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Abstract

:

The French West Indies are periodically affected by North African dust episodes (NADE) resulting in PM10 concentrations exceeding air quality standards. The aim of the present study was to decipher the PM10 chemical profile during NADE over Guadeloupe. PM10 samples were collected daily at a rural site and an urban site during five episodes between April and October in 2017. During these events, the median PM10 mass concentrations were, on average, 2 to 5 times higher than in the post-episode baseline period. Sampled filters were analyzed for their quantification of chemical constituents including carbonaceous fractions (elemental and organic carbon, EC/OC), anions/cations and levoglucosan, 51 elements, and 57 selected organic species. An orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted to identify the specific chemical profile of PM10 during NADE: 16 elements were identified as the most discriminant between the NADE and the control samples with mass concentration levels twice as high during a NADE. Among them, only two (Mn and V) are classified as emerging pollutant while no limit values exist for the other ones. The extensive characterization of the NADE PM10 chemical profile we performed is a key step to assess the chemical exposure of French West Indies populations during such events.
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1. Introduction


As their neighboring countries, the French West Indies are periodically affected by African dust episodes (ADE) from northern Africa or western Africa [1]. These can last several consecutive days, occurring mainly between March and October, and resulting in ambient particles concentrations exceeding the PM10 EU air quality standards [2].



The meteorological mechanism of this phenomenon is well known. When the Inter-Tropical Convergence Zone is installed, the warm air masses of the northern and southern hemispheres converge and rise in altitude (typically up to 5–7 km), carrying desert dust particles over long distances across the Atlantic Ocean with the trade winds (1.5 to 3.7 km in height) and reaching the Caribbean one to two weeks after leaving the African coast [3,4,5,6]. Some of these particles deposit during the transport, but the convection of the lower atmospheric layers is sufficient to maintain a significant quantity of them above the trade wind.



These events have substantial impact on the global climate (through direct and indirect radiative forcing), on marine productivity and terrestrial ecosystems as well as on human health [7,8]. In particular, the health hazards associated with aerosols exposure depend on the size of the particles, on their chemical composition and microbiological agents adsorbed on their surface. Particles with a median aerodynamic diameter ≤10 μm (PM10) are the most likely deposited in the bronchi and thus affecting respiratory tract (bronchitis, asthma, chronic obstructive pulmonary disease, etc.), while fine particles with an aerodynamic diameter ≤2.5 μm (PM2.5) are more likely to reach the pulmonary alveoli, causing systemic inflammation leading to cardiovascular effects [9].



Numerous studies carried out in the Mediterranean region found an association between PM from African dust and daily mortality for cardiovascular, respiratory, or cerebrovascular causes. The impacts of ADE on cardiorespiratory mortality and morbidity have been estimated of the same order of magnitude as of atmospheric suspended particles in general [10,11], or higher as a result of a modifying effect of ADE on mortality risk related to PM10 [12,13,14,15,16]. However, the associations observed with PM10 or PM10–2.5 vary widely from one study to another and from one region to another, highlighting the need for a chemical characterization of these particles and ADE source-health studies [17]. For instance, in the Caribbean basin, some studies conducted in Barbados did not show any significant link between North African dust episodes (NADE) and pediatric hospital visits for asthma [18], while in Trinidad, a relationship has been observed with pediatric emergency room admissions for asthma [19]. In the French West Indies, a study conducted in Martinique reported an increased risk of hospitalization for cardiovascular or respiratory causes during NADE [20], and in Guadeloupe, NADE were associated with an increased risk of pediatric emergency room visits for asthma crisis [21]. In these studies, the exposure to NADE was estimated from mass concentrations of PM10 and/or PM2.5, but none of them investigated the chemical composition of these particles. Several studies carried out in the Mediterranean basin have addressed the chemical characterization of African dust particles [12,22,23], but only one environmental study has been conducted in the Caribbean (U.S. Virgin Islands and Trinidad and Tobago) reporting the content of metals and several organic species—including organochlorine and organophosphorus pesticides, polycyclic aromatic hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs)—within NADE total suspended particles (TSP) [24].



Recently, epidemiological studies have identified exposure during pregnancy to metalloids or metals, such as arsenic, cadmium, and lead, as a risk factor for fetal growth [25,26,27,28,29,30,31]. Similar findings were published for some semi volatile organic compounds (SVOCs) such as phthalates including di(2-ethylhexyl)phthalate (DEHP) and diisononylphthalate (DiNP) [32,33], organophosphorus, organochlorine, or triazine pesticides [27,34,35,36,37], and PCBs [28,38]. Furthermore, as high rates of largely unexplained adverse pregnancy outcomes are observed in the French West Indies [39], we retrospectively exploited data from a mother–child cohort conducted in Guadeloupe to evaluate the association between mother’s exposure during pregnancy to NADE PM10 and pre-term birth. Obtained results have shown an association with an increase in relative risk with the levels of PM10 and the frequency of intense NADE [40]. The aim of the present study was to decipher the exposure of the Guadeloupean population to chemical compounds and microbiological agents of PM10 related to NADE. This manuscript is then presented and discusses the extended chemical profile of NADE PM10 samples collected in Guadeloupe both in terms of emission sources and potential health impact.




2. Experiments


2.1. Samplings


Filter samples were collected on pure quartz fiber filters (150 mm diameter, TissuQuartz, Pallflex)—preconditioned at 500 °C for 2 h—using a DA80 Digitel high volume sampler, at a flow rate of 30 m3/h. The filter collection was decided based on the forecasts from the Navy Aerosol Analysis and Prediction System Global Aerosol Model [41] which made possible to anticipate 48–72 h in advance the occurrence and expected intensity of NADE.



These samples were taken: (i) at Anse-Bertrand in a rural area on the East windward coast, by a sampler located in accordance with the protocol of the European Directive 2008/50/EC on ambient air quality [42], away from the sea and any anthropogenic activity (WGS84: Longitude = −61.5281492, Latitude = 16.2330264), and (ii) at a urban background site representative of the Pointe-à-Pitre air quality (i.e., located relatively far from any road traffic or other local sources (WGS84: Longitude = −61.4275882, Latitude = 16.4517761) (Figure 1).



