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Authors thank the two anonymous reviewers, whose comments helped to improve the quality of our paper. 

Following, our answers to the comments, in black the reviewer’s comment, in blue and italic our answer. 

 

Reviewer #1 

p. 3, line 52: "...this area is geographically extremely complex.." since the authors explain atmospheric 

circulation and air masses contribution, it should be better change "geographically" to "climatically or mention 

geographically and climatically". 

Authors corrected with “geographically and climatically”. 

 

p.4, line 92: spectroscopy should be written with S instead of s, in agreement with the other techniques as 

mentioned in the text. 

Authors corrected it. 

 

p. 5, line 105: 2.1 Site description considering that the item deals about the site description, it is not necessary 

mentioning the sampling period here, since it is correctly mentioned in the next item about data collection. 

Furthermore, the description is reported in supplementary material and in my opinion, it should be more 

adequate describing it in this item, in the text. 

Authors thank the reviewer for the suggestion. They removed the information regarding the sampling period 

from Section 2.1 which now contains only a short description of the sampling site. 

 

p.5, line 115-116: PM1 aerosol was collected daily initiating the sampling at 12:00 pm but it is not reported if 

the sampling period was 12h ou 24h, for example. 

Authors added the information about the 24h sampling period in the revised version. 

 

p.5, line 122: Equivalent Black Carbon is generally expressed as eBC 

Authors corrected it throughout the text and in Figure S2 

 

p. 6, line 138: "nitric acid (70%), hydrofluoric acid (39%) and H2O2..." what is the meaning of the percentage 

value: proportion of each acid? if yes, what is the proportion of H2O2 and why the sum is not 100%? Is it acid 

concentration (v/v)? if yes, it should be clearly mentioned in the text. 

The percentages represent the concentrations of the solution. Following the reviewer suggestion, authors 

added the acids proportion in the revised version of the manuscript 

 

p. 6, line 142: in the phrase "... was used (for) extraction efficiency and quality control", "FOR" is missing 

Authors corrected it 

 

p. 6, line 144: recovery range is mentioned with standard deviation, the same should be reported for Cr and Ti. 

The sentence was corrected according to the reviewer comment 

 

p. 6, line 146: "Ionic species" should be better than "ionic tracers" 

Authors corrected it 

 

p. 6, line 152: in my opinion, Table 1 should not be in supplementary materials since it describes the analytical 

methodology. 

Table S1 has been moved into the main text 

 

p. 7, lines 153-154: what is the meaning of the symbol of division? see for example the phrase: "... in the range 

0 ÷ 10 ppm...", range should be written as [0-10 ppm]. 

Authors corrected it 

Response to Reviewers



 

p. 7, line 168: "carbon conductive adhesive tabs" instead of "carbon sticky tabs". 

Authors corrected it 

 

p. 8, line 179: How much is "...this component largely dominates the submicron PM fraction"? 

Authors removed “largely” 

 

p. 8, line 203: Table S2 should not be in supplementary materials since it brings all the concentration results. 

Detection limits should be reported in the table. In the legend of the table, the unit must be corrected (μg/Nm3). 

If authors consider relevant, the table can also be transform in box plots since a box plot displays the five-

number summary of a set of data: minimum, first quartile, median, third quartile, and maximum, as reported 

in the table. 

Table S2 has been moved into the main text. We decided to keep the Table instead of using boxplots because 

the variables have different orders of magnitude and some of them would be overwhelmed, also with a 

logarithmic scale. 

 

p. 9, line 208: "...in agreement with..." instead of "... in agreement to..." 

Authors corrected it 

 

p. 9, line 222: my suggestion is rewriting the phrase: "Trace elements accounted for... 

Authors corrected it 

 

p. 9, line 224: PM1 chemistry is reported and discussed with concentration in ng.m-3 but in the Table 2, all 

the data are expressed in μg.m-3. Units should be the same. 

Authors thank the reviewer for this suggestion. Accordingly, we have revised the units in the main text to µg 

Nm-3. 

 

p. 10, line 232: "the share of cations and anions..." means "contribution"? The phrase is not clear. 

Authors rephrased the sentence 

 

p. 10, line 233: "The anions reveal a remarkable deficit", what does remarkable mean? "remarkable" is too 

vague, it should be quantified. 

Authors added a quantification to the anions deficit 

 

p. 10, line 234: "Previous results reported in Tositti et al. (2014) (Tositti et al., 2014)..." It is not necessary to 

cite the reference again. Same comment for others references mentioned in the text. 

Authors corrected the citations throughout the text. 

 

p. 11, line 269: "... the association of calcite with Saharan dust...", not only calcite but may be dolomite too, 

which can explain the contribution of non sea salt calcium and magnesium. 

Authors added a reference to dolomite 

 

p. 11, line 270: If air masses backward trajectories were calculated by Battrich et al. (2020), I suggest to 

mentioned this information in that way instead of pointing out that they are not shown. 

The reference to Brattich et al. (2020) was an example of backward trajectories computation, however it is 

not related to this site; therefore, the reference has been removed to avoid confusion. 

 

p. 11: sea salt and non sea salt fractions were calculated according to the equation reported in supplementary 

materials (and not mentioned in the text). Results of nss-Ca2+, nss-Mg2+ are discussed in the text but values 



are not mentioned anywhere (nor in the text nor in supplementary materials), which should contribute to the 

discussion. I suggest adding them to the discussion. 

Mean values and concentration ranges for nss-Ca2+ and nss-Mg2+ have been added 

 

p. 12, lines 285 - 288 relative to figure 2 (fig. 2, p.31): in the text, authors mentioned equivalent black carbon 

but in the graph, the legend report black carbon. In the legend of the graph, what is the meaning of "indet"? 

Should it be mentioned as "undetermined"? What is the meaning of the graph title: "TOT" ? If "trace" 

corresponds to "elements" as mentioned in the text, it should be referred like that in the legend. Chemical 

species should be correctly written as SO42-, NO3- and NH4+. 

Figure 2 was corrected according to reviewer’s comments 

 

p. 12, lines 304 and 305: I suggest reviewing the phrase since "secondary origin and this SIA components" 

seems redundant because ammonium and sulfate are secundary inorganic aerosols. 

Authors rephrased the sentence 

 

p. 13, line 309: "Sensibly high correlations...", the adjective should be use for a purpose other than qualifying 

correlation coefficient. Correlation coefficient is (very) high or (very) low, or can be qualified as (very) weak, 

moderate or (very) strong. 

Authors corrected “sensibly” with “very” 

 

p. 13, line 318: I suggest removing the word "resurgent". 

Authors removed it 

 

p. 14, lines 337 and 340: what is the meaning of S_IC and S_nIC? 

S_IC is the soluble sulfur revealed by Ion Chromatography, while S_nIC is the sulfur excess calculated as the 

difference between total S from ICP-OES and soluble S. It is explained in section 2.4 

 

p. 15, lines 367 and 371: I suggest writing Figure 4 instead of Fig. 4, since it is the beginning of a phrase. 

Authors corrected it 

 

p. 16, line 393: "Claus environmental emissions,..." I suggest adding the word process for "claus process". 

Authors corrected it 

 

p. 16, line 396: references of past studies should be mentioned. 

Authors have included references of past studies in the revised version of the manuscript. 

 

p. 16, line 399: Fig. S5 is cited after Fig. S6 (cited in page 12, line 300) and little explained in the text, it should 

appear first i.e before S6 and not after. I suggest renumbering the figure or reorganizing the sections 3.6 and 

3.7. But I think that the discussion about sulfur related species should be the last section before conclusions 

since it may better synthetize and correlate the different results (concentrations, PMF, SEM etc.). What are the 

sources of biogenic and crustal sulfur as reported in the figure? Furthermore, since the figure is presented in 

supplementary materials, percentage values of each sulfur fraction should be reported in the text. 

The Figures order has been corrected and the “sulfur related species” paragraph has been moved at the end 

of the discussion section. 

The main source of biogenic sulfur is methanesulfonate, while the crustal may include gypsum from Saharan 

dust outburst even if it cannot be excluded neutralization of sulfuric acid by calcium carbonate. Authors added 

the percentages of each sulfur fraction 

 

p. 17, line 412: The authors mentioned that the sample chosen for SEM analysis was the sample with lower 



PM1 concentration. Is it the sample with the lowest PM1 concentration? If it is not the lowest one, what were 

the criteria to chose that sample (comparing with the ones >75th percentile)? 

Authors chose the sample with the lowest PM1 concentration among the simultaneous measurements (PM1, 

eBC, OPS). 

 

p. 17, line 419. As a group of particles, no images are shown for quartz in figure 5. The authors also mentioned 

that quartz particles might be related to Saharan dust. In fact, quartz particles from Saharan dust show generally 

typical morphology and impact surface marks due to aeolian transport. A SEM photomicrograph should be 

relevant to prove its soil and/or Saharan dust origin. 

As suggested by the reviewer, the image of a quartz particle was added in Figure 5 (Fig.5i).  

 

p. 17, line 421: same comment for Ca-Mg carbonates. 

As suggested by the reviewer, the image of a Ca-Mg carbonate particle was added in Figure 5 (Figure 5l). 

 

p. 18, line 441: I do not understand particles that are "a mixture of silicates suphate (K-C-Na sulphates)". Do 

you mean a mixture of silicates and sulphates? Is it carbon, really?  

No, it is not carbon but calcium: the typo error was corrected. 

 

 

p. 18, line 448: in section 3.6, Al was attributed to Claus process and in SEM analysis the authors reported that 

is one of the only metallic particles found. The author also mentioned further that "numerous metal particles" 

(p. 19, line 477) were found in the sample of October 15th. Is the morphology of these particles can confirm 

this origin? No SEM image is presented. 

(Date correction needed in lines 466, 473, 478, 481, 484, 486 and 489, p. 19 and 20). 

Authors rephrased the sentence in order to clarify the remark. As regards the SEM images of Al-only particles, 

authors did not report them because no high resolution image was found.  

All dates were corrected. 

 

p. 18, line 457: Is Primary Biological Aerosol Particles are a particles group/class. That was not mentioned in 

the 7 groups identified. How relevant are they?  

The PBAP belong to the group of “Particles with low elements Z<11”. The mention to this group was added 

in the text. 

 

p. 19, line 466: the correct is July, 13th. Correction is also necessary for other dates mentioned in the text 

(correction should be made in Figure S8 too). In this paragraph/part of the discussion, I understand that the 

discussion is about eBC and abundance of soot agglomerates (as mentioned in lines 464 and 465), but it focuses 

PM1 mass concentration and the abundance of soot particles. If it is not, figure S8 is not clearly explained 

and/or not relevant. 

Authors corrected the dates. Moreover, they agree with the reviewer and decided to remove Figure S8 and the 

related comments from the revised version of the manuscript. 

 

p. 19, line 482: what is the meaning of "remarkable content"? Is it about quantity? quality? morphology? Please 

clarify. 

Authors replaced “remarkable content” with “remarkable quantity” 

 

p. 19, line 486: the authors pointed out that the "highest content of agglomerated soot" was on November 22th 

but in figure S8, the date is November 11th and showed that SEM counts and eBC concentration were the 

highest. It should be verify. And what about August 28th? 

Please refer to the comment above 



 

p. 20, line 508: SEM analysis does not confirm Ni and Al as a new chemical fingerprint, no photomicrographs 

were presented and Ni particles were not found (see p. 18, line 448: "only Al and Fe-Cr particles were found."). 

As reported in the text metal particles made of Al only were found but they were not shown because no high 

resolution image was found (please refer to the comment above). As regards Ni particles, they were not 

detected by SEM due to the EDS limit of detection.  

 

p. 31, line 750 - Figure 1b: chemical species should be written correctly. Abbreviations for chemical species 

should be explained in the legend. 

Abbreviations have been explained in the legend (same for Figure 4) 

 

p. 32, line 758 - Figure 4: same comment. Furthermore, why Li has been considered? There were no discussion 

or explanation about Li and other element such as Cu, Cd, Pb (fig. 1a) in the text. 

For PMF analysis, all ions and elements were considered. However, EPA PMF automatically evaluates the 

reliability of a species by calculating the ratio between concentrations and uncertainties (as reported in the 

already cited work of Belis et al. (2019)). Such ratio was considered too high for most of the elements, that 

were considered “weak” and discarded from the computation. Li was considered reliable and was used to 

compute the model. However, it contributed to all factors in a non-specific way (as can be seen in Figure 4), 

and its concentration did not vary in a relevant way over time, therefore, no more attention was focused on it. 

 

p. 33, Figure 5: in all SEM images, the legend information that reports SEM analysis conditions, magnifying 

and scale are not visible/readable, even zooming pdf file. 

All images were improved as suggested by the reviewer 

 

I also suggest reviewing phrase punctuation marks (comma, full stop, space, etc.): see lines 93, 101, 107, 207, 

275, 383, for example. 

Authors revised the punctuation thorough the text 

 

Graphical abstract: I suggest adding percentage values in the graph. 

