the measured aluminum concentration multiplied by a factor of
4.6 (Miller-Schulze et al., 2015). These elements come from mixed
sources and mainly from crustal and marine ones as the contribution of
the anthropogenic counterpart is smaller (Dai et al., 2015). Iron, Ti, Si
and P are related to crustal sources (Dall'Osto et al., 2012; Dai et al.,
2015) and Na, Mg and Sr to marine sources (Fig. 6¢) (Dall'Osto et al.,
2012). The resuspension of particles is the dominant source of elements
Ba, Mn, Cs (Cheng et al., 2018; Amato et al., 2009a) and Cr (Dai et al.,
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Table 5
Mean PM;, (ug/m>), major (ug/m>) and trace elements levels (ng/m®) from different cities in the world compared with the data obtained in this study, *for elements
in ng/m®.
Present study”  Hankou, China”  Barcelona, Spain®  Piedmont, Italy’  Mexico® Algiers, Algeria”  Agra, India®  Diizce, Turkey”  Constantine Algeria'
Cenica To
PM;, 55.7 156 42 65 52 52 - 155.25 86.4
Al 0.57 3.7 0.42 0.38 1.58 2 - - 5.3
Ca 3.29 5.0 1.4 1.04 1 2 0.27 7.23 2.5
Fe 0.38 3 0.6 2.48 1 1 0.54 3.96 -
K 0.19 4 0.3 0.39 1 1 0.37 4.36 -
Mg 0.2 1 0.3 0.52 0.5 0.4 - 1.71 -
Na 0.35 1 1 - 0.5 0.5 - 3.97 -
S 0.4 - 1 - 1.66 5 - 4.65 -
p* 16.86 137 0.02 - - - - -
Li* 0.35 4 0.5 - - - - - -
Be* 0.07 - - - - - - - -
Sc* 0.11 1 0.9 - - - 0.15 60 1.1
Ti* 33.08 214 29 26.7 114 81 - - -
v* 1.86 7 9 2.77 19 25 4.36 42.35 2.6
Cr* 1.85 11 5 12.1 1 4 1.43 70 14.7 16
Mn* 5.99 116 15 28.4 20 32 4.25 - 29.0 50
Co* 0.14 1 0.2 0.65 0.5 1 0.71 - 0.7 14
Ni* 1.24 4 4.6 5.97 3 5 - 50 11.8 11
Cu* 17.16 40 28 67.3 75 110 - 130 12.4 24
Zn* 8.81 676 81 83 100 482  10.0 630 115.3
Ga* 0.15 5 0.2 - - - - -
Ge* 0.12 1 - - - - - -
As* 0.46 66 0.7 1.03 6 0.19 50 1.8
Se* 0.2 11 0.9 - - - 0.15 - 0.9
Rb* 0.72 18 0.9 - - - - 110 -
Sr* 4.98 37 4 239 9 16 12.0 - -
Yb* 0.18 1 - - - - - - -
Zr* 5.2 15 12 3.21 - - - - -
Nb* 0.2 1 - - - - - - -
Cd* 0.22 0.2 1.1 1 3 0.03 23.50 0.6 1
Sn* 0.68 10 6 - - - - 6.0
Sb* 0.85 16 2.9 10.1 - - 0.71 - 6.3
Cs* 0.19 14 - - - - - - -
Ba* 8.87 2 - 40.2 - - - 90 21.4
La* 0.32 58 0.3 2.39 - - 0.66 - -
Ce* 0.65 2 0.7 2.57 - - 1.30 - -
Pr* 0.1 4 - - - - - - -
Nd* 0.28 0.4 - - - - - - -
Sm* 0.09 2.0 - - - - 0.07 - -
Gd* 0.08 0.2 - - - - 0.22 - -
Dy*  0.08 0.1 - - - - - - -
Hf* 0.21 0.01 - - - - 0.04 - -
Ta* 0.09 1 - - - - - - -
wW* 0.08 0.1 - - - - - - -
TI* 0.08 2 - - - - - - -
Pb* 79.43 409 13 13.7 3 111 260 21.1 46
Bi* 0.1 11 0.4 - - - - 0.3
Th* 0.11 1 - - - - - - -
U= 0.09 0.3 0.13 - - - - - -

a

Constantine (urban receptor site); The present study.

® Hankou (urban); Querol et al. (2006).

¢ Barcelone (urban background); Amato et al. (2011).