Between March and November 2017, 5 periods of NADE occurring in Guadeloupe were sampled for PM10 (Table 1). In total, 27 samples were collected daily (from midnight to midnight) during (n = 20) and after (n = 7) each NADE period (control sample—CS) (Table 1). Of the 20 samples collected during NADE, 10 were collected in the urban area and 10 in the rural area. Of the 7 CS, 2 were collected in the urban area and 5 in the rural area. For quality control purpose, 6 field blanks and 5 laboratory blanks were included to the sample matrices. Field blanks are blank filters that were subjected to the same procedure as an actual sample, except that they have not been exposed to sampling. They reflect both media contamination, contamination on site during the sampling, handling and transport periods, and contamination related to storage before and after sampling. Laboratory blanks are unsampled blank filters that do not leave the laboratory storage site during the entire period of outdoor sampling. Placed in aluminum foil, they have been stored in a desiccator. They were then analyzed according to the same analytical procedure as the actual samples, in order to isolate any specific problem on the measurement chain.



After sampling, the filters were wrapped in aluminum foil, placed in sealed polyethylene bags, and stored at −20 °C. Shipment of these samples to mainland France for chemical analyses was achieved by express delivery services (48–72 h) in temperature-controlled packages (<5 °C).



Furthermore, automated co-located PM10 mass concentration measurements have been obtained using Tapered Element Oscillating Microbalances equipped with Filter Dynamics Measurement Systems (Thermo, TEOM-FDMS) in compliance with the relevant EN 16450 EU standard [43].




2.2. Chemical Species Analyses


Sampled filters were subjected to various chemical analyses for the quantification of the major chemical constituents and trace compounds as described hereafter.



2.2.1. Carbonaceous Aerosols


The carbonaceous fractions—i.e., organic carbon (OC) and elemental carbon (EC)—were analyzed on 1.5 cm2 punches using a Sunset Lab. analyzer [44] and following the EUSAAR2 thermo-optical protocol [45].




2.2.2. Anions, Cations and Levoglucosan


Major water-soluble inorganic species—namely NH4+, Na+, K+, Mg2+, and Ca2+ for cations, as well as Cl−, NO3−, and SO42− for anions—were analyzed using ion chromatography (IC). Prior to analysis, 1.5 cm2 punches were soaked for 30 min in ultra-pure water and obtained solutions were then filtered using 0.25 µm porosity filters. The same solutions were also used for the quantification of levoglucosan—commonly used as a marker for biomass burning aerosols—using IC device equipped with amperometric detector. Detailed analytical procedures used for these measurements can be found in Waked et al. [46].




2.2.3. Metals and Metalloids


Punches of 4.7 cm diameter were used to measure a first set of elements based on the ambient air quality EN14902:2005 standard [47]. These elements included Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Hg, K, La, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Ru, Sc, Se, Sn, Sr, TI, Th, Ti, U, and V. The analysis [48,49] were performed on a Perkin Elmer NexION 300× inductively coupled plasma mass spectrometer (ICP−MS). Prior to analyses, each sub-sample was acid digested (HNO3: 2 mL; H2O2: 1 mL) at 220 °C in a microwave oven (Ultrawave, Thermo-Scientific). Due to the quartz content of the filter medium, HF was not included in the mineralization procedure and Si was not analyzed. The digests were diluted to a final volume of 50 mL using ultrapure water and stored at 4 °C until analyses. Each sample was analyzed in triplicates in order to estimate the repeatability of the technique. We performed several measurements of reagent blanks and quality control (QC) standard solutions attached to the NIST for analytical validation. Mean filter blank values were subtracted to the elemental concentrations. Internal standards (69Ga, 103Rh) were added (1 μg L−1) to all analyzed solutions to correct the drift of the ICP-MS signal. In addition, 10 samples (about 1 mg) of NIST SRM 1648a (Urban particulate matter) were systematically tested as standard reference material to validate the whole extraction procedure. Most of the measured elements were validated with a recovery rate ranging between 85% and 110%, except for refractory elements like Al (65%), K (64%), La (70%), Th (66%), or Ti (63%). The reported concentrations for these last elements take into account these lower recovery rates.



One 1/4 filter was used to achieve a second round of analyses to obtain concentrations of Sb, Dy, Er, Eu, Gd, Ho, Lu, Nd, Pr, Sm, Tb, Tm, Yb, Zn, and Zr. To do so, the extraction was carried out using a mixture of aqua regia (2.5 mL HNO3; 5 mL HCl) at 150 °C with a microwave oven (Ethos 1 microwaves—Milestone). The digests were filtered and then adjusted to a final volume of 100 mL using ultra-pure water and stored at 4 °C until analyses. Samples were analyzed by an ICP-MS 7900 mass spectrometer (Agilent Technologies) in triplicates in order to estimate the repeatability of the technique and the RSD checked. Blanks and quality control (QC) standard solutions have been integrated for each analysis series. An internal standard mixture (72Ge, 103Rh, 115In, 185Re, 193Ir) was added, on-line, to all samples to correct for ICP-MS signal drift. Certified controls, CRM SS1, CRM SS2, and NIST SRM 1944 (two soils and 1 sediment) were systematically tested as reference materials to validate the digestion procedure (Table S1).




2.2.4. Organic Species


No gaseous phase having been collected during sampling, SVOC were analyzed from particulate phase only. Part of the filter was used to measure the mass concentrations of 20 PAHs in PM10 following the EN 15549 and CEN/TS 16645 standard procedures and as reported previously [50]. These 20 PAHs include: 1-methylnaphtalene, 2-methylfluoranthene, 2-methylnaphtalene, acenaphthene, anthracene, benzo[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[e]pyrene, benzo[g,h,i]perylene, benzo[j]fluoranthene, benzo[k]fluoranthene, chrysene, coronene, dibenzo[a,h]anthracene, fluoranthene, fluorene, indeno[1,2,3-cd]pyrene, pyrene, and retene. Filters were extracted by pressurized liquid extraction (PLE) and analyses were performed by ultra-performance liquid chromatography with fluorescence detection (UPLC/Fluorescence).