Authors added the percentage values 

 

 

 

 

  



Reviewer #2 

The evaluation of PM sources and corresponding chemical composition under distinct environments is of key 

importance to understand the human exposure to toxic compounds, the climate influence of aerosol particles, 

and improve current regulations aiming for environmental and health protection. The article by Tositti et al. 

discusses the PM1 chemical composition, sources, and the importance of sulfur emissions close to an on-shore 

oil reservoir in a rural area of southern Italy. The authors concluded that the oil reservoir is a significant source 

of atmospheric pollutants, and in particular of sulfur. A novel chemical fingerprint linking the excess of 

elemental sulfur in the atmosphere to oil processing steps was identified. The significance of the work is 

undoubtful and the quality of the study is high. The employed methodology was appropriated for the described 

investigation, involving a high number of instrumentation for aerosol measurements that helped to answer the 

research questions of the study. Therefore, I recommend for publication after the following points are 

addressed: 

 

Main comments: 

Title: The title could represent more what has been done in this study. Many chemical constituents other than 

sulfur were analysed and evaluated. 

We thank the reviewer for the comment. Accordingly, the title was modified to “Apportioning PM1 in a 

contrasting receptor site in the Mediterranean region: aerosol sources with an updated sulfur speciation” 

 

Sect. 2.2.- Since an AE33 have been used in this study, have the authors considered to do a source 

apportionment of eBC (and divide eBC into BCFF and BCWB) using the Aethalometer model (Sandradewi et 

al., 2008)? 

Authors didn’t consider to do a source apportionment of eBC using the Aethalometer model because they don’t 

think that the assumptions of the Aethalometer model are well founded for this site due to the peculiarity of its 

sources of carbonaceous aerosols. In fact, in many recent studies, the applicability of the aethalometer model 

is questioned if other and/or additional combustion sources may contribute to the BC burden apart from fossil 

fuel combustion and biomass burning (Harrison et al., 2013; Garg et al., 2016; Zotter et al., 2017; Forello et 

al., 2019). This is the case of the site studied in this work where, as authors verified in previous studies, 

additional sources of black carbon other than traffic and related to COVA emissions are present (Calvello et 

al., 2015; Calvello et al., 2017). For this reason, authors think that the simple approach of the Aethalometer 

model, which assumes AAE=1 for BCFF and AAE= 2 for BCWB, could lead to misleading results when trying 

to apportion eBC at this site.  

 

References 

Harrison, R. M., Beddows, D. C. S., Jones, A. M., Calvo, A., Alves, C., and Pio, C.: An evaluation of some 

issues regarding the use of aethalometers to measure woodsmoke concentrations, Atmos. Environ., 80, 540–

548, doi:10.1016/j.atmosenv.2013.08.026, 2013 

Calvello, M., Esposito, F., Lorusso, M., Pavese, G., 2015. A two-year database of BC measurements at the 

biggest European crude oil pre-treatment plant: a comparison with organic gaseous compounds and PM10 

loading. Atmos. Res. 164–165, 156–166. https://doi.org/10.1016/J.ATMOSRES.2015.05.004 

Garg, S., Chandra, B. P., Sinha, V., Sarda-Esteve, R., Gros, V., and Sinha, B.: Limitation of the use of the 

absorption angstrom exponent for source apportionment of equivalent black carbon: a case study from the 

North West Indo-Gangetic Plain, Environ. Sci. Technol., 50, 814–824, doi:10.1021/acs.est.5b03868, 2016 

Calvello, M., Caggiano, R., Esposito, F., Lettino, A., Sabia, S., Summa, V., Pavese, G., 2017. IMAA (Integrated 

Measurements of Aerosol in Agri valley) campaign: Multi-instrumental observations at the largest European 

oil/gas pre-treatment plant area. Atmos. Environ. 169, 297–306. 

https://doi.org/10.1016/J.ATMOSENV.2017.09.026 

Zotter, P., Herich, H., Gysel, M., El-Haddad, I., Zhang, Y., Mocnik, G., Hüglin, C., Baltensperger, U., Szidat, 

S., and Prévôt, A. S. H.: Evaluation of the absorption Ångström exponents for traffic and wood burning in the 



Aethalometer-based source apportionment using radiocarbon measurements of ambient aerosol, Atmos. 

Chem. Phys., 17, 4229–4249, https://doi.org/10.5194/acp- 17-4229-2017, 2017. 

Forello, A. C., Bernardoni, V., Calzolai, G., Lucarelli, F., Massabò, D., Nava, S., Pileci, R. E., Prati, P., 

Valentini, S., Valli, G., and Vecchi, R.: Exploiting multi-wavelength aerosol absorption coefficients in a multi-

time resolution source apportionment study to retrieve source-dependent absorption parameters, Atmos. 

Chem. Phys., 19, 11235–11252, https://doi.org/10.5194/acp-19-11235-2019, 2019.  

 

 

L131- Was there any particular reason for the authors to compare daily averages of eBC and number size 

distributions instead of using the hourly averages? The eBC and number size distributions can have significant 

daily variations and may not correlate well with each other at certain times of the day, even though the 

differences are likely more substantial for eBC vs mass size distributions. At least the authors should explain 

in the article why they have used hourly averages. 

We thank the reviewer for this comment. Size distributions and eBC data were daily averaged for consistency 

with PM1 measurement. 

 

L145-The contribution of the blanks was determined in Caggiano et al. 2017 or the authors collected blank 

samples also in their study? It would be important to provide information on the contribution from blank 

samples collected in the author's study. 

Blank samples were collected for the present study and subtracted following the procedure reported in 

Caggiano et al., 2017 

 

L304-Could the authors clarify more this sentence? Ammonium and sulfate are possibly long-range 

transported in aerosol particles, which would then contribute to the highest size bins of OPS. Are these ions 

expected to be produced locally at the measurement site? How long-range transport of this ions did not affect 

the observed correlation? 

Of course, it cannot be excluded a long-range transport of such ions. However, the industrial plant here 

investigated emits NH3, SO2 and H2S though largely mitigated by the Claus process, as shown. This means 

that the fugitive fractions of the above-mentioned gases are prone to form ammonium sulfate; we also reported 

the fact the H2S has a relatively short atmospheric lifetime and that it is expected to contribute to SO2 by 

oxidation processes in the troposphere. We can herein anticipate that a further paper concerning hourly data 

based on several parameters, gas included, from the same campaign is in progress. 

 

L313-This sentence is a bit confusing. K+ should increase with biomass burning, as well as BC (or at least 

BCWB, see also comment above for Sect 2.2). Why the authors believe that a non-correlation between K+ and 

BC suggests a correlation of eBC and biomass burning? 

The reviewer is absolutely right. Indeed, the correlation analysis indicates a low correlation between K+ and 

eBC, which suggests the modest impact of biomass burning to eBC at this site. We have corrected the sentence 

to be consistent with this observation:  

“K+ shows intermediate but significant correlation with the finest OPS fractions and oxalates, but only little 

correlation with EBC. This can be explained by the fact that COVA and traffic are the prevailing sources of 

black carbon at this specific site rather than biomass burning.” 

 

L333-Why the authors suspect that the presence of Fe2+ is mostly related to traffic? Could it be originated as 

well from industry? A comparison of this factor with BCFF would be helpful. 

Please refer to the answer to the first comment of the reviewer. 

 

L355-Would the employment of BCFF and BCWB in the PMF analysis help to also clarify the source of this 

factor? 



Please refer to the answer to the first comment of the reviewer. 

 

Minor comments: 

Abstract: 

L38- The word analyzed should be replaced e.g. by evaluated or the text modified to e.g. PM1 aerosol samples 

were analysed to determine the referred parameters. 

Authors corrected it. 

 

L51- The words "very" or "extremely" could be removed since intensifiers must be used carefully in scientific 

papers and they do not add any relevant information to this paper. 

Authors removed the word “very” 

 

L115-The aim and dates were already mentioned in Introduction and Sect. 2.1. 

Authors removed the information regarding the sampling period from Section 2.1 which now contains only a 

short description of the sampling site. 

 

L126-Is this time resolution correct? The AE33 can have a time resolution of 1s. Or was this time resolution 

the one employed in this study? In that case, the sentence should be rephrased to "the measurement time 

resolution of this study was…". 

Authors modified the sentence according to the reviewer suggestion. 

 

L130-Is this the time resolution that OPS can provide or the one used in this study? 

Authors modified the sentence according to the reviewer suggestion. 

 

L142-The word for is missing after "used". 

Authors corrected it 

 

L203-The authors should add to the sentence the mean PM1 concentration of their study as well for an easier 

comparison. Or is the median value referred in L203 actually a mean value? 

There was a mistake: authors replaced “median” with “mean” 

 

L205-What European cities do the study refer to? Adding to the text would help to contextualize the statement. 

Authors added the details of cited cities 

 

L207-Missing the city of France (similar reason as in L205). 

Authors added the city (Dunkirk) 

 

L219 and further-Change to past simple when describing results from this study and previous studies unless it 

is a general occurrence. 

The use of the tense was corrected. 

 

L271- Is it something missing between nssCa2+ and nssMg2+? 

Authors corrected the typo error 

 

L300-Do the authors have a reason not to use hourly averaged data instead of 24h data for correlation purposes? 

It probably wouldn´t affect the conclusions obtained in this chapter but is frequently recommended to use as 

much data points as possible for correlation studies. 

Authors thank the reviewer for the comment. However, it is not possible to use the hourly averaged data in the 

correlation analysis because of the 24h sampling period used for the PM1 samples. 



 

L470-A comparison with BCWB would be also helpful to sustain this evidence. 

Please refer to the answer to the first comment of the reviewer. 
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Abstract 35 

A multi-parametric experimental campaign was performed in Agri Valley (Basilicata, southern Italy) 36 

from July 2017 to January 2018. The investigated area, though basically rural and devoted to 37 

agricultural activities, hosts a huge on-shore oil reservoirs, i.e. Centro Olio Val d’Agri (COVA), 38 

bringing substantial environmental modifications and impacts to the district landscape. Daily 39 

concentrations of PM1 aerosol samples, Equivalent Black Carbon and number size distributions were 40 

analyzedevaluated. Chemical aerosol speciation based on elemental and ion analyses were carried out 41 

and source apportionment by Positive Matrix Factorization (PMF) was applied to reconstruct PM1 42 

source profile. The most significant emission sources found are torches from the oil treatment facility 43 

(37%w/w), an unresolved factor constituted by soil resuspension, Saharan dust, and biomass burning 44 

(24%w/w), ammonium sulphate (23%w/w), emissions from the oil desulfurization (Claus process) 45 

(13%w/w), and traffic + road dust (3%w/w). SEM analysis on PM1 single particles allowed to confirm 46 

the finding from PMF including the occurrence of elemental sulfur associated with the Claus process. 47 

The novelty of the present study consists in the identification of this latter fingerprint. 48 

 49 

Keywords: Positive Matrix Factorization (PMF); Chemical fingerprinting; Single particle analysis; 50 

Claus process; Equivalent Black Carbon 51 
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1. Introduction 53 

The Mediterranean basin is a very complex region densely inhabited since several millennia. This 54 

area is geographically and climatically extremely complex, with not obvious circulation patterns due 55 

to the influence of main dynamical and thermodynamical drivers such as the variability of the North 56 

Atlantic jet stream, poleward heat and moisture fluxes from the African continent and the position of 57 

semi-permanent large-scale anticyclones such as the Azores and the cold Siberian anticyclone 58 

(Hatzaki et al., 2014; Lelieveld et al., 2002; Suarez-Gutierrez et al., 2020). In addition, the uneven 59 

distribution of marine and mountainous features (Brattich et al., 2020; Simpson et al., 2015) produces 60 

further influence on tropospheric dynamics, especially at local to regional scales.  Moreover, climate 61 

change is sought to further affect the circulation patterns of this highly anthropized region, wherein 62 

heatwaves (Bilbao et al., 2019; Sun et al., 2019) or even unusual circulation patterns are being 63 

recorded (Tositti et al., 2021). 64 

While highly dense and wide industrialized areas mainly characterize the Mediterranean region north 65 

of 40° of latitude, the areas south this level are less affected by heavy and diffused anthropization, 66 

usually concentrated at coastal locations taking advantage of port infrastructures. This means that 67 

many inland areas of the southern Mediterranean basin, while not pristine for historical reasons, still 68 

preserve rural and semirural characteristics. 69 

The Agri Valley (Basilicata, Southern Italy) provides an interesting case of industrial growth in an 70 

area where agriculture, pasture and woodland represent the prevailing land uses, but where the 71 

presence of relevant industrial activities has determined a significant impact on the territory and on 72 

the landscape. The area investigated, in fact, hosts the largest European onshore oil reservoir and the 73 

associated oil/gas pre-treatment plant, identified as Centro Olio Val d’Agri (COVA). Previous studies 74 

on airborne particulate matter in the Agri Valley already highlighted the influence of extraction and 75 

pre-treatment activities on air quality as well as on human health (Caggiano et al., 2019; Trippetta et 76 

al., 2014). A preliminary short-term intensive experimental campaign (Integrated Measurements of 77 