4 piedmont (urban); Padoan et al. (2016).

¢ Cenica and To (urban background); Querol et al. (2008).
f Algiers (suburban); Bouhila et al. (2015).

& Agra (urban); Singh and Sharma (2012).

b Diizce (urban); Bozkurt et al. (2018).

! Constantine (urban); Ali-Khodja et al. (2008).

2015). These elements are sometimes associated with road dust (Kara
et al., 2014) as it combines brake wear emissions and abrasion of me-
chanical parts of vehicles, and thus contaminates soil dust with an-
thropogenic metals (Sternbeck et al., 2002). The presence of Ni and V in
urban air is generally associated with fuel-oil combustion (Moreno
et al., 2010a; Pandolfi et al., 2011; Dall'Osto et al., 2012). However, Fe
has a relatively high concentration but a lower enrichment factor (< 5),
suggesting that it is originated mainly from natural processes, such as
wind-driven soil dust resuspension (Feng et al., 2009; Amato et al.,

10

2011). Iron is also associated with human activities such as industrial
processes, abrasion of metallic materials and traffic-related sources
(Genga, 2012).

3.4.3. Elements associated with crustal sources

In addition to Ti, Si and Fe, the lanthanides also have EFs close to 1.
In terms of abundance, the most common lanthanides are ranked:
Ce > La > Pr > Sm > Yb > Lu (Hsu et al., 2016). The data col-
lected at our site also reflect the same order and confirm that
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Fig. 6. Enrichment factors of metal elements for different seasons.

lanthanides or rare earth elements (REEs) (Sc, Y, Ce, La, Nd, Pr, Sm, Gd,
Dy) in the study area originate mainly from natural dust of crustal
origin since they have EFs < 5 for all seasons (Fig. 6b).

The enrichment factors of the selected trace elements varied simi-
larly for all seasons. Seasonal enrichment is greater in winter for most
elements, especially for Sb which shows higher EF values in winter
compared to other seasons. This again demonstrates that low air ex-
change during cold periods causes the accumulation of trace elements
in the air in urban Constantine. Low EF values were observed in the
summer. Similar results were reported by Fang et al. (2006) with the
exception of Cu, Ni and V which showed higher EFs in the summer.

3.5. Inter-species correlations

The Pearson correlation coefficients among the metallic species in
PM;, collected at the sampling site are summarized in Table 6(a, b).
The possible sources can be identified qualitatively from the correlation

11

matrix by analyzing the value that represents the linear correlation
coefficient between the elements. Strong correlations for Al were ob-
served with Ti (~1), Ga and Co (0.99), Mn (0.98), Fe (0.98), Li (0.97),
Sc (0.92), Rb (0.87), Mg (0.88) and Ba (0.86) (Table 6a), suggesting
they were predominantly from crustal sources, which is consistent with
the results from their EFs analysis. Aluminum also showed important
correlations with lanthanides, La and Nd (0.99), Ce and Yb (0.97), Th
(0.94), Pr (0.91), Sr (0.88), Nb (0.81), Gd (0.73) in PM;q (Table 6b).
Lanthanides can be identified as coming exclusively from crustal
sources. Similar results have been reported in a previous study con-
ducted by Hsu et al. (2016). Major elements Al, Ca, Fe, K and Mg ex-
hibited good relationships with correlation coefficients between 0.67
and 0.98. With the exception of Al which is depleted in the environ-
ment, Ca, Fe, K and Mg were moderately enriched. These elements can
be considered as being mainly from natural sources. The strong corre-
lation (0.83-0.9) involving mainly anthropogenic species (As-Ca) with
elements originating mainly from natural sources (Cr, V) suggests
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resuspension of traffic-related road dust matter. Elements Ga, Co, Fe, Li,
Mn, Ti, Ba and Mg exhibited good correlations (0.85-1) and since they
are enriched in the environment, they can be related to natural sources
(Table 6a). The composition of road dust has been found to be domi-
nated by elements typically associated with crustal materials (Thorpe
and Harrison, 2008). This demonstrates the difficulty in separating road
dusts from crustal materials as their compositions may often be quite
similar.