Finally, another 1/4 filter was dedicated to the analysis of additional organic compounds known to be or to have been present in Guadeloupe, and/or that have been already detected in NADE particles in the Eastern Caribbean [24]. These are:




	
14 organochlorine pesticides: 2,4′-DDD, 2,4′-DDE, 2,4′-DDT, 4,4′-DDD, 4,4′-DDE, 4,4′-DDT, aldrin, alpha-endosulfan, alpha-HCH, beta-endosulfan, dieldrin, endosulfan sulfate, gamma-HCH (lindane), and hexachlorobenzene (HCB);



	
1 organophosphate: tributylphosphate (TBP);



	
3 organophosphorus pesticides: chlorpyrifos-ethyl, diazinon, and dichlorvos;



	
1 herbicide: oxadiazon;



	
5 pyrethroid pesticides: cyfluthrin, cypermethrin, deltamethrin, permethrin, and tetramethrin;



	
9 PCBs: PCB 28, 31, 52, 101, 105, 118, 138, 153, and 180;



	
4 phthalates: BBP, DBP, DEP, and DiNP.








Filters were extracted by pressurized liquid extraction (PLE) and analyses were performed by gas chromatography coupled with tandem mass spectrometry (GC/MS/MS). A detailed description of the analytical method including quality assurance and quality control has already been published [51,52]. Briefly, each batch included: (i) Up to 20 samples, (ii) nine calibration samples and one calibration blank sample to generate quadratic calibration curves intended for quantification, (iii) one procedural blank sample (pre-conditioned QFF quarter) to assess whether contamination may have occurred during analysis, and (iv) two procedural QC samples (pre-conditioned QFF quarter spiked at the QL level and at an intermediate level) analyzed as regular samples to check for method accuracy. Positive values for each substance were confirmed by comparing retention times and MRM transitions ratios between calibration samples and real samples. The data validation protocol included several conditions: (i) The determination coefficient of the calibration curve had to be greater than 0.995, (ii) the response of a substance in the calibration blank sample and in the procedural blank samples had to be lower than 50% of that in the calibration sample at the QL level, and (iii) the concentration of a compound measured in the procedural QC samples had to be within ±50% of its theoretical concentration value for the QC sample at the QL level (QC1) and ±30% for the QC sample at an intermediate level (QC2). The QC results are presented in Table S2 in the Supplementary Material.





2.3. Data Treatment Procedures


2.3.1. Chemical Datasets


Due to very low concentrations (e.g., below detection limits), part of the investigated chemical compounds could not be used for data treatments. Species that could eventually be considered were selected on the basis of their quantification frequency (Qf = number of samples with values > QL divided by the number of samples analyzed), leading to the following classification:




	
45 compounds (35 elements, 1 organic, 8 anions-cations, organic carbon) with a Qf > 0.6 have been selected for further analysis; the values below the quantification limit (QL) have been replaced by the corresponding value QL/2;



	
15 compounds (3 elements, 11 organic compounds, elemental carbon) quantified with Qf between 0.3 and 0.6 were kept for qualitative analysis only (see below) and coded into binary variables (quantified/not quantified);



	
59 compounds (13 elements, 45 organics, 1 anion) with a Qf < 0.3 were not retained for further data analysis.









2.3.2. Dust Episodes Origin


In order to document the origin of dust episodes, a weight of evidence approach was used based on the elemental ratios largely used in the literature [53,54,55] to estimate and compare chemical characteristics of different dust origins.



Elemental ratios (Ca/Al, Ti/Fe, Ti/Ca, Fe/Al, and (Ca+Mg)/Fe) were calculated for NADE samples; the confidence interval of the mean ratios being calculated from the Student’s Law.




2.3.3. Chemical Characteristics of NADE PM10


A descriptive analysis was performed on the data in volumetric concentration (ng/m3) for PM10, and in abundances (µg/g) for chemical compounds; the confidence interval of the means being calculated from the Student’s t-test. Then, we conducted an analysis of the data based on the PM10 chemical composition, using first an exploratory unsupervised approach in order to let the samples split up on their own into clusters. The description of the characteristic variables of each of the clusters provides a first picture of the chemical compounds discriminating between NADE samples and control samples (CS), as well as between urban and rural samples. For that purpose, a factor analysis of mixed data (FAMD) [56] was conducted on the quantitative reduced-centric data for the 45 compounds presenting a Qf > 0.6, and on the qualitative 15 compounds having a Qf between 0.3 and 0.6. Since the quantitative variables Ca, K, Mg, and Na were highly correlated with Ca2+, K+, Mg2+, and Na+, we calculated the difference for each of those variables with Ca2+, K+, Mg2+, and Na+, respectively, and retained their refractory component values (diff-Ca, diff-K, diff-Mg, diff-Na) for the FAMD analysis. The latter was followed by a hierarchical clustering on the factors obtained consolidated by a k-means [57] using the corresponding R package [58].



To identify the chemical profile of PM10 during NADE, an orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted [59] using the R package Ropls [60]. This method is particularly well adapted to quantitative data for which the number of variables studied is much higher than the number of observations and for which there is correlation between the variables. The OPLS-DA constructs a series of orthogonal components between them in order to best predict the sample’s affiliation group. The first component of the model is the predictive component (between-group variability) while the others are the non-correlated components (intra-group variability). This analysis is actually a partial least square (PLS) regression in which the response variable Y is a categorical one that expresses the class to which the observations belong. This qualitative variable Y with q classes is transformed into q dummy variables before running the PLS regression algorithm. PLS regression proceeds in successive steps in order to find H orthogonal components th and H uh components well-correlated. The VIP criterion (Variable Importance in the Projection) is used to select the most discriminating explanatory variables. For p explanatory variables, the VIP of a variable    x j    on the component h is:


  V I  P  h j   =    p  R d  (  Y ;  t 1  , … ,  t h   )      ∑   l = 1  h  R d  (  Y ;  t l   )   w  l j  2     



(1)




where:




	
The weight    w  l j  2    allows to measure the contribution of a variable    x j    to the construction of the component    t l   ;



	
  R d  (  Y ;  t l   )  =  1 q   ∑  k = 1  q  c o  r 2   (   y k  ,  t l   )    is the part of variance of  Y  explained by the component    t l   .