Aerosol in Agri Valley - IMAA) carried out in July in 2013 suggested an anthropogenic influence on 78 
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ambient aerosol, mainly related to desulfurization and sulfur liquefaction processes (Calvello et al., 79 

2017). Despite the rural nature of the investigated area the PM2.5 concentrations were comparable to 80 

those observed at urban sites with significant contribution of Equivalent Black Carbon (eEBC) 81 

(Calvello et al., 2015). To gain a deeper insight into the findings from previous investigations, longer 82 

sampling campaign was recently conducted. In this work, we present the results of a PM1 83 

investigation carried out from July 2017 to January 2018 in Agri Valley close to COVA plant. PM1, 84 

defined as aerosol Particulate Matter with an aerodynamic diameter less than or equal to 1 μm, was 85 

chosen because it allows for a more efficient focus on the potential health and environmental hazards 86 

brought by airborne particulate matter (Yang et al., 2018). Though PM1 aerosol particles have not 87 

been so far enforced in EU Air Quality regulations, it includes particles containing the most hazardous 88 

chemical components owing to their sources and formation processes in this size range (Matthias-89 

Maser and Jaenicke, 1995; Prospero et al., 1983; Raes et al., 2000; Titos et al., 2014; Williams et al., 90 

2002). The small size in fact is not only associated with aerosol persistency in a given airshed, but is 91 

relevant to the accessibility and translocation into the human body (Kelly and Fussell, 2020).  92 

The paper is organized as follows: 93 

- Mass loading and PM1 chemical speciation based on Inductively Coupled Plasma Optical 94 

Emission Sspectroscopy (ICP-OES), Graphite Furnace Atomic Absorption Spectrometry 95 

(GFAAS), Ion Chromatography (IC), and Equivalent Black Carbon (eEBC) were analyzed 96 

and discussed in detail;. 97 

- The relationships among ion chemistry, elemental analysis and number size distributions is 98 

critically presented together with mass reconstruction;. 99 

- Receptor modelling by Positive Matrix Factorization (PMF) was applied to determine PM1 100 

source profiles;.   101 

- A Field Emission Scanning Electron Microscope (FESEM) equipped with an Energy 102 

Dispersive Spectrometer (EDS) was used to characterize the single particles of PM1 with the 103 
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aims of: i) identifying the main types of particles inPM1 samples; ii) confirming the results 104 

from chemical speciation and source profiles. 105 

 106 

2. Materials and methods 107 

2.1 Site description 108 

A long-term multi-parametric measurement campaign was performed from July 2017 to January 2018 109 

in the industrial area of Viggiano, in the Agri Valley (Basilicata, Southern Italy,40°18.65'N 110 

15°53.69’E, 594 m a.s.l.) close to the Centro Olio Val d’Agri (COVA) (Fig. S1) managed by the 111 

Italian Ente Nazionale Idrocarburi (ENI). A deeper description of the sampling site is reported in the 112 

SI. 113 

 114 

2.2 Data collection 115 

A mobile laboratory was set up, close to COVA plant, at Sviluppo Basilicata headquarters (Fig. S1) 116 

with the aim of carrying out a multi-parametric field campaign to study the atmospheric aerosols from 117 

July 2017 to January 2018 in Agri Valley. PM1 aerosol particles were collected daily by a Tecora 118 

low-volume gravimetric sampler (16.7 l min-1 flow rate) starting from 12:00 pm. Each sampling lasted 119 

24 h. Polycarbonate membranes were chosen to allow not only chemical speciation, but also the 120 

morphological analysis by FESEM-EDX herein reported. Before and after sampling, the filters were 121 

preconditioned in a cabinet for 48 h at constant temperature (T=20 °C) and relative humidity 122 

(RH=50%). The PM1 mass concentration was determined by gravimetric analysis (microbalance with 123 

± 1 µg of sensitivity). Black Carbon (BC) concentration was measured by an Aethalometer (AE33 124 

model, Magee) and conventionally expressed as Equivalent Black Carbon (EeBC) (Grange et al., 125 

2020). The instrument is equipped with a PM2.5 sampling head; thereafter, BC particles are forced to 126 

deposit on a quartz fiber filter, to attenuate the radiation emitted by seven lamps (= 370, 470, 520, 127 

590, 660, 880, 950 nm). Radiation attenuation data is processed by the manufacturer’s software 128 

assuming a mass absorption cross-section at 880 nm equal to 7.77 m2g-1. The measurement time-129 
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resolution of this study is 1 min, but an hourly basis was considered enough to distinguish eEBC 130 

concentration variations during the day. The particle number size distributions were measured by a 131 

TSI 3330 optical particle sizer (OPS) working at a flow rate of 1 l m-1. This instrument can detect 132 

particles in 16 channels, from 0.3 to 10 m in diameter, providing particles number concentrations 133 

with a time resolution for this study of 5 minutes. As forFor consistency with the eEBC, size 134 

distribution data were averaged on an hourly basis. Daily averages of both EBC eBC and number size 135 

distributions were considered for comparison with PM1 measurements. 136 

 137 

2.3 Chemical and morphological characterization of PM1 138 

2.3.1 Trace elements analysis 139 

The polycarbonate filters were preconditioned, before and after sampling, in a cabinet for 48 h at 140 

constant temperature (T=20 °C) and relative humidity (RH=50%). After, half of each filter was 141 

digested in a mixture 6:1:2 of nitric acid (70%v/v), hydrofluoric acid (39%v/v) and H2O2 using a MLS 142 

ETHOS 900 microwave system. Al, Ca, Cr, Fe, K, Li, Mg, Mn, Na, S, Ti, and Zn concentrations were 143 

determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Varian - Vista 144 

MPX) while the Atomic Absorption Spectrometry Furnace Graphite (GFAAS) was used to analyze 145 

Ni, Cd, Cu and Pb. Certified Reference Material (Urban Particulate Matter, SRM 1648) was used for 146 

extraction efficiency and quality control. The recovery of the trace elements showed percentage 147 

ranging between 84 and 115% except for Ti that was of 63%. The recovery of the trace elements was 148 

in percentage within the ranges of 100 ± 15 % except for Cr and Ti (84% and 63%, respectively). The 149 

blank contribution was less than 10% of the measured values for all the trace elements analyzed 150 

(Caggiano et al., 2017). 151 

2.3.2 Ionic speciestracers  152 

PM1 samples were subjected to cation and anion chromatography for ion analysis. The approach 153 

adopted is based on the reference method BS EN 16913:2017 (EN, 2017) partially adapted to the 154 

need to process small mass load samples and extend the range of anions. One quarter of each 155 
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polycarbonate filter was treated with 3 mL of ultrapure water (≥ 18.2 MΩ∙cm) and sonicated for 30 156 

minutes. Two distinct ion chromatographs by ThermoDionex were used: an ICS 90 for the cation run 157 

and an ICS2000 for anions. Details of the chromatographic conditions are given in Tab. S1 158 

Calibration was carried out using suitable mixtures of standard ion solutions in the range [0 ÷– 10] 159 

ppm for organic anions (Acetate, Formate, Methansulfonate, Succinate, Malonate, Oxalate) and [0 160 

÷– 50] ppm for cations (Na+, NH4
+, K+, Mg2+, Ca2+) and inorganic anions (F-, Cl-, NO2

-, Br-, NO3
-, 161 

SO4
2-, PO4

3-). Ten blank filters were analyzed for determining method detection limits (LODs) and 162 

subtracting blank means to each sample. The uncertainties were calculated as relative standard 163 

deviations (RSDs) for a series of repeated measurements of 0.5 ppm cation standard, 0.5 ppm 164 

inorganic anions, and 0.325 ppm organic anions. 165 

Quality control was carried out using certified ERM-CA408 Simulated Rainwater to provide 166 

continuous validation; the determined concentrations were always within 10 % of the stated values, 167 

as required by reference method BS EN 16913:2017 (EN, 2017).  168 

 169 

2.3.3 FESEM-EDX analysis  170 

Microscopic observations and elemental analysis were performed using a Field Emission Scanning 171 

Electron Microscope (FESEM, Zeiss Supra 40) equipped with an Energy Dispersive X-ray 172 

Spectrometer (EDS, Oxford Inca Energy 350) with an INCA X-act SDD detector. A punch (0.5 cm2) 173 

of the filter was glued to an aluminum stub (Ø =12 mm) using a carbon sticky tab and was 174 

subsequently carbon coated. The samples were scanned using images obtained by secondary electron 175 

(SE) and back-scattered electron (BSE) detectors. Elemental analysis was performed on elements 176 

with Z > 4. To characterize aerosol deposits, approximately 300 particles with diameter < 1 m per 177 

sample were manually analyzed at a magnification of 15000x. The morphological features and 178 

elemental composition of each particle were determined. The X-ray spectrum acquisition time was 179 

set to 15 s with an acceleration voltage of 15 kV and an aperture of 30 μm. 180 

 181 
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2.4 Positive Matrix Factorization (PMF) analysis 182 

Chemical species obtained by IC, ICP-OES and GFAAS analysis on PM1 samples and EBC eBC 183 

were used for source apportionment. Although EBC eBC derives from an aethalometer with a PM2.5 184 

sample inlet, it has been merged with the PM1 data before factor analysis as this component largely 185 

dominates the submicron PM fraction. Chemical species with low statistical significance (numerosity 186 

of data below detection limits > 50%) were discarded. Redundant species have been selected based 187 

on dataset numerical consistency to prevent double mass counting. Sulfur contribution to PM1 was 188 

split into two elemental fractions, i.e., soluble S related to sulfates (S_IC) and excess S (S_nIC) 189 

calculated as the difference between total S from ICP-OES and soluble S from Ion Chromatography 190 

as detailed in Section 3.7. PM1 chemical speciation matrix (200 samples x 18 variables) thus obtained 191 

were subjected to source apportionment by PMF  using the EPA PMF 5.0 software (Paatero et al., 192 

2014; Paatero and Tapper, 1994) and strictly following the European guidelines provided in Belis et 193 

al. (2019) (Belis et al., 2019). Experimental uncertainties were calculated as the analytical uncertainty 194 

plus one third of the LOD, in agreement with the method by Reff et al. (2012) (Reff et al., 2012), and 195 

provided as input data for receptor modeling. The uncertainty of the composite excess sulfur was 196 

obtained by propagating the uncertainty of its precursors. An extra modeling uncertainty of 12% was 197 

added to account for further errors not explicitly considered, such as the volume sampling uncertainty, 198 

variation of source profiles and chemical transformations in the atmosphere (Paatero et al., 2014). 199 

Multiple base model runs were performed exploring different numbers of factors (from 3 to 10 200 

factors) with 30 runs for each test and different pseudo-random initializations. Finally, a 5-factors 201 

solution was selected based both on the analysis of the distribution of the residuals and on the Q-202 

values, a critical parameter indicating the agreement between simulated and observed values (Paatero 203 

et al., 2014).  204 

 205 

3. Results and discussion 206 

3.1 PM1 mass concentration and eEBC 207 
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The daily average levels of PM1 mass concentrations ranged from 3 to 19 μg m−3 and showed a 208 

median mean value of 6 μg m−3 (Tab. S2). Mean PM1 concentration in Agri Valley was higher than 209 

at a background station in Finland (4.3±3.8 μg m−3) (Makkonen et al., 2010), comparable with the 210 

urban area of Istanbul (7.6 μg m−3) (Onat et al., 2013) and other European countries (Montseny in 211 

Spain, Finokalia in Greece and Erdemli in Turkey) (10 μg m−3) (Querol et al., 2009), but lower than 212 

those found in Genova (Italy) (22 μg m−3) (Ariola et al., 2006), and in Dunkirq (France) (16.8 μg m−3) 213 

(Mbengue et al., 2014). The mean PM1 concentration observed during the present study was in 214 

agreement in a previous study we conducted in this area (Caggiano et al., 2019).  215 

Concurrent measurements of eEBC loading show mean, minimum and maximum values (Tab. S2) 216 

comparable to those measured in 2013 in the same area (Calvello et al., 2017). In Fig. S2 the time 217 

variations of PM1 and eEBC daily concentrations are reported showing very similar patterns with no 218 

clear seasonality though an increase in eEBC to PM1 ratio can be observed during cold months (Fig. 219 

S2). This can be explained by both the primary nature of EBC eBC emissions and the additional 220 

source of domestic heating in winter likely in conjunction with a shallow boundary layer. The 221 

accordance in PM1 and EBC eBC temporal trends confirms a relevant contribution of eEBC to fine 222 

PM1 loading at the study site. For this reason, eEBC was is included in the PMF analysis (see Section 223 