The pair V-S (0.9) could be due to fuel oil combustion in diesel
vehicles. However, there is no apparent correlation between all ele-
ments and Na indicating that sodium was associated only with marine
sources. The poor correlation found between Ca and Na (r = 0.22)
implies that Ca could originate from other sources described in Section
3.4.1. Good correlations were observed for the pairs Zn-As (0.71), Zn-Cr
(0.72) and Zn-V (0.62) (Table 6a). A possible source of Zn, As, Cr and V
was the foundry and metal processing plant located 3.5 km south of the
sampling site (Pey et al., 2013a). Other possible common sources in-
clude traffic emissions such as exhaust emissions, brake wear, tyre wear
(Wahlin et al., 2006; Amato et al., 2009a; Yatkin and Bayram, 2008).
Elemental pairs Zn-Sn (0.66), Zn-Ca (0.61), Zn-K (0.55), Zn-Mg (0.50),
Zn-S (0.61) and Zn-P (0.66) are slightly correlated, and because of their
high EFs, may be attributed mainly to anthropogenic sources such as
traffic emissions including exhaust gases, brake and tyre wear (Amato
et al., 2009a), industrial emissions (cement and brick factories) and the
resuspension of road dust. When Zn is associated with Ca, S, P, V and
Cr, Querol et al. (2004) suggest traffic emissions as the main source.
When Zn is associated with Sn and As, these elements are related to
non-exhaust emissions due to the degradation of tires and brakes wear,
according to Minguillon et al. (2012) and to the corrosion of metal
elements, when Zn is associated with Cr. In addition, Cr and V were
well correlated (r = 0.86), suggesting a possible contribution of fuel oil
combustion (Pey et al., 2013b). For Beryllium the highest correlation
found, although not particularly strong, was with lead (r = 0.55)
(Table 6a). A significant proportion of beryllium (Goddard et al., 2016),
zinc (Minguillén et al., 2012) and tin (Megido et al., 2016) emissions
are attributed to road transport combustion of DERV (diesel oil for road
vehicles). There is no correlation between Cd and the others elements,
except with W (r = 0.58) which reveals that they possibly originated
from metallurgical processes (Von Schneidemesser et al., 2010; Zheng
et al., 2017).

No good correlation was found between Cu and the other elements.
A slight correlation was observed with Ni (r = 0.57) (Table 6a). Ac-
cording to Von Uexkull et al. (2005), Ni and Cu were found to be
emitted from dust of lining material, which is different from the che-
mical composition of the brake dust.

3.6. Elemental ratios and source identification

Elemental ratios were often used as diagnostic tools to estimate the
profiles of possible sources (Vousta et al., 2002), the origin of air masses
(Cheng et al., 2000) and local source fingerprints (Prati et al., 2000;
Arditsoglou and Samara, 2005).

The mean values and the range of selected elemental ratios of the
area of Zouaghi in Constantine are presented in Table 7 along with
literature values for PM,.

Several studies have demonstrated that Cu and Sb may be used as
tracers of brake wear in the urban environment (Dongarra et al., 2007,
2009). A number of authors have found similar Cu/Sb ratios because of
significant correlations between Sb and Cu. Sternbeck et al. (2002)
found that Cu and Sb are released by brake wear and linings and pro-
posed a Cu/Sb ratio of 4.6 + 2.3. Dongarra et al. (2007) reported a
ratio in the range 4.2-4.5 and a high significant correlation between Cu
and Sb (r = 0.85). In a later work, Dongarra et al. (2009) measured a
ratio in the range 3.3-4.9 while a Cu/Sb of ~5 was calculated by
Arditsoglou and Samara (2005) for a site dominated by road traffic
sources in Kosovo. Such ratios are markedly different from the crustal
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ratio of around 125 (McLennan, 2001). Brake linings are the source of
Sb, since Sb,S; is actually used in many brake linings (Sternbeck et al.,
2002). In contrast to these findings, no correlation was found between
Cu and Sb in our dataset (Table 6a), and the average Cu/Sb ratio was
20.2 which far exceeds the values reported above. Such findings point
out to different sources at our site as Sb and Cu do not always go to-
gether in brake linings (Sternbeck et al., 2002). In a chemical profiling
study of urban road dust at five main roads of the city of Oporto and in
an urban road tunnel in the city of Braga, north of Portugal, Alves et al.
(2018) obtained Cu/Sb ratios between 4.8 and 18.9. Cu/Sb ratios > 10
could also be related to metallurgical activities (Thorpe and Harrison,
2008).