All chemical compounds with a VIP on the first component greater than 1 were considered to discriminate between samples collected during a NADE or not (CS). For each of them, tests of Wilcoxon’s signed ranks were performed to test the statistical significance of the differences in mean concentrations measured for samples collected during NADE vs. CS. For each NADE, the samples were matched by calculating a couple of mean concentration pairs (the first calculated on samples collected during all consecutive days of the NADE in consideration; the second on the corresponding CS). All the test p-values were adjusted [61].






3. Results


All hereafter statistical descriptive analyses (Section 3.1, Section 3.2 and Section 3.3) were applied to the dataset obtained from the 27 collected samples: 20 during NADEs (10 from the rural area and 10 from the urban area) and 7 used as controls samples (5 from the rural area and 2 from the urban area).



3.1. PM10 Volumetric Concentration Levels


Based on analysis of PM10 daily time series (2005–2016), an index was empirically derived from the 24-h mean values of PM10 to define days without or with NADE: I0 (no NADE) if PM10 ≤ 27 µg/m3, I1 (light NADE) if 27 < PM10 ≤ 38 µg/m3, I2 (moderate NADE) if 38 < PM10 ≤ 54 µg/m3, and I3 (intense NADE) if PM10 > 54 µg/m3.



Out of NADE, the median value (n = 7) of PM10 was 18.9 μg/m3 (min 7.3–max 27). For moderate NADE (n = 10), it was 44.7 μg/m3 (min 38.6–max 52.3), and for intense NADE (n = 10), the median value was 78.5 μg/m3 (min 64.6–max 153.5) (Figure 2).




3.2. Dust Episodes Origin


NADE samples presented the following specific ratios: Ca/Al = 0.26 ± 0.02, Ti/Fe = 0.07 ± 0.01, Ti/Ca: 0.11 ± 0.01, Fe/Al = 0.45 ± 0.01 and (Ca + Mg)/Fe = 1.07 ± 0.08.




3.3. PM10 Chemical Compounds Concentrations


Among the 51 elements analyzed, 17 (Al, As, Be, Ca, Ce, Cs, K, La, Li, Mg, Mn, Na, Rb, Se, Sr, Th, U) were quantified in all samples (NADE and CS), and 18 (Cd, Co, Cr, Dy, Er, Eu, Fe, Gd, Ho, Nd, Pb, Pr, Sb, Sc, Sm, Ti, Tl, V) were quantified with a Qf value between 0.6 and 1. Among the 57 organic compounds analyzed, only one (pyrene) was quantified with a frequency > 0.6. Among the 11 carbon compounds-anions-cations, 8 (Ca2+, Cl−, levoglucosan, NO3−, OC, K+, Na+, SO42−) were quantified in all samples (NADE and CS) and 1 (Mg2+) with a Qf > 0.6. Table 2 shows the concentrations in μg/g for those 45 compounds (Qf > 0.6), in NADE and CS (for compounds with a Qf < 0.6 see Table S3).




3.4. Chemical Profile of NADE PM10


The hierarchical clustering consolidated by a k-means, performed on factors obtained after FAMD (after excluding a CS outlier), allows a clear distinction between control and NADE samples (Figure 3).



Samples taken in the rural area are also distinguished from those taken in the urban area. This classification identifies three clusters: One grouping, 5 of the 6 CS; another grouping, 8 of the 10 samples collected in the urban area during a NADE; and the last grouping, 10 samples collected in the rural area during a NADE, as well as 2 samples collected during a NADE in the urban area and the 6th control (rural) sample. This last sample being characterized by an average 24-h PM10 value strictly equal to 27 μg/m3, we requalified it as a rural NADE sample of low intensity for further data analysis. The two urban NADE samples (UNADES4, UNADES10) are rather atypical, positioning themselves more or less in the center of the factorial plan, at distance from the other urban NADE samples. Although classified with rural NADE samples by the classification process, they are still quite distant from them.



The characteristic variables of each of these three clusters provided a first picture of the chemical compounds discriminating NADE samples from CS, as well as urban from rural samples. The CS cluster is mainly characterized by higher than means levels for Cr, Se, OC, diff-Cl, SO42−, diff-Na, levoglucosan, and pyrene. Samples from the rural NADE cluster are characterized by higher than overall mean concentrations for the elements Sr, diff-Mg, and PAH compounds are less frequently detected in samples from this cluster than in all samples. The urban NADE cluster is characterized by levels higher than overall mean concentrations for Al, Be, Ce, Cd, Co, Cs, Dy, Er, Eu, Fe, Gd, La, Mn, Nd, Pb, Pr, Th, U, Rb, Sb, Sc, TI, V, NO3−, diff-K, and PAH compounds (benzo[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[e]pyrene, benzo[g,h,i]perylene, benzo[k]fluoranthene, chrysene, coronene, fluoranthene, indeno[1,2,3-cd]pyrene, and retene) more frequently detected in samples from this cluster than in all samples. Therefore, the OPLS-DA analysis was applied to the modified dataset resulting from the re-qualification of one of the rural control sample as a rural NADE sample. It confirmed the existence of a difference in chemical composition (Figure 4), essentially observed between groups (NADE and CS); 77% of the data inertia being represented by the first component. It also confirms through the second component the FAMD analysis results, with a greater dispersion within the CS, vs. a lower dispersion in the samples taken during an NADE, respectively, in rural and urban areas.



Using the VIP criterion, 21 chemical compounds were identified as the most discriminant between the control and NADE samples (Figure 4): 16 elements (Al, Be, Ce, Cs, Fe, La, Li, Mn, Nd, Pb, Pr, Rb, Sc, Th, U, and V) with mass concentration levels about twice as high during a NADE compared to a CS, and 5 species (Cl-, levoglucosan, OC, Na, and SO42−) with levels about 2 to 3 times lower (Table 3). Wilcoxon tests allowed concluding that there was a statistically significant difference in concentration levels, with adjusted p-values below 5% for all compounds (Table 3).