5.5).  224 

 225 

3.2 Trace elements and ion chemistry in PM1 226 

Results show that elemental concentrations from ICP-OES are on average higher than the 227 

corresponding ion concentrations from IC on account of the different sample processing, based on a 228 

strong acidic medium for ICP-OES analysis and on ultrapure water and filtration for Ion 229 

chromatography. As regards the trace elements they accounted for about 27% of the total PM1 230 

measured mass contributions (Fig. 1). The highest contributions were are observed for S, Ca, Na, 231 

with mean concentrations > 0.100 nµg m-3, representing on average about 82% of the determined 232 

trace element mass. The next most abundant elements were are Al, K and Fe with average 233 
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concentrations between 0.050 and 0.100 nµg m-3. Concentrations ranging from 0.010 to 0.050 nµg 234 

m-3 were are observed for Mg, Li, Cr, Cu and Zn, while the mean of Ti, Ni, Pb, Mn and Cd showed 235 

concentrations lower than 0.010 nµg m-3. The relative fraction of the remaining elements was is less 236 

than 5 % each (Fig. 1a). Regarding the ion speciation results, the following relative abundances were 237 

are observed, respectively in cations and anions, based on the overall means: Ca2+> Na+> NH4
+> K+> 238 

Mg2+; SO4
2-> Cl- > NO3

- > Oxalate> Methanesulfonate> Malonate (Fig. 1b). 239 

The share contribution of cations and anions to PM1 mass amounts to about 26%. Ion balance of 240 

water-soluble cations and anions is reported in Fig. S3. The anions reveal a remarkable deficit, 241 

approximately 50% on average, but it reaches 70% in some days. Previous results reported in Tositti 242 

et al. (2014) (Tositti et al., 2014) and Alastuey et al. (2004) (Alastuey et al., 2004) suggest that the 243 

anion deficit may be related to carbonates. This hypothesis is supported by the abundance of measured 244 

Ca2+ ions, despite the PM1 metric adopted (Shen et al., 2011). Indeed, calcium carbonate is usually a 245 

typical component of the coarse fraction, substantially excluded by PM1 sampling cutoff, therefore 246 

its occurrence in our samples is not discounted.  247 

The relevance of Ca2+ in PM1 samples suggests how carbonates are significantly responsible for the 248 

neutralization of HNO3, resulting in low nitrates in PM1 and remarkable data scattering towards NH4
+, 249 

differently from sulfates (Fig. S4) (Galindo et al., 2020). This means that nitrates have been likely 250 

transferred to the coarse fraction (not available for analysis) depleting PM1, while ammonia tends to 251 

combine preferably with H2SO4 in agreement with the thermodynamical constraints on the formation 252 

of this compound in Secondary Inorganic Aerosol (SIA) (Hewitt, 2001; Karydis et al., 2020). In our 253 

samples the slope value equal to 2.54, close to the theoretical value of 2.66 for the regression line 254 

between NH4
+ and nssSO4

2-, shows that nss-sulfates are substantially all in the form of (NH4)2SO4 255 

(Udisti et al., 2016). 256 

Seasalt ions are found in our samples despite the long distance of the sampling site from the coast 257 

and the submicronic range of the sampling station used. Seasalt ions, usually peaking in the 2-3 μm 258 

range aerosol (Dall’Osto et al., 2008), are represented by sodium, potassium, calcium and magnesium 259 
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chlorides, sulfates and other minor halogenides species. Usually, the share of marine ions over the 260 

total single ions resulting from multiple sources, is determined on the basis of Na+, which is as a 261 

conservative species with usually negligible other sources, allowing to estimate seasalt (ss) and non-262 

seasalt (nss) aerosol fractions based on seawater constant ratio to Na+ (Lung et al., 2004). In this work 263 

seasalt occurs mainly in the summer suggesting the influence of W-SW circulation typical of the 264 

season (Trippetta et al., 2014) in agreement with the prevailing wind direction observed at a nearby 265 

meteorological station. A contribution from oil processing however cannot be ruled out owing to its 266 

own salinity always requiring specific treatment. As for the mineral component, the similar patterns 267 

of nssCa2+ and nssMg2+ together with their concentrations, relatively high for PM1, might be linked 268 

to a crustal origin. Apart from soil resuspension, less likely is the association with Saharan dust not 269 

only owing to its seasonality and event-based occurrence, but also because submicron components of 270 

dust are likely associated with finer silicates such as clay minerals (Linke et al., 2006). It is to note 271 

that peaks in PM1 (Fig. S2) are frequently observed in the warm season, typically detected in 272 

association with Saharan dust outbreaks events that are known to contribute both the coarse 273 

dominance and the submicron fractions (Brattich et al., 2015; Denjean et al., 2016; Tositti et al., 2013; 274 

Weinzierl et al., 2009). More consistently, previous work on PM1 samples from the same area by 275 

Margiotta et al. (2015) (Margiotta et al., 2015), revealed abundant calcite confirming the occurrence 276 

of mineral carbonates even in the submicron aerosol. Given the longitude of the location investigated 277 

the association of calcite and dolomite with Saharan dust outbreaks is traced likely to Egypt rather 278 

than to the western Saharan desert at this location, in agreement with the back-trajectories calculated 279 

(not shown) (Brattich et al., 2020). The mineral fraction of nssCa2+ (on average 0.008 µg m-3, [0.001 280 

– 0.05] µg m-3) e and nssMg2+ (on average 0.01 µg m-3, [0.001 – 0.03] µg m-3) ions (calculated 281 

following the corresponding equation S1) is more abundant than the corresponding marine fraction 282 

in agreement with the continental location. Consequently, owing to the limited contribution of mineral 283 

dust throughout the campaign and to the scarce probability of the influence of soil resuspension on 284 

PM1, the occurrence of significant fractions of both nssCa2+ and nssMg2+ might stem, at least in part, 285 
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even from the industrial activity involved. and might be related to the alkalizing treatment in the 286 

desulfurization process at COVA, as previously reported in Calvello et al. (2017) (Calvello et al., 287 

2017). The anions of carboxylic acids are typically far less abundant than all the other ones; they can 288 

be both primary and secondary, and may have both anthropogenic and natural origin (Kawamura and 289 

Bikkina, 2016).  290 

 291 

3.3 PM1 mass closure 292 

In this work, to determine a preliminary evaluation of the distribution of the chemical species 293 

measured on PM1 samples, we calculated the chemical mass closure using a series of semiempirical 294 

relationships based on the average stoichiometry of some macro- and micro-components of 295 

particulate matter. The species used include ions, elements, and equivalent black carbon 296 

independently measured with an aethalometer. To the scope we used the same approach used by Titos 297 

et al. (2014) (Masiol et al., 2020; Titos et al., 2014) based on PM1 samples such as in this work; the 298 

results are reported in Fig. 2. 299 

This approach allows to quantify not only the mass fraction percent of the analytes determined as a 300 

function of the aerosol major components and sources contributing to the PM1 mass, as well as the 301 

amount of mass not intercepted by the chemical speciation. The significant fraction of undetermined 302 

material in PM1 is reasonably attributable to organic matter, unavailable in this work, both of primary 303 

and secondary origin, the latter being originated by both biogenic Volatile Organic Compounds 304 

(VOCs) and non-methane hydrocarbons plausibly emitted by both the industrial facilities discussed 305 

later in this work, and by the local vegetation during the appropriate season. 306 

 307 

3.5 Correlation analysis  308 

Prior to receptor modelling by Positive Matrix Factorization (PMF), the whole data set including ions, 309 

elements and eEBC, as well as OPS data, was subjected to non-parametric Spearman correlation 310 

analysis (Wissler, 1905) for preliminary exploratory purposes. Results are reported in Fig. S56. All 311 
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the data were averaged over 24 hours in agreement with the daily PM1 sampling and chemical 312 

speciation data. This allowed to enlighten the behavior of some of aerosol chemical species whose 313 

origin is tightly connected with specific formation processes (Raes et al., 2000). High correlations are 314 

observed between ammonium, sulfate, and the smallest size bins of OPS in agreement with the 315 

secondary origin ofand this these SIA components. Interestingly, the absence of a significant 316 

correlation between nitrates and the fine OPS fractions and ammonium suggests the occurrence of 317 

atmospheric processes involving coarse carbonates as a significant neutralizing agent for secondary 318 

HNO3 (Preszler Prince et al., 2007), leading to nitrate shift toward the coarse fraction not collected 319 

and therefore undetectable when PM1 sampling metric is adopted. Sensibly Very high correlations 320 

are obtained for eEBC and the two finest OPS fractions (Spearman's correlation coefficients of 321 

respectively 0.80 and 0.79) in agreement with its size distribution, while no other chemical species 322 

of PM1 appears somehow connected, suggesting how COVA torches are characterized by a unique 323 

and highly specific emission profile at this location. K+ shows intermediate but significant correlation 324 

with the finest OPS fractions and oxalates, but only little correlation with EeBC. This can be explained 325 

by the fact that COVA and traffic are the prevailing sources of black carbon at this specific site rather 326 

than biomass burning . Ca2+ and Mg2+ in PM1 reveal an underlying trend of higher correlation 327 

coefficients with coarse OPS fractions suggesting, at least in part, a crustal origin, though the 328 

relatively high concentration in PM1 suggests the complexity of their source. A similar behavior of a 329 

resurgent correlation with coarse OPS fractions is observed also for sulphate, suggesting the relevant 330 

role of sulfate as a coating on particle surfaces (Bauer et al., 2007). 331 

 332 

3.6 Source apportionment 333 

Source apportionment was carried out using the EPA PMF 5.0 software and strictly following the 334 

European guidelines given in Belis et al. (2019) (Belis et al., 2019), as previously explained in Data 335 

Analysis section. 336 
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The best solution (5 factors) was obtained for a 200 samples x 18 variables matrix (Qcalculated ≈ 337 

Qtheoretical ≈ 2535) leading to a modelled vs. experimental PM1 (total variable) regression with a 338 

coefficient of determination R2 equal to 0.84 (Fig. S67) The five factors obtained (Fig. 3) and their 339 

interpretation as a source profile are discussed below. 340 

Factor 1 with a contribution of 37.0% to the total variable (PM1) shows a dominance by eEBC 341 

indicating the COVA torches from the oil treatment facility, as a significant emission source to local 342 

PM1 as previously described. However, the contribution of other combustion sources to PM1 cannot 343 

be ruled out (Calvello et al., 2015). Factor 2 (2.6%) has a negligible contribution to PM1 being mainly 344 

represented by iron (Fe) and to a lesser extent Mn, Mg, and malonate. This result suggests the 345 

influence of traffic and road dust as evidenced by the slightly larger abundance in the summer, when 346 

aridity and thermal convection promote resuspension. Factor 3 (22.6%) dominated by ammonium 347 

(NH4
+) and sulfate (S_IC) is self-explaining and high in PM1 owing to the size range typical of this 348 

secondary species, largely in the accumulation mode. This factor increases in the warm season owing 349 

to the enhanced photochemistry and increased rate of gas-to-particle conversion of SO2. Factor 4 350 

(13.3%) includes primarily S_nIC, (see motivation reported in section 3.7 below as well as in Fig. 351 

S5). This sulfur component actually representing an excess of sulfur respect to ionic-S, and it is 352 

accompanied by Ni, an acknowledged oil tracer (López and Lo Mónaco, 2017), but includes also a 353 

significant load of Al, which is unusual for PM1, being this element in aerosol usually associated with 354 

crustal materials, therefore in the supermicron size range of aerosols (Tositti et al., 2014). 355 

Interestingly, aluminum-based catalyst typically are widely used in the Claus process which actually 356 

is one of the basic oil treatments applied at COVA site (Calvello et al., 2017; Jafarinejad, 2016). It is 357 

therefore reasonable to attribute this well-resolved and self-consistent factor to the Claus  process 358 

plant operating in this industrial facility. It appears distinct from Factor 1 attributed to flaring, based 359 

on proximity of the independent and totally different outlets of the two treatment plants in terms of 360 

height and type and of the consequent impact on the boundary layer. Factor 5 (24.4%) is characterized 361 

by high contributions of Ca2+ and Mg2+ attributable to crustal material from soil resuspension, as well 362 
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as to Saharan dust incursions mainly in the summer season (Tositti et al., 2014) whose influence has 363 

been revealed based on the calculated back-trajectories and the support of dust transport models. This 364 

factor also includes dicarboxylate anions (oxalate and malonate) both associated with multiple 365 

sources (Chebbi and Carlier, 1996; Laongsri and Harrison, 2013). Therefore, this factor is not fully 366 

resolved in terms of attribution, though the influence of biomass burning from wildfires, domestic 367 

heating, and farming activities with subsequent particle coating within aerosol aging processes might 368 

be reasonably invoked. This factor appears active especially during the summer season (Caggiano et 369 

al., 2019; Mikuška et al., 2020; Niemi et al., 2009; Timonen et al., 2008). 370 

 371 

3.7 Sulfur related species 372 

As previously observed, a few elements determined by ICP-OES showed higher concentrations than 373 

for the corresponding IC data, which was explained as due to the different solubilization method 374 

required prior to the respective instrumental technique. The same behavior, however, was unusually 375 

observed also for sulfur, circumstance that drew our attention. Once discarded analytical artifacts, by 376 

suitable quality control of our dataset, we firstly converted the sulfate concentration data from IC into 377 

the corresponding elemental S concentration for sake of comparison with the ICP-OES data. Fig.ure 378 