Ca/Al ratio had been used as a good marker for the relative influ-
ence of the long-transport dust and the locally generated aerosols
(Wang et al., 2006). Different values of Ca/Al ratio were observed in
Hong Kong as the Ca/Al ratio of 17.32 in cement plant samples was the
highest, followed by paved road dust (1.19) (Ho et al., 2003). Similar
results were reported by Kong et al. (2011) in which the Ca/Al ratio
values were 6.30, 4, 1.29 and 0.84, in cement plant samples, con-
struction dust, paved road dust and soil dust respectively. Another
study in California showed similar Ca/Al values between paved road
dust (0.45) and construction dust (0.42) (Chow et al., 2003). However,
the Ca/Al ratio from the UCC was significantly lower than that of 5.77
recorded at the urban monitoring site of Zouaghi. The latter was similar
to ratios in cement plant samples and construction dust reported by
Kong et al. (2011). One can assume that Ca originated from the con-
struction site close to the sampling site.

Kong et al. (2011) suggested that the Zn/Pb ratio in PM;, in the
range (0.03-4.4) might represent vehicle emissions. In the present
study, the Zn/Pb ratio was 0.11, as shown in Table 6, while a higher
value of 8.4 indicate possible influence of a pyrometallurgical process
such as scrap metal incineration (Arditsoglou and Samara, 2005). A
very low Cd/Pb ratio (0.028) was observed during our sampling period.
High Pb concentration from leaded gasoline may therefore lead to low
Cd/Pb and Zn/Pb ratios (Cheng et al., 2011).

The La/Ce ratio in ambient particulate matter has often been used as
an indicator of La emissions from the fluid catalytic converter (FCC)
systems of refineries (Morishita et al., 2006; Pandolfi et al., 2011),
whereby La/Ce ratio can reach up to 5. Similarly, La/Ce ratios at two
sites in the Bay of Algeciras in Spain were in the ranges 1.1-1.3 and
1.4-1.7 respectively (Pandolfi et al., 2011). Moreno et al. (2010b) have
found that La/Ce > 1 was an indicator of anthropogenic source such as
refineries. The mean La/Ce ratio in the present study was 0.492, which
is typical of natural crustal composition (around 0.5-0.6) (Pandolfi
et al., 2011).

The influence of industrial activities was further confirmed by
comparing the V/Ni ratio in this study (1.5) with the same ratio in road
dust within an industrial area (1.6) reported by Bosco et al. (2005) and
the low V/Ni ratio (< 2) suggested by Moreno et al. (2010a) reflecting
the presence of enriched Ni due to the metallurgical plant emissions.

3.7. Principal component analysis

Using PCA, it is possible to simplify the interpretation of complex
systems and to reduce the set of variables to a few ones, called principal
components (PC;). Principal component analysis was performed on
PM,, data sets (64 samples and 48 variables) for a period of one year
with varimax rotation. The factors were extracted on the basis of two
criteria: first, the cumulative percentage of variance explained by each
factor was > 80% and, second, the eigenvalue explained by each factor
was > 1. The factor loading, after varimax rotation using the PCA
model identified five sources, explaining about 88% of total variance.
The matrices of loads found with the PCA are reported in Table 8. The
first factor, accounting for 47% of the total variance, presents the
highest loading for elements which are dominantly made up of typical
soil components (Y, Nd, Th, La, Sc, Ce, Ti, Al, Ga, Co, Pr, Gd, Fe, Mn, Li,
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Table 7
Comparison of elemental ratios of urban dust in Constantine and in other studies.
Site Type Cu/Sb Ca/Al Zn/Pb La/Ce V/Ni Study
Gothenburg,Sweden Brake wear 46 + 2.3 Sternbeck et al. (2002)
Palermo, Italy Brake wear and linings 4.2-4.5 Dongarra et al. (2007)
Catania, Italy Brake wear 3.3-4.9 Dongarra et al. (2009)
Hong Kong Cement plant 17.32 Ho et al. (2003)
Paved road dust 1.19
Fushun-a, China Cement plant 6.30 Kong et al. (2011)
Construction dust 4
Paved road dust 1.29
Soil dust 0.84
Automotive emissions 0.03-4.4
California, USA Paved road dust 0.45 Chow et al. (2003)
Construction dust 0.42
Kosovo, Yugoslavia Scrap metal incineration 8.4 Arditsoglou and Samara (2005)
Bay of Algeciras, Spain Refinery plant 1.1-1.3 Pandolfi et al. (2011)
1.4-1.7
Atlantic Mediterranean sea Refinery plant >1 Moreno et al. (2010b)
Gela, Italy Road dust 1.6 Bosco et al. (2005)
(industrial site)
Constantine, Algeria Metallurgical processes 20.19 Present study
Construction dust 5.77
Vehicle emissions 0.11
Crustal source 0.49
Road dust 1.5
(industrial site)
Upper continental crust 125 0.37 4.17 0.47 2.43 McLennan (2001)

Table 8

PCA (with varimax rotation) performed on data from the site of Zouaghi in
Constantine (15/01/2015-03/02/2016). Elements with factor loadings > 0.50
are emboldened.