An OPLS-DA analysis (not shown) applied to samples collected only during NADE (R2 = 0.76, Q2 = 0.62) allows for a distinction between urban and rural samples. The first component being relatively low (R2 = 0.48) suggests that the variability within NADE does not come solely from the sampling environment (rural vs. urban) as suggested by the value of the second component (R2 = 0.28). It is probably related to the time difference between the two sampling periods at both stations, and it may also depend on the geographical origin of the NADE and/or its intensity.





4. Discussion


In 2017, five periods of dust events were investigated in Guadeloupe. During these events, the median PM10 mass concentrations were on average 2 to 5 times and up to 10 times higher than in the post-episode baseline period (CS).



4.1. Origin of Particles


The mean elemental ratios of Ca/Al, Ti/Fe, Ti/Ca, Fe/Al and (Ca + Mg)/Fe measured during the NADE were somehow typical of what has been measured in the past. For instance, Remoundaki et al. [54] published comparable results for PM10 collected at an urban site in Greece during an intense NADE when concentrations exceeded the daily EU limit value (50 μg/m3). Interestingly, during these events, the concentrations of the mineral dust represented a large fraction of PM10 reaching 79%. The Ti/Fe (0.08 ± 0.04) and Ti/Ca (0.03 ± 0.02) ratios reported by them were similar to those reported in the literature for long-range transported Saharan dust [62,63].



For Ca/Al ratios, the variability may be larger depending on the emission sources and Guieu and Thomas [64] found soil signatures around 0.28 and 0.36. Gelado-Caballero et al. [65] obtained Ca/Al ratios in aerosols collected in Gran Canaria, Canary Islands of 1.15 for Northern Sahara, 0.37 for West and Central Sahara and 0.43 for Sahel. Similarly, Formenti et al. [53] and Scheuvens et al. [55] evidenced that on a regional scale, northern African dust and its source sediments are chemically heterogeneous which can be used to differentiate between major potential source areas. Consequently, using major elements ratios such as Ca/Al, Mg/Al, Fe/Al, (Ca + Mg)/Fe may help to fingerprint Saharan dust source regions. Our results could suggest that the main origin of these events during the 2017 campaign carried out in Guadeloupe were partly coming from the so-called PSA-NAF3 at the Mali–Algerian border region [53] that display Fe/Al of 0.5–0.57 or (Ca + Mg)/Fe of 1.16–2.08.




4.2. Levels and Measurement of PM


Among the 20 NADE that occurred over five periods in Guadeloupe in 2017, half were of moderate intensity and the other half were of high intensity with an average value of almost 80 μg/m3 and a maximum level of 153 μg/m3. Many studies carried out in the Mediterranean basin have already shown an increase in PM10 concentrations during NADE, which can reach several hundred μg/m3 [54,66,67]. In the Caribbean basin, due to the long distance travelled by the air masses, the PM10 levels are usually measured at lower levels; this was the case in our study where the levels measured were of the same order of magnitude as those already reported in studies conducted in the French West Indies [20,21].



In the Mediterranean basin, the rise in PM10 levels is mainly linked to an increase of the coarse fraction (larger than PM2.5) and to a lesser extent in the finer fraction (PM2.5) [54]. Moreover, about 50% of the dust of African origin correspond to particles with an aerodynamic diameter ≤ PM2.5 [7]; the mass median diameter of the particles being in the range 2.5 to 5.0 μm [68]. Knowing that PM2.5 complements PM10 in WHO recommendations and in international or national regulations, it would have been interesting to also measure PM2.5 in our study in order to compare the levels/enrichments of certain compounds that might have been slightly different. However, Perez et al. [12] showed that chemical composition varied equally in PM2.5 and PM10–2.5 during Saharan dust days over Spain. Moreover, the local monitoring network did not have yet the necessary equipment to measure the PM2.5.




4.3. Chemical Composition of PM10


Thanks to the complementarity of the analytical platforms and expertise between the three laboratories that performed the analysis, we were able to broadly explore the chemical composition of NADE PM10 particles. This investigation was based on a “suspect screening” approach considering the knowledge or hypotheses available in the literature regarding their composition and extended to a large set of elements and organic compounds (n = 119).



The objective of our study being to characterize qualitatively and quantitatively the specific chemical profile of PM10 during NADE using statistical modeling, we needed to use robust data. For this, we selected compounds with a value of QF > 0.6 allowing to select compounds with meaningful and robust means and SD values (below this threshold, the Qf were very low of the order of a few tens of %—see Table S3). Among the 51 elements and metalloids we analyzed, 35 were quantified with a value of Qf > 0.6. Among them 16 (Al, Be, Ce, Cs, Fe, La, Li, Mn, Nd, Pb, Pr, Rb, Sc, Th, U and V) were identified as the most discriminant between the NADE and control samples. Although they have been found in significant quantities in mineral dust particles [23], Ca, K, or Na do not belong to this list. This can probably be explained by the fact that our study was conducted on an island territory where marine aerosols constitute an important source for these elements (the average contribution of sea salts to PM10 = 13% during NADE vs. 27% out of NADE).



Among the 57 organic compounds (organochlorines, organophosphorus compounds, oxadiazolones, phthalates, PCB, PAHs, and pyrethroids) we analyzed, only one (pyrene) was quantified with a frequency > 0.6, with levels 4 times lower during NADE compared to control samples. Overall, compared to those observed in 2006 in the southeastern Caribbean region (Trinidad and Tobago) and in 2008 in the northeastern Caribbean (Virgin Islands) [24], the frequency of detection of SVOCs observed in our study (middle eastern Caribbean) is lower. The conservation of the samples at low temperature (T < −20 °C) all along the chain from sampling to analysis having been respected, these results can be explained by the fact that we only analyzed the particles collected on filters, whereas in Garrison’s study [24] both particulate and gaseous phases were analyzed. However, for most of the SVOCs common to both studies, the results are very consistent. Indeed, during ADE as in our study, o,p′-DDD, p,p′-DDD, o,p′-DDE, p,p′DDE, o,p′-DDT, p,p′-DDT, dieldrin, endosulfan sulfate, α-HCH, benzo(a)pyrene, PCB 101, PCB 118 and PCB 153 were detected by Garrison et al. with a low frequency (<0.6). On the other hand, as in our study, pyrene and fluoranthene were detected with a frequency of >0.55.