4 reports the concentration of total S and ionic S vs. time, where the latter represents the typical sulfate 379 

fraction widely identified and apportioned in most chemical speciation studies, while the former 380 

represents total S containing an excess fraction of this element. 381 

Fig. ure 4 reports also plain linear regression lines showing higher values for Sulfate-S in the warm 382 

season, in agreement with the higher photochemical efficiency in secondary sulfate production from 383 

SO2 oxidation as widely recognized (Seinfeld and Pandis, 2016). Though the term is sought to include 384 

likely contributions such as the one from sea-salt and/or from CaSO4 (Morozzi et al., 2021; Tositti et 385 

al., 2014). Total sulfur, instead, appears to increase in the cold season. The same seasonal behavior 386 

was found for eEBC to PM1 ratio (Fig. S1). For this reason, based on the characteristics of the Claus 387 

process which is operated at COVA for the required conversion of H2S and SO2 from the locally 388 
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extracted oil into liquid elemental sulfur, we split total sulfur in two components obtained by 389 

difference with the ionic fraction and assuming that the excess sulfur observed is actually produced 390 

and emitted by the involved facility (Calvello et al., 2017; Jafarinejad, 2016) as fugitive emission 391 

and/or low chimneys. As a result, the seasonal increase observed might be likely affected by a 392 

shallower mixed layer during the cold local winter, as well as the altitude of this site, and the complex 393 

topography of the district (Mangia et al., 2019). . The attribution of this excess of sulfur to the Claus 394 

process operations, which play a fundamental role in the mitigation efforts locally applied, appears 395 

nicely resolved in the factor 4 of PMF containing other tracers conducive of oil treatment such as Ni 396 

contained in oil and Al from the catalyst the Claus process employs.  397 

It is worth to remind that the Claus process, beside reducing the emissions of two relevant pollutants, 398 

plays a further significant role in preventing additional aerosol formation, since H2S, with a mean 399 

atmospheric lifetime of a few hours (Li et al., 2014), once released into the atmosphere, it can be in 400 

turn oxidized into SO2, therefore additionally contributing to secondary sulfate, as is actually, at least 401 

in part, observed.  402 

Finally, in the absence (to the best of our knowledge) of studies focused on the characterization of 403 

Claus process environmental emissions, in order to verify and confirm the consistency of our findings, 404 

we analyzed SEM micrographs of polycarbonate PM1 samples (see next paragraph for the details), 405 

which actually revealed the occurrence of elemental sulfur particles widely observed also in our past 406 

studies on this district.  407 

As a final remark, we include an updated apportionment of sulfur based both on past calculation 408 

typically applied to sulfates (Mazzera et al., 2001; Udisti et al., 2016). Results expressed as elemental 409 

sulfur are reported in Fig. S5. It is to note that total sulfur accounts for 10 % of the mean mass of PM1 410 

at the receptor site. The sulfur apportionment indicates that the largest proportion is related to excess 411 

S (70%), followed by crustal (13%), secondary (12%), seasalt (3%), and biogenic sulfur (2%). 412 

Excess S appears therefore safely attributable to the industrial process mentioned and agrees with its 413 

origin, as it results from the mitigation of the hazardous gaseous precursors H2S and SO2, thus 414 
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justifying its occurrence in PM1. While we underline that the conditions under which these findings 415 

have been observed are peculiar (only primary oil treatments are found in the district, the area is not 416 

so heavily industrialized with limited impact and interferences; sampling based on PM1 which might 417 

have helped and contributed to highlight this specific emission source), we believe that from now on 418 

also this source could be accounted for, especially in the numerous areas worldwide where oil is still 419 

not only extracted, but also processed and refined at large scale. This information in fact, might help 420 

to obtain more accurate definition of source profiles in complex emissive scenarios. 421 

 422 

3.8 Single particle analysis 423 

Four samples with PM1 mass concentration >75th percentile and one with lower PM1 concentration 424 

were chosen for SEM observation (Fig. 54). Based on the morphological and chemical analysis, 425 

particles with size < 1μm were grouped into 10 classes, which in turn were further gathered into the 426 

following 7 groups: Aluminosilicates, Quartz, Ca-Mg carbonates, Aluminosilicates, S-rich particles, 427 

Mixed particles, Metal particles and Particles with low elements Z<11 (Na) (Table 31). 428 

Aluminosilicate particles show an irregular shape or the usual lamellar morphology of clay minerals 429 

(Fig. 5a). They are composed mainly of Si and Al and variable amounts of Mg, K, Ca, and Fe. A 430 

subset of this particles was coated with sulfur. Quartz particles (Fig. 4a) are rich in silicon (Si > 85%). 431 

Quartz is a common mineral associated with soil particles resuspension as well as with the occasional 432 

Saharan dust events affecting the Mediterranean region (Brattich et al., 2015). Ca-Mg carbonates 433 

(Fig. 4b) includes all particles containing mainly dolomite and subordinately only calcite. They are 434 

frequently accompanied by small amounts of sulfur. Although fine limestone materials are widely 435 

used in desulfuration plants, they can be also of natural origin from windblown soil dust. 436 

Aluminosilicate particles show an irregular shape or the usual lamellar morphology of clay minerals 437 

(Fig. 4c). They are composed mainly of Si and Al and variable amounts of Mg, K, Ca, and Fe. A 438 

subset of this particles was coated with sulfur. Based on the chemical composition, four different 439 

classes were identified for S-rich particles group: i) Ca-sulphates, ii) K-sulphates, iii) Na–sulphates, 440 
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and iv) S-only particles. Among the Ca–Na–K sulphates, calcium sulphate particles are the most 441 

common. These particles are usually smaller than 1 μm (Fig. 54db) but may give rise to aggregates 442 

(Fig. 54ec) of larger size (up to 2–3 μm, the typical seasalt size range). The sulphates may have both 443 

a natural and an anthropogenic origin. Secondary sulphates coupled to ammonium were already 444 

assessed and apportioned previously in the ion chemistry paragraph, where sulphate appears highly 445 

correlated with its expected partner cation. However, the coupling with other cations suggests either 446 

the occurrence of gypsum (CaSO4) attributable to mineral dust (Linke et al., 2006; Morozzi et al., 447 

2021) typically observable (though only on an event basis), while at this location it might be attributed 448 

also to the mitigation of acid gases, in particular the abundant SO2, treated with carbonates before 449 

emission (Calvello et al., 2017). Sodium sulphates instead indicate a marine origin in agreement with 450 

seasalt composition; at this site it can originate both from transport of marine air masses, especially 451 

in the summer, and from COVA emissions in connection with the significant salinity typical of the 452 

crude oil. Finally, K-sulphate particles (Fig. 54fd) could be also traced back to biomass burning 453 

processes which appear as a non-resolved source of factor 5 in the PMF section (Pratt et al., 2011). 454 

Mixed particles have an irregular shape and are composed of a mixture of silicates sulphate (K-Ca-455 

Na sulphates). They are internally mixed due to heterogeneous reactions which may have affected 456 

the surfaces of the Silicate particles with a coating of deposited secondary sulphates (Riemer et al., 457 

2019). The elemental S particles are of special interest, since they are very infrequent, apart from 458 

volcanic emissions not pertinent to this study (Fig. 54ge). This finding confirms both the effectiveness 459 

of the mitigation processes within the primary oil treatment active at this site, and the consistency of 460 

our hypothesis as described above. The group of metal particles are very variable in shape, though 461 

the most abundant appear rich in iron. Furthermore, only Al-only particles and Fe-Cr particles were 462 

found. Fe-rich particles appear frequently associated with soot because of internally mixing of soluble 463 

or colloidal iron compounds and soot (Fig. 54if). An acidic environment at a high temperature such 464 

as that of industrial torches, wherein slow oxidation processes take place, may explain the occurrence 465 

of these particles. Based on the chemical composition The group of  Particles with low elements Z<11 466 
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include different species such as organic particles and tar balls (Adachi and Buseck, 2011), soot, 467 

nitrates can be part of this group in agreement with the mass reconstruction reported in this work and 468 

with the typical macro-composition of airborne particulate matter. These particles are ubiquitous in 469 

the samples analyzed. They can be characterized by either droplet or irregular shape suggesting a 470 

secondary origin linked to oxidation processes of their chemical precursors followed by condensation 471 

processes. Despite the sampling cut-off, also Primary Biological Aerosol Particles (PBAP) are 472 

observed (Hu et al., 2020; Palladino et al., 2021), such as brochosomes (Fig. 54kg) in agreement with 473 

the rural background of the Agri valley district. As regards the carbonaceous component associated 474 

with elemental carbon (soot and/or eEBC), it is ubiquitous in the observed samples owing to COVA 475 

flaring and possibly biomass burning. The abundance of soot was estimated for each sample (Fig. 476 

54h). These nanometric agglomerates of spherical particles, are clearly distinguishable from other 477 

types of aerosol particles based on their morphology resulting from its formation process (Michelsen, 478 

2017). The abundance of soot agglomerates (i.e., number of agglomerates per unit surface of filter) 479 

was estimated for each sample and compared to the EBC eBC daily concentrations measured by 480 

aethalometer (Fig. S8). Despite the very different measurement techniques, a good agreement was 481 

found. On the 13 July, 13,th corresponding to the highest PM1 mass concentration dominated by the 482 

finest fractions, SEM observations highlighted a large percentage of K and S rich particles. Moreover, 483 

this sample shows the presence of spherical carbonaceous particles resistant to electron beam damage 484 

(tar balls) with a diffuse coating of sulfur compounds, suggesting the influence of biomass burning. 485 

This observation agrees with the PMF results, for the date in exam, showing the influence of multiple 486 

pollution sources such as flaring (Factor 1, 43%), ammonium sulphate (Factor 3, 29%), and coated 487 

minerals (Factor 5, 25%). In the sample of 15 October, 15th characterized by a lower PM1 mass load 488 

and number size distribution, the particles are mainly given by phases with low Z elements and 489 

subordinately by particles of elemental S, likely from the Claus process, or S and Ca referable to 490 

gypsum resulting either from crustal materials or from the alkalizing treatment of the oil processing 491 

facility. In addition, the backscattered detector images indicate the presence of numerous metal 492 
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particles. SEM observations also show agglomerated soot with secondary phase inclusions. Like the 493 

13 July, 13th  PM1 filter, the main identified sources are in order Factor 5 (unresolved resuspension, 494 

Saharan dust, and biomass burning source), Factor 1 (COVA torches from the oil treatment facility), 495 

and Factor 3 (ammonium sulphate). Focusing on 28 August, 28th sample, characterized by high PM1 496 

mass concentration and a low fine size distribution, we observe a remarkable content  quantity of S-497 

only particles consistent with the emissions from the Claus process plant and soot mainly 498 

agglomerated and embedded, like the sample of 15 October, 15th. Moreover, a high content of gypsum 499 

(i.e., Calcium Sulphate) was found, as also evidenced by Factor 5 of PMF that includes the Saharan 500 

Dust emission source (33%). The sample of 22 November, 22nd shows the highest content of 501 

agglomerated soot along with a high percentage of Na and K sulphates of the 16% and 14%, 502 

respectively, as evidenced also by one of the highest contributions on the Claus process emission 503 

source in the exanimated PM1 filters (Factor 4, 18%). As for the 20 August, 20th sample, it is 504 

characterized by a very high content of aluminosilicate and gypsum particles. Though the silicate 505 

component might be associated with suspended soil particles and Saharan dust event, the presence of 506 

a very small gypsum particles may suggest an anthropogenic source. This filter presents the 507 

unresolved resuspension, Saharan dust, and biomass burning as the main emission sources (Factor 5, 508 

38%). 509 

 510 

3.7 Sulfur related species 511 

As previously observed, a few elements determined by ICP-OES showed higher concentrations than 512 

for the corresponding IC data, which was explained as due to the different solubilization method 513 

required prior to the respective instrumental technique. The same behavior, however, was unusually 514 

observed also for sulfur, circumstance that drew our attention. Once discarded analytical artifacts, by 515 

suitable quality control of our dataset, we firstly converted the sulfate concentration data from IC into 516 

the corresponding elemental S concentration for sake of comparison with the ICP-OES data. Figure 517 

5 reports the concentration of total S and ionic S vs. time, where the latter represents the typical sulfate 518 
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fraction widely identified and apportioned in most chemical speciation studies, while the former 519 

represents total S containing an excess fraction of this element. 520 

Figure 5 reports also plain linear regression lines showing higher values for Sulfate-S in the warm 521 

season, in agreement with the higher photochemical efficiency in secondary sulfate production from 522 