PC1 PC2 PC3 PC4
Crustal Soil and road dust Traffic Industrial/
resuspension metallurgical
emissions
Y 0.958 Y 0.217 Pr 0.196 Pr 0.105
Nd 0.958 Nd 0.262 Mn -0.112 Gd 0.331
Th 0.957 Th 0.154 Rb —-0.131 Sr -0.136
La 0.957 La 0.246 Sr  —-0.111 Ba —-0.105
Sc 0.956 Sc 0.108 Mg -0.105 K 0.242
Ce 0.950 Ce 0.215 As 0.132 Be 0.224
Ti 0.931 Ti 0.339 S -0.145 Ni —-0.375
Al 0.925 Al 0.358 P -0.155 W 0.859
Ga 0.922 Ga 0.350 \Y —-0.216 Cd 0.850
Co 0.916 Co 0.363 Zn 0.339
Pr 0.909 Pr 0.256 Sn  0.461
Gd 0.888 Gd —-0.162 Nb 0.202
Fe 0.871 Fe 0.469 Pb 0.816
Mn 0.864 Mn 0.468 Be 0.771
Li 0.838 Li 0.517 Ni  -0.702
Rb 0.781 Rb 0.410 Ge —0.632
Sr 0.727 Sr 0.574 W 0.231
Ba 0.702 Ba 0.634 Cd 0.136
Mg 0.699 Mg  0.631
Cr 0.317 Cr 0.888
As 0.378 As 0.869
S 0.215 S 0.866
P 0.167 P 0.852
A 0.393 v 0.845
Ca 0.404 Ca 0.833
Zn 0.107 Zn 0.769
Sn 0.167 Sn 0.718
Nb 0.615 Nb 0.657
K 0.616 K 0.627
Pb 0.161 Pb 0.237
Be —0.158 Be 0.143
Ni 0.130 Ni 0.383
Ge 0.364 Ge 0.412
w 0.107
% of variance 47% 27% 8% 6%
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Rb, Sr, Ba, Mg). Many of these elements (e.g. Al, Fe, Ti, Rb, La, Ce, Nd)
have often been reported as deriving from Saharan dust outbreaks and
could be used as tracers of the influence of the African events (Negral
et al., 2008; Viana et al., 2006; Salvador et al., 2004). Long-range
transport of Saharan dust is frequently reported in Mediterranean
countries (Querol et al., 2008).

The second factor accounts for 27% of the total variance and it is
made up of Cr, As, S, P, V, Ca, Zn, Sn, Nb, Ba, Mg, K, Sr, Li. This factor is
representative of the resuspension of local soils and road pavement
erosion (Amato et al., 2009a). It may represent a mixture of different
emission sources. Mineral elements in this group, Li, Sr, Nb, Sr and Ca
may derive from urban soil dust resuspension potentially affected by
the nearby construction/demolition works which are high emitters of
Ca and Sr (Amato et al., 2009a). Although road dust consists primarily
of mineral particles, it is also enriched in heavy metals and metalloids
(Amato et al., 2009b). Vehicle brake pad wear leads to the deposition of
metal-rich particles. Brake pads are commonly filled with BaSO,, while
Sn sulfides are often added as lubricants and Zn is normally used to
improve friction (lijima et al., 2007). Road dust also includes secondary
sulfate formed by the photochemical oxidation of sulphur in the at-
mosphere and particles rich in Zn and Sn which are tracers of brake
wear and ultimately of traffic related dust resuspension (Amato et al.,
2010; Pey et al., 2010). These elements, initially emitted by breaks are
progressively accumulated on roads, particularly after long periods of
dry weather and resuspended by vehicle traffic together with crustal
dust particles and road wear material (Belis et al., 2013). The con-
tinuous resuspension of the urban road dust by vehicular traffic in-
troduces into the atmosphere significant concentrations of these ele-
ments (Pey et al., 2010).