4.4. NADE PM10 Profile


The only difference observed in our study concerning the chemical profile of PM10 particles is related to their elemental composition, which varies in the order of two depending on whether they were collected during or out of NADE. We also observed a difference during NADE whether they were collected in urban or rural areas. However, due to the sampling time difference between these two sites, we were not able to demonstrate the origin of this dissimilarity. This is a limitation of our study due to the lack of human resources and material when the study was carried out.



The unsupervised statistical methods used to analyze our dataset allowed us to identify and compare to a baseline situation, a specific profile of 16 elements (Al, Be, Ce, Cs, Fe, La, Li, Mn, Nd, Pb, Pr, Rb, Sc, Th, U, and V) in the composition of NADE PM10 (Figure 4). Indeed, the FAMD permitted to consider all the available information by applying a main component analysis on the quantitative variables (n = 45) and a multiple correspondence analysis on the qualitative variables (n = 15), enabling us to discriminate the PM10 samples according to their overall composition. This was followed by an OPLS-DA model indicating the driving forces among the variables and which variables express this difference. Thanks to the large set of analyzed compounds and this multivariate approach, we characterized more extensively and specifically than before, the chemical profile of NADE PM10.



However, our study focused on African dust probably originating from North Africa in the border region between Mali and Algeria, while African dust carried in the Atlantic Trade Winds derive from a wide range of sources in northern and western Africa [69]. The chemical properties of mineral dust can vary widely depending on the source and past history of the particles, preventing us to generalize our results to others NADE occurring in French West Indies. Nevertheless, as suggested by Prospero et al. [70], on a global scale, the major sources of NADE have a number of common features (locations in arid regions, topographical features, similar histories—the Pleistocene–Holocene boundary) suggesting that fine-grained dusts lifted from such sources might possess somewhat similar physical and chemical properties.




4.5. Health Risk Related to NADE PM10


The PM10 European directive has set a limit value for the 24-h average concentration of PM10 less than 50 µg/m3 with a tolerance of 35 exceedances per year to protect the human health [2]. The NADE PM10 concentrations over the French West Indies are often at levels that challenge EU standards, and thus might raise health concerns. Indeed, in Guadeloupe, PM10 EU standard levels were exceeded 25 times in 2005, 42 times in 2006, and 39 times in 2007 [71,72,73], the years during which pregnant women were enrolled in a previous epidemiological study we carried out [40]. In that study, we highlighted an association between mother’s exposure to NADE during pregnancy and preterm birth; the exposure being assessed through two proxy indicators: (i) The frequency of exposure to intense NADE (i.e., PM10 > 54 µg/m3), and (ii) PM10 levels. With these proxies, we observed an increase in relative risk (Odd ratio—OR) per standard deviation change (i.e., 4.06%) of the proportion of intense NADE, and for PM10 concentrations per standard deviation (i.e., 3.08 μg/m3), respectively OR = 1.54 (95% Confidence Interval 1.21 to 1.98) and OR = 1.40 (95% CI 1.08 to 1.81). These results are consistent too with the large number of recent publications suggesting that ambient air particulate matter pollution may play a role in preterm birth [74].



Nevertheless, the biological plausibility of this association remains to be documented. The fine characterization of the NADE PM10 chemical profile we performed in our study is one of the key factors, with frequency, intensity, and duration in combination with physical activity, to assess the exposure of populations during the occurrence of NADE, and to explore the underlying biological pathways of the effect of particulate pollution on pregnancy. The latter are complex and multiple, but researchers have suggested the alteration of maternal–placental exchanges, oxidative pathways, and alteration of maternal host–defense systems as possible mechanisms [75]. In that perspective, is the NADE chemical profile observed in our study likely to constitute a risk exposure, and if so, to explain the epidemiological results related to preterm birth observed in Guadeloupe? In comparison to gaseous substances, the risk assessment of particulate elemental compounds as constituents of the aerosol is more difficult. This is due to the presence of a complex and variable mixture of chemical compounds with different toxic properties, a number of physicochemical factors such as water solubility, particle size distribution, and surface enrichment or encapsulation within the aerosol that can affect their bioavailability. Consequently, the assessment of effects related to elements’ exposure is impaired by considerable uncertainties, and to date few substances have been assessed. The only ones for which recommendations and/or EU regulations have been issued in terms of target values not to be exceeded in ambient air in order to protect human health are Pb (250 ng/m3—annual mean), Ni (20 ng/m3—annual mean—for total nickel content in airborne dust), As (6 ng/m3—annual mean—for the total arsenic content in airborne dust), and Cd (5 ng/m3 —annual mean—for the total cadmium content in airborne dust) [2].



Ni, As, and Cd do not belong to the elemental profile of NADE PM10 in our study, and to date, no limit values in ambient air exist for the other elements identified belonging to this profile (Al, Be, Ce, Cs, Fe, La, Li, Mn, Pr, Rb, Sc, Th, U, and V). However, two of these (Mn and V) belong to the list of pollutants classified as emerging by the French Agency for Food, Environmental and Occupational Health and Safety [76] and will soon be subject to reinforce monitoring of their emissions. For other compounds, data on the associated health risks are scarce, in particular for exposure in the general population. As regards Al, one of the most studied compounds among the 14, the assessment of the associated health risks is facing difficulties, linked both to the assessment of aluminum exposure (inhalation is usually a minor route) and to the poor knowledge of the kinetics, metabolism, and toxicity of the different chemical forms of aluminum. Regarding Fe and V, the main route of exposure for the general population is the oral one through the ingestion of iron-vanadium containing food. Regarding Be, Ce, Fe, Li, Mn, Rb, Sc, and Th, most of the knowledge comes from studies conducted in workplaces or in the case of an accidental situation where exposures are high and where the hazards studied are mostly acute in nature [77,78]