SO2 oxidation as widely recognized (Seinfeld and Pandis, 2016). Though the term is sought to include 523 

likely contributions such as the one from sea-salt and/or from CaSO4 (Morozzi et al., 2021; Tositti et 524 

al., 2014). Total sulfur, instead, appears to increase in the cold season. The same seasonal behavior 525 

was found for eBC to PM1 ratio (Fig. S1). For this reason, based on the characteristics of the Claus 526 

process which is operated at COVA for the required conversion of H2S and SO2 from the locally 527 

extracted oil into liquid elemental sulfur, we split total sulfur in two components obtained by 528 

difference with the ionic fraction and assuming that the excess sulfur observed is actually produced 529 

and emitted by the involved facility (Calvello et al., 2017; Jafarinejad, 2016) as fugitive emission 530 

and/or low chimneys. As a result, the seasonal increase observed might be likely affected by a 531 

shallower mixed layer during the cold local winter, as well as the altitude of this site, and the complex 532 

topography of the district (Mangia et al., 2019). The attribution of this excess of sulfur to the Claus 533 

process operations, which play a fundamental role in the mitigation efforts locally applied, appears 534 

nicely resolved in the factor 4 of PMF containing other tracers conducive of oil treatment such as Ni 535 

contained in oil and Al from the catalyst the Claus process employs.  536 

It is worth to remind that the Claus process, beside reducing the emissions of two relevant pollutants, 537 

plays a further significant role in preventing additional aerosol formation, since H2S, with a mean 538 

atmospheric lifetime of a few hours (Li et al., 2014), once released into the atmosphere, can be in turn 539 

oxidized into SO2, therefore additionally contributing to secondary sulfate, as is actually, at least in 540 

part, observed.  541 

Finally, in the absence (to the best of our knowledge) of studies focused on the characterization of 542 

Claus process environmental emissions, in order to verify and confirm the consistency of our findings, 543 

we analyzed SEM micrographs of polycarbonate PM1 samples (see next paragraph for the details), 544 
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which actually revealed the occurrence of elemental sulfur particles widely observed also in our past 545 

studies on this district (Caggiano et al., 2019; Trippetta et al., 2014).  546 

As a final remark, we include an updated apportionment of sulfur based both on past calculation 547 

typically applied to sulfates (Mazzera et al., 2001; Udisti et al., 2016). Results expressed as elemental 548 

sulfur are reported in Fig. S7. It is to note that total sulfur accounts for 10% of the mean mass of PM1 549 

at the receptor site. The sulfur apportionment indicates that the largest proportion is related to excess 550 

S (70%), followed by crustal (13%), secondary (12%), seasalt (3%), and biogenic sulfur (2%). 551 

Excess S appears therefore safely attributable to the industrial process mentioned and agrees with its 552 

origin, as it results from the mitigation of the hazardous gaseous precursors H2S and SO2, thus 553 

justifying its occurrence in PM1. While we underline that the conditions under which these findings 554 

have been observed are peculiar (only primary oil treatments are found in the district, the area is not 555 

so heavily industrialized with limited impact and interferences; sampling based on PM1 which might 556 

have helped and contributed to highlight this specific emission source), we believe that from now on 557 

also this source could be accounted for, especially in the numerous areas worldwide where oil is still 558 

not only extracted, but also processed and refined at large scale. This information in fact, might help 559 

to obtain more accurate definition of source profiles in complex emissive scenarios. 560 

 561 

4. Conclusions  562 

PM1 mass concentration, its content in trace elements and ionic species, equivalent black carbon 563 

concentration and OPS data were studied from July 2017 to January 2018, in Agri Valley (Basilicata, 564 

Southern Italy) a rural area hosting one of the largest on shore oil/gas pre-treatment plant in Europe, 565 

identified as COVA. PM1 and EeBC daily concentrations showed very similar temporal patterns with 566 

no clear seasonality. Source apportionment by means of Positive Matrix Factorization (PMF) allowed 567 

to identify a COVA flaring (37.0 %w/w), unresolved soil resuspension, Saharan dust, and biomass 568 

burning (24.2% w/w), secondary sulphate (22.6% w/w), oil desulfurization process (13.3% w/w), and 569 

traffic and road dust (2.6% w/w) as the main active sources at this receptor site. The results therefore 570 
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highlight the influence of industrial chemical emissions by means of both expected and new 571 

fingerprints respectively related to COVA torches and oil desulfurization by the Claus process. The 572 

novelty of the present study consists in the identification of a new chemical fingerprint linked to the 573 

excess of elemental sulfur, Ni, and Al in the atmosphere confirmed by data processing, PMF as well 574 

as by SEM analysis. To date, this represents a new specific source profile to be included in future 575 

studies on the source’s identification where oil processing is carried out. 576 

 577 

Fundings: This research did not receive any specific grant from funding agencies in the public, 578 

commercial, or not-for-profit sectors.  579 



24 
 

References  580 

Adachi, K., Buseck, P.R., 2011. Atmospheric tar balls from biomass burning in Mexico. J. Geophys. 581 

Res. Atmos. 116, 5204. https://doi.org/10.1029/2010JD015102 582 

Alastuey, A., Querol, X., Rodríguez, S., Plana, F., Lopez-Soler, A., Ruiz, C., Mantilla, E., 2004. 583 

Monitoring of atmospheric particulate matter around sources of secondary inorganic aerosol. 584 

Atmos. Environ. 38, 4979–4992. https://doi.org/10.1016/j.atmosenv.2004.06.026 585 

Ariola, V., D’Alessandro, A., Lucarelli, F., Marcazzan, G., Mazzei, F., Nava, S., Garcia-Orellana, I., 586 

Prati, P., Valli, G., Vecchi, R., Zucchiatti, A., 2006. Elemental characterization of PM10, PM2.5 587 

and PM1 in the town of Genoa (Italy). Chemosphere 62, 226–232. 588 

https://doi.org/10.1016/J.CHEMOSPHERE.2005.05.004 589 

Bauer, S.E., Mishchenko, M.I., Lacis, A.A., Zhang, S., Perlwitz, J., Metzger, S.M., 2007. Do sulfate 590 

and nitrate coatings on mineral dust have important effects on radiative properties and climate 591 

modeling? J. Geophys. Res. Atmos. 112, 6307. https://doi.org/10.1029/2005JD006977 592 

Belis, C.A., Pikridas, M., Lucarelli, F., Petralia, E., Cavalli, F., Calzolai, G., Berico, M., Sciare, J., 593 

2019. Source apportionment of fine PM by combining high time resolution organic and 594 

inorganic chemical composition datasets. Atmos. Environ. X 3. 595 

https://doi.org/10.1016/J.AEAOA.2019.100046 596 

Bilbao, J., Román, R., De Miguel, A., 2019. Temporal and Spatial Variability in Surface Air 597 

Temperature and Diurnal Temperature Range in Spain over the Period 1950–2011. Clim. 2019, 598 

Vol. 7, Page 16 7, 16. https://doi.org/10.3390/CLI7010016 599 

Brattich, E., Orza, J.A.G., Cristofanelli, P., Bonasoni, P., Marinoni, A., Tositti, L., 2020. Advection 600 

pathways at the Mt. Cimone WMO-GAW station: Seasonality, trends, and influence on 601 

atmospheric composition. Atmos. Environ. 234. 602 

https://doi.org/10.1016/j.atmosenv.2020.117513 603 

Brattich, E., Riccio, A., Tositti, L., Cristofanelli, P., Bonasoni, P., 2015. An outstanding Saharan dust 604 

event at Mt. Cimone (2165 m a.s.l., Italy) in March 2004. Atmos. Environ. 113, 223–235. 605 



25 
 

https://doi.org/10.1016/j.atmosenv.2015.05.017 606 

Caggiano, R., Calamita, G., Sabia, S., Trippetta, S., 2017. Biomonitoring of atmospheric pollution: a 607 

novel approach for the evaluation of natural and anthropogenic contribution to atmospheric 608 

aerosol particles. Environ. Sci. Pollut. Res. Int. 24, 8578–8587. https://doi.org/10.1007/S11356-609 

017-8534-3 610 

Caggiano, R., Sabia, S., Speranza, A., 2019. Trace elements and human health risks assessment of 611 

finer aerosol atmospheric particles (PM1). Environ. Sci. Pollut. Res. 26, 36423–36433. 612 

https://doi.org/10.1007/S11356-019-06756-W/TABLES/5 613 

Calvello, M., Caggiano, R., Esposito, F., Lettino, A., Sabia, S., Summa, V., Pavese, G., 2017. IMAA 614 

(Integrated Measurements of Aerosol in Agri valley) campaign: Multi-instrumental observations 615 

at the largest European oil/gas pre-treatment plant area. Atmos. Environ. 169, 297–306. 616 

https://doi.org/10.1016/J.ATMOSENV.2017.09.026 617 

Calvello, M., Esposito, F., Lorusso, M., Pavese, G., 2015. A two-year database of BC measurements 618 

at the biggest European crude oil pre-treatment plant: a comparison with organic gaseous 619 

compounds and PM10 loading. Atmos. Res. 164–165, 156–166. 620 

https://doi.org/10.1016/J.ATMOSRES.2015.05.004 621 

Chebbi, A., Carlier, P., 1996. Carboxylic acids in the troposphere, occurrence, sources, and sinks: A 622 

review. Atmos. Environ. 30, 4233–4249. https://doi.org/10.1016/1352-2310(96)00102-1 623 

Dall’Osto, M., Booth, M.J., Smith, W., Fisher, R., Harrison, R.M., 2008. A Study of the Size 624 

Distributions and the Chemical Characterization of Airborne Particles in the Vicinity of a Large 625 

Integrated Steelworks. https://doi.org/10.1080/02786820802339587 42, 981–991. 626 

https://doi.org/10.1080/02786820802339587 627 

Denjean, C., Cassola, F., Mazzino, A., Triquet, S., Chevaillier, S., Grand, N., Bourrianne, T., 628 

Momboisse, G., Sellegri, K., Schwarzenbock, A., Freney, E., Mallet, M., Formenti, P., 2016. 629 

Size distribution and optical properties of mineral dust aerosols transported in the western 630 

Mediterranean. Atmos. Chem. Phys. 16, 1081–1104. https://doi.org/10.5194/acp-16-1081-2016 631 



26 
 

EN, 2017. Ambient air standard method for measurement of NO3, SO42−, Cl−, NH4+, Na+, K+, 632 

Mg2+, Ca2+ in PM2,5 as deposited on filters. 633 

Galindo, N., Yubero, E., Clemente, Á., Nicolás, J.F., Varea, M., Crespo, J., 2020. PM events and 634 

changes in the chemical composition of urban aerosols: A case study in the western 635 

Mediterranean. Chemosphere 244, 125520. 636 

https://doi.org/10.1016/J.CHEMOSPHERE.2019.125520 637 

Grange, S.K., Lötscher, H., Fischer, A., Emmenegger, L., Hueglin, C., 2020. Evaluation of equivalent 638 

black carbon source apportionment using observations from Switzerland between 2008 and 639 

2018. Atmos. Meas. Tech. 13, 1867–1885. https://doi.org/10.5194/AMT-13-1867-2020 640 

Hatzaki, M., Flocas, H.A., Simmonds, I., Kouroutzoglou, J., Keay, K., Rudeva, I., 2014. Seasonal 641 

Aspects of an Objective Climatology of Anticyclones Affecting the Mediterranean. J. Clim. 27, 642 

9272–9289. https://doi.org/10.1175/JCLI-D-14-00186.1 643 

Hewitt, C.N., 2001. The atmospheric chemistry of sulphur and nitrogen in power station plumes. 644 

Atmos. Environ. https://doi.org/10.1016/S1352-2310(00)00463-5 645 

Hu, W., Wang, Z., Huang, S., Ren, L., Yue, S., Li, P., Xie, Q., Zhao, W., Wei, L., Ren, H., Wu, L., 646 

Deng, J., Fu, P., 2020. Biological Aerosol Particles in Polluted Regions. Curr. Pollut. Reports 647 

2020 62 6, 65–89. https://doi.org/10.1007/S40726-020-00138-4 648 

Jafarinejad, S., 2016. Control and treatment of sulfur compounds specially sulfur oxides (SOx) 649 

emissions from the petroleum industry: a review. Chem. Int. 2, 242–253. 650 

https://doi.org/10.1.1.1048.6741 651 

Karydis, V., Tsimpidi, A., Pozzer, A., Lelieveld, J., 2020. How alkaline compounds control 652 

atmospheric aerosol acidity. Atmos. Chem. Phys. 2018, 1–22. https://doi.org/10.5194/acp-2020-653 

1222 654 

Kawamura, K., Bikkina, S., 2016. A review of dicarboxylic acids and related compounds in 655 

atmospheric aerosols: Molecular distributions, sources and transformation. Atmos. Res. 656 

https://doi.org/10.1016/j.atmosres.2015.11.018 657 



27 
 

Kelly, F.J., Fussell, J.C., 2020. Toxicity of airborne particles-established evidence, knowledge gaps 658 

and emerging areas of importance. Philos. Trans. A. Math. Phys. Eng. Sci. 378. 659 

https://doi.org/10.1098/RSTA.2019.0322 660 

Laongsri, B., Harrison, R.M., 2013. Atmospheric behaviour of particulate oxalate at UK urban 661 

background and rural sites. Atmos. Environ. 71, 319–326. 662 

https://doi.org/10.1016/j.atmosenv.2013.02.015 663 

Lelieveld, J., Berresheim, H., Borrmann, S., Crutzen, P.J., Dentener, F.J., Fischer, H., Feichter, J., 664 