The third factor explains 8% of the variance and reflects the influ-
ence of traffic emissions. It is mainly made up of Pb. Several previous
studies have identified industrial activities as the dominant Pb source.
Since lead additives have been phased out around the world following
the introduction of legislation imposing the use of unleaded fuel in the
European countries from 1 January 2000, leaded gasoline is no longer
cited as a potential source of Pb pollution (Pey et al., 2010; Alastuey
et al,, 2006). Therefore, Pb emissions from traffic have been sig-
nificantly reduced (Enamorado-Baez et al., 2015). However, leaded
gasoline is still used in Algeria (Terrouche et al., 2015). Lead can
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therefore be considered as a tracer of vehicle exhaust (Singh and
Sharma, 2012). As for Be, a major source of emission is the combustion
of fuel oil (Goddard et al., 2016). The share of the diesel fleet in Algeria
represents > 60% (Naidja et al., 2018). Beryllium can therefore be
considered as a tracer of vehicle traffic. The fourth factor represents 6%
of the variance and its tracers are Cd and W. Cadmium has been
identified in connection with emissions from industrial metallurgical
processes (Von Schneidemesser et al., 2010). Tungsten is mainly used in
metal processing (Koutsospyros et al., 2006; Zheng et al., 2017) and in
alloys which are used in different welding and metal-cutting applica-
tions (EPA, 2017). A possible metallurgical origin for this source cannot
be excluded. These elements may be considered as tracers of industrial
activities and especially of the mechanical industry located at Oued
Hmimime in Constantine. The urban area of Zouaghi in Constantine is
affected by two main sources which contribute largely to PM; aerosols:
(1) crustal elements originated mainly from African dust events and
natural resuspension of semi-arid soils because of the relative proximity
of the Sahara and (2) resuspension of road dust affected by demolition
and construction works and which accumulates on roads because of the
scarcity of precipitation during long periods throughout the year
(Querol et al., 2008).

4. Conclusions

An average PM; level of 55.7 ug/m> was observed at an urban area
in the city of Constantine between 15 January 2015 and 03 February
2016. It was comparable to PM; 4 levels observed at different sites in the
Mediterranean and North African regions. Although this level may be
considered as relatively high when compared with WHO or European
air quality standards, it remains below the Algerian annual limit of
80 ug/m>. Daily PM;, levels were influenced by African dust outbreaks,
as suggested by the analysis of HYSPLIT back trajectories and BSC-
DREAM arerosol maps.

Crustal elements Ca, Al, S, Fe and Na were the dominant compo-
nents in PM;, and anthropogenic metals Pb, Cu, Zn, Ba and Mn had the
highest concentrations among the measured trace metals. The influence
of precipitation was shown to be significant as it reflected the re-
markable decrease of PM; and trace elements levels in rainy days.

Crustal enrichment factor calculations showed that elements Pb, Sb,
Cd, Bi, Cu, As, Zn, Sn, and Ca had EF values higher than 100 which
confers upon them an anthropogenic character. Elements including Ba,
Cs, Cr, Ni, V, Co and Mn were not enriched and were thus, influenced
both by natural sources and road dust resuspension which included
particles of anthropogenic nature such as tire and brake fragments as
well as material from abrasion of pavement and mechanical parts of
road vehicles.

Cu/Sb, Ca/Al, Zn/Pb, La/Ce, and V/Ni ratios can be considered as
markers of metallurgical processes, construction works, vehicle emis-
sions, soil dust and road dust respectively.

Source apportionment was performed by factor analysis using PCA
(varimax rotated factor matrix method) in SPSS 20. The statistical
analysis by PCA of the PM;, data from the urban site in the city of
Constantine allowed to identify four main emission sources. The latter
were crustal sources (including REEs), soil dust resuspension (both
road/city and soil dust), traffic emissions and industrial metallurgical
processes. PCA results revealed that crustal materials especially
Saharan dust and resuspended dust were important sources of trace
elements in PM;, at the study site. Evidence of adverse health effects of
both desert and non-desert sources strengthens the need to control for
anthropogenic sources, by reducing anthropogenic emissions and po-
pulation exposure especially on desert dust advection days.

The present study focused on the identification of principal sources
affecting the ambient air of Constantine. Further research is needed to
apportion the possible sources of PM;, over the study period.
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