Although the nature and precise exposure, and mechanisms underlying the effects of NADE particles revealed by epidemiological studies have yet to be elucidated, given the frequency with which these episodes occur (likely to increase with climate change), it is imperative that preventive measures are put in place to protect the populations health. In French West Indies, air quality monitoring networks and modeling tools now make it possible to predict the occurrence and intensity of these episodes and to detect them in real time. In the event of a pollution episode, it is advisable to act and protect the population. The response plan is based on three pillars: (i) Inform people via social networks or by email, (ii) reduce exposure avoiding intense physical and sports activities both outdoors and indoor and favoring shorter outings and those that require the least amount of effort, far from the main roads, and (iii) limit any further pollution indoor and outdoor. Although this response plan has been operational for more than 15 years, many questions systematically come to the forefront of the media during NADE, focusing on the risks for the health of the population. This study having provided an answer on the chemical profile of the particles observed in 2017, it is now necessary to set up a sampling plan for French West Indies (Guadeloupe and Martinique) and over (eastern Caribbean basin) to characterize the possible different chemical profiles of the particles according to the origin of the NADE, and to complete these initial results. The results of our study call also for the implementation of prospective epidemiological studies (cohort studies) based on indicators of exposure to fine particles integrating their chemical composition, by adjusting the results for the place of habitual residence in order to take into account the risks associated with pollutants specific to the urban environment (PAHs) and collecting biomonitoring data enabling the study of biological pathways using omics methods.





5. Conclusions


Our study showed that the main chemical characteristic of particles of African origin coming potentially from the border region between Mali and Algeria and having exposed the Guadeloupean population to NADE in 2017, was their elemental composition with an almost total absence of SVOCs in the particulate phase. Among the 16 elements identified, knowledge of the hazards and associated risks are rare, and many are based on studies carried out in the workplace. These results call for further studies to be conducted in the Caribbean basin in order to provide answers to the extent and nature of exposure and health risks associated with NADE.
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Figure 1. Geographical position of the collectors for NADE dust sampling, Guadeloupe. (Source Gwad’Air). 
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Figure 2. Box plots showing minimum, maximum, 75% and 25% percentiles, arithmetic median PM10 concentrations (µg/m3) by NADE intensity (I), Guadeloupe, March–November 2017. 
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Figure 3. Results of a hierarchical clustering, consolidated by a k-means, conducted on factors obtained after factor analysis of mixed data on 26 PM10 samples, Guadeloupe, 20. Abbreviations: UCS = Urban Control Sample; RCS = Rural Control Sample; UNADE = Urban North African Dust Event; RNADE = Rural North African Dust Event. 
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Figure 4. Results (scores and loadings scatter plots) of orthogonal partial least square discriminant analysis (OPLS-DA) on 27 PM10 samples, Guadeloupe, 2017. 
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Table 1. Periods and number of PM10 samples collected in rural and urban area, Guadeloupe, March—November 2017.
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Start Date

(mm/dd/yy)

	
End Date

(mm/dd/yy)

	
Number of Samples Collected during NADE

	
Number of Control Samples Collected Just after NADE






	
Urban area




	
04/02/17

	
04/05/17

	
1

	
1




	
05/19/17

	
05/30/17

	
9

	
1




	
Rural area




	
06/26/17

	
06/28/17

	
2

	
2




	
09/25/17

	
09/28/17

	
2

	
2




	
10/15/17

	
10/24/17

	
6

	
1 *








* re-qualified as NADE (see Section 3.4).
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Table 2. Statistics for elements, organic compounds (particulate phase), and carbon-anions-cations PM10 concentration (μg/g) with a Qf > 0.6, depending on collection conditions (20 NADEs vs. 7 controls), Guadeloupe, March—November 2017.
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Elements/

Compounds

	
QL

(ug/m3)

	
Quantification

Frequency

	
NADE Samples

	
Control Samples




	
Mean (ug/g)

	
SD

	
Mean (ug/g)