Flatau, P.J., Heland, J., Holzinger, R., Korrmann, R., Lawrence, M.G., Levin, Z., Markowicz, 665 

K.M., Mihalopoulos, N., Minikin, A., Ramanathan, V., De Reus, M., Roelofs, G.J., Scheeren, 666 

H.A., Sciare, J., Schlager, H., Schultz, M., Siegmund, P., Steil, B., Stephanou, E.G., Stier, P., 667 

Traub, M., Warneke, C., Williams, J., Ziereis, H., 2002. Global air pollution crossroads over the 668 

Mediterranean. Science (80-. ). 298, 794–799. 669 

https://doi.org/10.1126/SCIENCE.1075457/ASSET/9D6C7086-E45D-4A4D-9892-670 

2054F591C047/ASSETS/GRAPHIC/SE4120969007.JPEG 671 

Li, R., Warneke, C., Graus, M., Field, R., Geiger, F., Veres, P.R., Soltis, J., Li, S.M., Murphy, S.M., 672 

Sweeney, C., Pétron, G., Roberts, J.M., De Gouw, J., 2014. Measurements of hydrogen sulfide 673 

(H2S) using PTR-MS: Calibration, humidity dependence, inter-comparison and results from 674 

field studies in an oil and gas production region. Atmos. Meas. Tech. 7, 3597–3610. 675 

https://doi.org/10.5194/AMT-7-3597-2014 676 

Linke, C., Möhler, O., Veres, A., Mohácsi, Á., Bozóki, Z., Szabó, G., Schnaiter, M., 2006. Optical 677 

properties and mineralogical composition of different Saharan mineral dust samples: A 678 

laboratory study. Atmos. Chem. Phys. 6, 3315–3323. https://doi.org/10.5194/ACP-6-3315-2006 679 

López, L., Lo Mónaco, S., 2017. Vanadium, nickel and sulfur in crude oils and source rocks and their 680 

relationship with biomarkers: Implications for the origin of crude oils in Venezuelan basins. Org. 681 

Geochem. 104, 53–68. https://doi.org/10.1016/J.ORGGEOCHEM.2016.11.007 682 

Lung, S.C.C., Liu, C.H., Huang, S.Y., Lin, T.J., Chou, C.C.K., Liu, S.C., 2004. Water-soluble ions 683 



28 
 

of aerosols in Taipei in spring 2002. Terr. Atmos. Ocean. Sci. 15, 901–923. 684 

https://doi.org/10.3319/TAO.2004.15.5.901(ADSE) 685 

Makkonen, U., Hellén, H., Anttila, P., Ferm, M., 2010. Size distribution and chemical composition 686 

of airborne particles in south-eastern Finland during different seasons and wildfire episodes in 687 

2006. Sci. Total Environ. 408, 644–651. https://doi.org/10.1016/J.SCITOTENV.2009.10.050 688 

Mangia, C., Bisignano, A., Cervino, M., Mortarini, L., Trini Castelli, S., 2019. Modeling air quality 689 

impact of pollutants emitted by an oil/gas plant in complex terrain in view of a health impact 690 

assessment. Air Qual. Atmos. Heal. 12, 491–502. https://doi.org/10.1007/S11869-019-00675-691 

Y/FIGURES/9 692 

Margiotta, S., Lettino, A., Speranza, A., Summa, V., 2015. PM1 geochemical and mineralogical 693 

characterization using SEM-EDX to identify particle origin - Agri Valley pilot area (Basilicata, 694 

southern Italy). Nat. Hazards Earth Syst. Sci. 15, 1551–1561. https://doi.org/10.5194/NHESS-695 

15-1551-2015 696 

Masiol, M., Squizzato, S., Formenton, G., Khan, M.B., Hopke, P.K., Nenes, A., Pandis, S.N., Tositti, 697 

L., Benetello, F., Visin, F., Pavoni, B., 2020. Hybrid multiple-site mass closure and source 698 

apportionment of PM2.5 and aerosol acidity at major cities in the Po Valley. Sci. Total Environ. 699 

704. https://doi.org/10.1016/j.scitotenv.2019.135287 700 

Matthias-Maser, S., Jaenicke, R., 1995. The size distribution of primary biological aerosol particles 701 

with radii > 0.2 μm in an urban/rural influenced region. Atmos. Res. 39, 279–286. 702 

https://doi.org/10.1016/0169-8095(95)00017-8 703 

Mazzera, D.M., Lowenthal, D.H., Chow, J.C., Watson, J.G., 2001. Sources of PM10 and sulfate 704 

aerosol at McMurdo Station, Antarctica. Chemosphere 45, 347–356. 705 

https://doi.org/10.1016/S0045-6535(00)00591-9 706 

Mbengue, S., Alleman, L.Y., Flament, P., 2014. Size-distributed metallic elements in submicronic 707 

and ultrafine atmospheric particles from urban and industrial areas in northern France. Atmos. 708 

Res. 135–136, 35–47. https://doi.org/10.1016/J.ATMOSRES.2013.08.010 709 



29 
 

Michelsen, H.A., 2017. Probing soot formation, chemical and physical evolution, and oxidation: A 710 

review of in situ diagnostic techniques and needs. Proc. Combust. Inst. 36, 717–735. 711 

https://doi.org/10.1016/J.PROCI.2016.08.027 712 

Mikuška, P., Vojtěšek, M., Křůmal, K., Mikušková-Čampulová, M., Michálek, J., Věcěra, Z., 2020. 713 

Characterization and Source Identification of Elements and Water-Soluble Ions in 714 

Submicrometre Aerosols in Brno and Šlapanice (Czech Republic). Atmos. 2020, Vol. 11, Page 715 

688 11, 688. https://doi.org/10.3390/ATMOS11070688 716 

Morozzi, P., Bolelli, L., Brattich, E., Ferri, E.N., Girotti, S., Sangiorgi, S., Orza, J.A.G., Piñero-717 

García, F., Tositti, L., 2021. Chemiluminescent fingerprints from airborne particulate matter: A 718 

luminol-based assay for the characterization of oxidative potential with kinetical implications. 719 

Sci. Total Environ. 789, 148005. https://doi.org/10.1016/J.SCITOTENV.2021.148005 720 

Niemi, J. V., Saarikoski, S., Aurela, M., Tervahattu, H., Hillamo, R., Westphal, D.L., Aarnio, P., 721 

Koskentalo, T., Makkonen, U., Vehkamäki, H., Kulmala, M., 2009. Long-range transport 722 

episodes of fine particles in southern Finland during 1999–2007. Atmos. Environ. 43, 1255–723 

1264. https://doi.org/10.1016/J.ATMOSENV.2008.11.022 724 

Onat, B., Sahin, U.A., Akyuz, T., 2013. Elemental characterization of PM2.5 and PM1 in dense traffic 725 

area in Istanbul, Turkey. Atmos. Pollut. Res. 4, 101–105. https://doi.org/10.5094/APR.2013.010 726 

Paatero, P., Eberly, S., Brown, S.G., Norris, G.A., 2014. Methods for estimating uncertainty in factor 727 

analytic solutions. Atmos. Meas. Tech. 7, 781–797. https://doi.org/10.5194/AMT-7-781-2014 728 

Paatero, P., Tapper, U., 1994. Positive matrix factorization: A non‐ negative factor model with 729 

optimal utilization of error estimates of data values. Environmetrics 5, 111–126. 730 

https://doi.org/10.1002/env.3170050203 731 

Palladino, G., Morozzi, P., Biagi, E., Brattich, E., Turroni, S., Rampelli, S., Tositti, L., Candela, M., 732 

2021. Particulate matter emission sources and meteorological parameters combine to shape the 733 

airborne bacteria communities in the Ligurian coast, Italy. Sci. Reports 2021 111 11, 1–12. 734 

https://doi.org/10.1038/s41598-020-80642-1 735 



30 
 

Pratt, K.A., Murphy, S.M., Subramanian, R., Demott, P.J., Kok, G.L., Campos, T., Rogers, D.C., 736 

Prenni, A.J., Heymsfield, A.J., Seinfeld, J.H., Prather, K.A., 2011. Flight-based chemical 737 

characterization of biomass burning aerosols within two prescribed burn smoke plumes. Atmos. 738 

Chem. Phys. 11, 12549–12565. https://doi.org/10.5194/ACP-11-12549-2011 739 

Preszler Prince, A., Grassian, V.H., Kleiber, P., Young, M.A., 2007. Heterogeneous conversion of 740 

calcite aerosol by nitric acid. Phys. Chem. Chem. Phys. 9, 622–634. 741 

https://doi.org/10.1039/B613913B 742 

Prospero, J.M., Charlson, R.J., Mohnen, V., Jaenicke, R., Delany, A.C., Moyers, J., Zoller, W., Rahn, 743 

K., 1983. The atmospheric aerosol system: An overview. Rev. Geophys. 21, 1607–1629. 744 

https://doi.org/10.1029/RG021I007P01607 745 

Querol, X., Alastuey, A., Pey, J., Cusack, M., Pérez, N., Mihalopoulos, N., Theodosi, C., 746 

Gerasopoulos, E., Kubilay, N., Koçak, M., 2009. Variability in regional background aerosols 747 

within the Mediterranean. Atmos. Chem. Phys. 9, 4575–4591. https://doi.org/10.5194/ACP-9-748 

4575-2009 749 

Raes, F., Van Dingenen, R., Vignati, E., Wilson, J., Putaud, J.-P., Seinfeld, J.H., Adams, P., 2000. 750 

Formation and cycling of aerosols in the global troposphere. Atmos. Environ. 751 

https://doi.org/10.1016/S1352-2310(00)00239-9 752 

Reff, A., Eberly, S.I., Bhave, P. V., 2012. Receptor Modeling of Ambient Particulate Matter Data 753 

Using Positive Matrix Factorization: Review of Existing Methods. 754 

http://dx.doi.org/10.1080/10473289.2007.10465319 57, 146–154. 755 

https://doi.org/10.1080/10473289.2007.10465319 756 

Riemer, N., Ault, A.P., West, M., Craig, R.L., Curtis, J.H., 2019. Aerosol Mixing State: 757 

Measurements, Modeling, and Impacts. Rev. Geophys. 57, 187–249. 758 

https://doi.org/10.1029/2018RG000615 759 

Seinfeld, J.H.., Pandis, S.N., 2016. Atmospheric Chemistry and Physics: From Air Pollution to 760 

Climate Change, Environment: Science and Policy for Sustainable Development. 761 



31 
 

https://doi.org/10.1080/00139157.1999.10544295 762 

Shen, Z., Wang, X., Zhang, R., Ho, K., Cao, J., Zhang, M., 2011. Chemical Composition of Water-763 

soluble Ions and Carbonate Estimation in Spring Aerosol at a Semi-arid Site of Tongyu, China. 764 

Aerosol Air Qual. Res. 11, 360–368. https://doi.org/10.4209/AAQR.2011.02.0010 765 

Simpson, I.R., Seager, R., Shaw, T.A., Ting, M., 2015. Mediterranean Summer Climate and the 766 

Importance of Middle East Topography. J. Clim. 28, 1977–1996. https://doi.org/10.1175/JCLI-767 

D-14-00298.1 768 

Suarez-Gutierrez, L., Müller, W.A., Li, C., Marotzke, J., 2020. Dynamical and thermodynamical 769 

drivers of variability in European summer heat extremes. Clim. Dyn. 54, 4351–4366. 770 

https://doi.org/10.1007/S00382-020-05233-2/FIGURES/5 771 

Sun, X., Ren, G., You, Q., Ren, Y., Xu, W., Xue, X., Zhan, Y., Zhang, S., Zhang, P., 2019. Global 772 

diurnal temperature range (DTR) changes since 1901. Clim. Dyn. 52, 3343–3356. 773 

https://doi.org/10.1007/S00382-018-4329-6/TABLES/3 774 

Timonen, H.J., Saarikoski, S.K., Aurela, M.A., Saarnio, K.M., Hillamo, R.E.J., 2008. Water-soluble 775 

organic carbon in urban aerosol: Concentrations, size distributions and contribution to 776 

particulate matter. Boreal Environ. Res. 13, 335–346. 777 

Titos, G., Lyamani, H., Pandolfi, M., Alastuey, A., Alados-Arboledas, L., 2014. Identification of fine 778 

(PM1) and coarse (PM10-1) sources of particulate matter in an urban environment. Atmos. 779 

Environ. 89, 593–602. https://doi.org/10.1016/J.ATMOSENV.2014.03.001 780 

Tositti, L., Brattich, E., Cassardo, C., Morozzi, P., Bracci, A., Marinoni, A., Di Sabatino, S., Porcù, 781 