	
SD






	
Al

	
3.57 × 10−2

	
100%

	
90,252.27

	
14,136.24

	
44,188.46

	
23,944.78




	
As

	
1.39 × 10−5

	
100%

	
8.34

	
1.82

	
7.56

	
5.41




	
Be

	
0

	
100%

	
2.66

	
0.40

	
1.32

	
0.62




	
Ca

	
2.42 × 10−2

	
100%

	
23,114.09

	
2386.32

	
24,678.60

	
9625.29




	
Cd

	
1.39 × 10−5

	
78%

	
0.67

	
1.05

	
0.38

	
0.36




	
Ce

	
2.78 × 10−5

	
100%

	
105.71

	
17.79

	
46.74

	
23.24




	
Co

	
2.22 × 10−4

	
78%

	
14.64

	
2.35

	
8.92

	
3.42




	
Cr

	
2.40 × 10−3

	
63%

	
61.59

	
13.90

	
89.37

	
42.37




	
Cs

	
0

	
100%

	
3.33

	
0.50

	
1.46

	
0.69




	
Dy

	
4.17 × 10−5

	
74%

	
2.85

	
0.54

	
1.76

	
0.83




	
Er

	
2.78 × 10−5

	
78%

	
1.25

	
0.32

	
0.93

	
0.36




	
Eu

	
2.78 × 10−5

	
70%

	
0.92

	
0.22

	
0.93

	
0.44




	
Fe

	
4.13 × 10−2

	
96%

	
40,288.33

	
6124.16

	
19,361.05

	
9900.01




	
Gd

	
4.17 × 10−5

	
78%

	
3.69

	
0.88

	
1.94

	
0.74




	
Ho

	
1.39 × 10−5

	
63%

	
0.48

	
0.15

	
0.62

	
0.29




	
K

	
4.38 × 10−2

	
100%

	
17,381.37

	
1534.32

	
14,180.03

	
4339.40




	
La

	
1.39 × 10−5

	
100%

	
45.74

	
7.72

	
20.03

	
10.02




	
Li

	
2.78 × 10−5

	
100%

	
34.10

	
5.24

	
16.56

	
5.75




	
Mg

	
6.68 × 10−3

	
100%

	
18,980.01

	
2201.94

	
21,130.22

	
6819.53




	
Mn

	
6.11 × 10−4

	
100%

	
565.92

	
99.12

	
280.87

	
122.59




	
Na

	
1.45 × 10−2

	
100%

	
71,620.49

	
21,043.91

	
161,142.72

	
92,117.83




	
Nd

	
9.72 × 10−5

	
96%

	
18.62

	
3.83

	
9.02

	
3.52




	
Pb

	
1.53 × 10−4

	
93%

	
28.85

	
7.90

	
13.75

	
5.41




	
Pr

	
2.78 × 10−5

	
89%

	
4.97

	
1.01

	
2.15

	
1.23




	
Rb

	
2.78 × 10−5

	
100%

	
79.73

	
11.44

	
37.11

	
15.22




	
Sb

	
1.11 × 10−4

	
78%

	
11.39

	
21.67

	
6.48

	
4.30




	
Sc

	
2.78 × 10−5

	
96%

	
12.29

	
2.05

	
5.56

	
2.95




	
Se

	
2.78 × 10−5

	
100%

	
7.51

	
1.88

	
17.94

	
18.15




	
Sm

	
1.25 × 10−4

	
67%

	
4.08

	
1.00

	
4.65

	
2.20




	
Sr

	
2.36 × 10−4

	
100%

	
226.88

	
27.68

	
161.09

	
47.00




	
Th

	
1.39 × 10−5

	
100%

	
13.58

	
2.11

	
5.83

	
2.90




	
Ti

	
7.57 × 10−3

	
96%

	
2633.86

	
459.25

	
2153.32

	
1074.86




	
Tl

	
1.39 × 10−5

	
74%

	
0.44

	
0.07

	
0.41

	
0.17




	
U

	
0

	
100%

	
2.45

	
0.28

	
1.20

	
0.53




	
V

	
2.50 × 10−4

	
96%

	
110.63

	
32.89

	
56.66

	
25.59




	
Pyrene

	
5.33 × 10−6

	
63%

	
0.27

	
0.32

	
1.08

	
1.33




	
Ca2+

	
3.90 × 10−2

	
100%

	
14,792.37

	
1341.21

	
12 312.84

	
1706.38




	
Cl−

	
1.50 × 10−2

	
100%

	
75,678.27

	
24,237.95

	
157,701.21

	
65,400.07




	
Levoglucosan

	
6.00 × 10−3

	
100%

	
603.94

	
579.42

	
1563.14

	
1080.73




	
Mg2+

	
1.50 × 10−2

	
96%

	
5610.98

	
1718.57

	
8904.72

	
5253.78




	
NO3−

	
9.00 × 10−3

	
100%

	
13,079.30

	
3808.51

	
12,053.54

	
5694.35




	
OC

	
1.29 × 10−1

	
100%

	
19,859.47

	
11,469.10

	
51,105.19

	
29,056.23




	
K+

	
3.90 × 10−2

	
100%

	
2953.52

	
641.78

	
4925.05

	
1632.93




	
Na+

	
5.10 × 10−2

	
100%

	
48,838.48

	
15,847.95

	
103,154.76

	
39,641.48




	
SO42−

	
1.50 × 10−2

	
100%

	
33,658.63

	
7851.19

	
46,044.73

	
7479.11








Abbreviations: QL: Quantification limit; Qf: Quantification frequency; NADEs: North African dust event samples; SD: Standard deviation.
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Table 3. Mean values of elements in PM10 characteristic (VIP > 1) of 21 NADE in Guadeloupe, 2017.
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Caption

	
NADE Samples

	
Control Samples

	
Wilcoxon Tests Adjusted

p-Value




	
Compounds

	
Mean (ug/g)

	
Mean (ng/m3)

	
Mean (ug/g)

	
Mean (ng/m3)






	
Al

	
89,176.94

	
6059.01

	
40,274.79

	
585.88

	
3.42 × 10−2




	
Be

	
2.63

	
0.18

	
1.19

	
0.02

	
3.42 × 10−2




	
Ce

	
103.87

	
7.07

	
43.35

	
0.65

	
3.42 × 10−2




	
Cs

	
3.27

	
0.23

	
1.36

	
0.02

	
3.42 × 10−2




	
Fe

	
39,844.56

	
2711.32

	
17,426.35

	
263.88

	
3.42 × 10−2




	
La

	
44.94

	
3.06

	
18.57

	
0.28

	
3.42 × 10−2




	
Li

	
33.55

	
2.35

	
15.57

	
0.23

	
3.42 × 10−2




	
Mn

	
558.68

	
37.98

	
258.73

	
3.90

	
3.42 × 10−2




	
Nd

	
18.31

	
1.25

	
8.52

	
0.13

	
3.42 × 10−2




	
Pb

	
28.16

	
1.87

	
13.64

	
0.22

	
3.42 × 10−2




	
Pr

	
4.91

	
0.33

	
1.90

	
0.03

	
3.42 × 10−2




	
Rb

	
78.32

	
5.42

	
34.96

	
0.53

	
3.42 × 10−2




	
Sc

	
12.20

	
0.84

	
4.77

	
0.07

	
3.42 × 10−2




	
Th

	
13.32

	
0.91

	
5.44

	
0.08

	
3.42 × 10−2




	
U

	
2.41

	
0.16

	
1.13

	
0.02

	
3.42 × 10−2




	
V

	
109.35

	
7.27

	
52.18

	
0.80

	
3.42 × 10−2




	
Cl-

	
80,416.70

	
4901.43

	
154,787.22

	
2093.33

	
3.42 × 10−2




	
Levoglucosan

	
592.82

	
34.76

	
1761.94

	
25.00

	
3.42 × 10−2




	
OC

	
19,707.43

	
1203.81

	
56,844.95

	
841.67

	
3.42 × 10−2




	
Na

	
75,176.80

	
4656.87

	
163,616.00

	
2207.75

	
3.42 × 10−2




	
SO42−

	
34,366.24

	
2091.90

	
45,632.43

	
693.33

	
3.42 × 10−2








Abbreviation: NADEs = North African Dust Event samples.
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