F., Zappi, A., 2021. Development and evolution of an anomalous Asian dust event across Europe 782 

in March 2020. Atmos. Chem. Phys. Discuss. 1–39. https://doi.org/10.5194/ACP-2021-429 783 

Tositti, L., Brattich, E., Masiol, M., Baldacci, D., Ceccato, D., Parmeggiani, S., Stracquadanio, M., 784 

Zappoli, S., 2014. Source apportionment of particulate matter in a large city of southeastern Po 785 

Valley (Bologna, Italy). Environ. Sci. Pollut. Res. 21, 872–890. https://doi.org/10.1007/s11356-786 

013-1911-7 787 



32 
 

Tositti, L., Riccio, A., Sandrini, S., Brattich, E., Baldacci, D., Parmeggiani, S., Cristofanelli, P., 788 

Bonasoni, P., 2013. Short-term climatology of PM10 at a high altitude background station in 789 

southern Europe. Atmos. Environ. 65, 142–152. https://doi.org/10.1016/j.atmosenv.2012.10.051 790 

Trippetta, S., Caggiano, R., Sabia, S., 2014. PM1 measurements at a site close to an oil/gas pre-791 

treatment plant (Agri Valley-Southern Italy): A preliminary study. Nat. Hazards Earth Syst. Sci. 792 

14, 2337–2346. https://doi.org/10.5194/NHESS-14-2337-2014 793 

Udisti, R., Bazzano, A., Becagli, S., Bolzacchini, E., Caiazzo, L., Cappelletti, D., Ferrero, L., Frosini, 794 

D., Giardi, F., Grotti, M., Lupi, A., Malandrino, M., Mazzola, M., Moroni, B., Severi, M., 795 

Traversi, R., Viola, A., Vitale, V., 2016. Sulfate source apportionment in the Ny-Ålesund 796 

(Svalbard Islands) Arctic aerosol. Rend. Lincei 27, 85–94. https://doi.org/10.1007/S12210-016-797 

0517-7/FIGURES/9 798 

Weinzierl, B., Petzold, A., Esselborn, M., Wirth, M., Rasp, K., Kandler, K., Schütz, L., Koepke, P., 799 

Fiebig, M., 2009. Airborne measurements of dust layer properties, particle size distribution and 800 

mixing state of Saharan dust during SAMUM 2006. Tellus, Ser. B Chem. Phys. Meteorol. 61, 801 

96–117. https://doi.org/10.1111/J.1600-0889.2008.00392.X 802 

Williams, J., De Reus, M., Krejci, R., Fischer, H., Ström, J., 2002. Application of the variability-size 803 

relationship to atmospheric aerosol studies: Estimating aerosol lifetimes and ages. Atmos. Chem. 804 

Phys. 2, 133–145. https://doi.org/10.5194/ACP-2-133-2002 805 

Wissler, C., 1905. The Spearman correlation formula. Science (80-. ). 22, 309–311. 806 

https://doi.org/10.1126/SCIENCE.22.558.309/ASSET/D5D831D0-A4E4-4614-B0EA-807 

B13B0F25FD82/ASSETS/SCIENCE.22.558.309.FP.PNG 808 

Yang, M., Chu, C., Bloom, M.S., Li, S., Chen, G., Heinrich, J., Markevych, I., Knibbs, L.D., Bowatte, 809 

G., Dharmage, S.C., Komppula, M., Leskinen, A., Hirvonen, M.R., Roponen, M., Jalava, P., 810 

Wang, S.Q., Lin, S., Zeng, X.W., Hu, L.W., Liu, K.K., Yang, B.Y., Chen, W., Guo, Y., Dong, 811 

G.H., 2018. Is smaller worse? New insights about associations of PM1 and respiratory health in 812 

children and adolescents. Environ. Int. 120, 516–524. 813 



33 
 

https://doi.org/10.1016/J.ENVINT.2018.08.027 814 

  815 



34 
 

 816 

Figure 1. Average relative percentage contribution of (a) trace elements and (b) ions measured in 817 

PM1. Metsolf: methanesulfonate; Mal: malonate; Ox: oxalate 818 
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 821 

Figure 2. Chemical composition of PM1 expressed in µg m-3 and percentage (%) 822 

 823 

 824 

 825 

Figure 34. Factor fingerprint screen which shows the contribution percentages of the five factors to 826 

PM1 and chemical species analyzed in the PM1 samples. S_IC: soluble S; S_nIC: excess S; Metsolf: 827 

methanesulfonate; Mal: malonate; Ox: oxalate 828 
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 830 

Figure 3. Time series of total and ionic S in PM1 samples in Val d’Agri 2017-18 campaign. Total S 831 

represents the elemental Sulphur (in blue) while ionic S derives from sulfate ion (in orange). Linear 832 

regression lines are also reported. 833 

 834 
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 836 

Figure 54. FESEM images of: (a) Quartz particle with soot; (b) Ca-Mg particle; (ca) flake sheet 837 

aluminosilicate particle; (db) aggregate of elongated Ca-Sulphate shape; (ec) fine particles of Ca-838 

Sulphate (gypsum); (fd) K-Sulphate particle; (ge) fine droplets of S-only particles; (hf) Fe-rich 839 

particle embedded soot; (ig) biogenic particles, Brocosome; (kh) large agglomerates of soot.  840 
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 841 

 842 

Figure 5. Time series of total and ionic S in PM1 samples in Val d’Agri 2017-18 campaign. Total S 843 

represents the elemental Sulphur (in blue) while ionic S derives from sulfate ion (in orange). Linear 844 

regression lines are also reported. 845 

 846 

Particle Groups Particle Classes 13/07/2017 20/08/2017 28/08/2017 15/10/2017 22/11/2017 

Aluminosilicates 3.2 26.1 6.4 8.7 2.1 

Quartz 0.6 0 2.1 4.7 0 

Ca-Mg Carbonates 0.6 1.7 0.7 0.7 0 

S-rich particles 

Ca-sulphates 1.9 11.8 8.6 8.0 2.1 

K-sulphates 25.6 0 5.0 0 15.8 

Na-sulphates 2.6 0 0 0 14.4 

Only S-particles 16.0 19.3 32.1 20.7 19.9 

Mixed particles Silicate-sulphate 0 0.8 2.1 0 1.4 

Metal particles 0.6 3.4 0.7 0.7 0 

Low-Z elements particles (Z<11) 48.7 37.0 42.1 56.7 44.5 

Table 1. Particle percentages divided by classes and groups according to elemental composition and 847 

morphology. 848 

 849 



Graphical Abstract



 PM1 chemical speciation and source apportionment in Southern Italy are presented 

 Industry, secondary sulfate, traffic, and crustal material sources were identified 

 A new chemical fingerprint from the local industrial facility was found 

 An updated sulfur apportionment was achieved based on the previous observations 
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Abstract 33 

A multi-parametric experimental campaign was performed in Agri Valley (Basilicata, southern Italy) 34 

from July 2017 to January 2018. The investigated area, though basically rural and devoted to 35 

agricultural activities, hosts a huge on-shore oil reservoir, i.e. Centro Olio Val d’Agri (COVA), 36 

bringing substantial environmental modifications and impacts to the district landscape. Daily 37 

concentrations of PM1 aerosol samples, Equivalent Black Carbon and number size distributions were 38 

evaluated. Chemical aerosol speciation based on elemental and ion analyses were carried out and 39 

source apportionment by Positive Matrix Factorization (PMF) was applied to reconstruct PM1 source 40 

profile. The most significant emission sources found are torches from the oil treatment facility 41 

(37%w/w), an unresolved factor constituted by soil resuspension, Saharan dust, and biomass burning 42 

(24%w/w), ammonium sulphate (23%w/w), emissions from the oil desulfurization (Claus process) 43 

(13%w/w), and traffic + road dust (3%w/w). SEM analysis on PM1 single particles allowed to confirm 44 

the finding from PMF including the occurrence of elemental sulfur associated with the Claus process. 45 

The novelty of the present study consists in the identification of this latter fingerprint. 46 

 47 

Keywords: Positive Matrix Factorization (PMF); Chemical fingerprinting; Single particle analysis; 48 

Claus process; Equivalent Black Carbon 49 
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1. Introduction 51 

The Mediterranean basin is a complex region densely inhabited since several millennia. This area is 52 

geographically and climatically extremely complex, with not obvious circulation patterns due to the 53 

influence of main dynamical and thermodynamical drivers such as the variability of the North 54 

Atlantic jet stream, poleward heat and moisture fluxes from the African continent and the position of 55 

semi-permanent large-scale anticyclones such as the Azores and the cold Siberian anticyclone 56 

(Hatzaki et al., 2014; Lelieveld et al., 2002; Suarez-Gutierrez et al., 2020). In addition, the uneven 57 

distribution of marine and mountainous features (Brattich et al., 2020; Simpson et al., 2015) produces 58 

further influence on tropospheric dynamics, especially at local to regional scales.  Moreover, climate 59 

change is sought to further affect the circulation patterns of this highly anthropized region, wherein 60 

heatwaves (Bilbao et al., 2019; Sun et al., 2019) or even unusual circulation patterns are being 61 

recorded (Tositti et al., 2021). 62 

While highly dense and wide industrialized areas mainly characterize the Mediterranean region north 63 

of 40° of latitude, the areas south this level are less affected by heavy and diffused anthropization, 64 

usually concentrated at coastal locations taking advantage of port infrastructures. This means that 65 

many inland areas of the southern Mediterranean basin, while not pristine for historical reasons, still 66 

preserve rural and semirural characteristics. 67 

The Agri Valley (Basilicata, Southern Italy) provides an interesting case of industrial growth in an 68 

area where agriculture, pasture and woodland represent the prevailing land uses, but where the 69 

presence of relevant industrial activities has determined a significant impact on the territory and on 70 

the landscape. The area investigated, in fact, hosts the largest European onshore oil reservoir and the 71 

associated oil/gas pre-treatment plant, identified as Centro Olio Val d’Agri (COVA). Previous studies 72 

on airborne particulate matter in the Agri Valley already highlighted the influence of extraction and 73 

pre-treatment activities on air quality as well as on human health (Caggiano et al., 2019; Trippetta et 74 

al., 2014). A preliminary short-term intensive experimental campaign (Integrated Measurements of 75 

Aerosol in Agri Valley - IMAA) carried out in July in 2013 suggested an anthropogenic influence on 76 
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ambient aerosol, mainly related to desulfurization and sulfur liquefaction processes (Calvello et al., 77 

2017). Despite the rural nature of the investigated area the PM2.5 concentrations were comparable to 78 

those observed at urban sites with significant contribution of Equivalent Black Carbon (eBC) 79 

(Calvello et al., 2015). To gain a deeper insight into the findings from previous investigations, longer 80 

sampling campaign was recently conducted. In this work, we present the results of a PM1 81 

investigation carried out from July 2017 to January 2018 in Agri Valley close to COVA plant. PM1, 82 

defined as aerosol Particulate Matter with an aerodynamic diameter less than or equal to 1 μm, was 83 

chosen because it allows for a more efficient focus on the potential health and environmental hazards 84 

brought by airborne particulate matter (Yang et al., 2018). Though PM1 aerosol particles have not 85 

been so far enforced in EU Air Quality regulations, it includes particles containing the most hazardous 86 

chemical components owing to their sources and formation processes in this size range (Matthias-87 

Maser and Jaenicke, 1995; Prospero et al., 1983; Raes et al., 2000; Titos et al., 2014; Williams et al., 88 

2002). The small size in fact is not only associated with aerosol persistency in a given airshed, but is 89 

relevant to the accessibility and translocation into the human body (Kelly and Fussell, 2020).  90 

The paper is organized as follows: 91 

- Mass loading and PM1 chemical speciation based on Inductively Coupled Plasma Optical 92 

Emission Spectroscopy (ICP-OES), Graphite Furnace Atomic Absorption Spectrometry 93 

(GFAAS), Ion Chromatography (IC), and Equivalent Black Carbon (eBC) were analyzed and 94 

discussed in detail; 95 

- The relationships among ion chemistry, elemental analysis and number size distributions is 96 

critically presented together with mass reconstruction; 97 

- Receptor modelling by Positive Matrix Factorization (PMF) was applied to determine PM1 98 

source profiles;   99 

- A Field Emission Scanning Electron Microscope (FESEM) equipped with an Energy 100 

Dispersive Spectrometer (EDS) was used to characterize the single particles of PM1 with the 101 
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aims of: i) identifying the main types of particles inPM1 samples; ii) confirming the results 102 

from chemical speciation and source profiles. 103 

 104 

2. Materials and methods 105 

2.1 Site description 106 

A long-term multi-parametric measurement campaign was performed in the industrial area of 107 

Viggiano, in the Agri Valley (Basilicata, Southern Italy,40°18.65'N 15°53.69’E, 594 m a.s.l.) close 108 

to the Centro Olio Val d’Agri (COVA) (Fig. S1) managed by the Italian Ente Nazionale Idrocarburi 109 

(ENI). A deeper description of the sampling site is reported in the SI. 110 

 111 

2.2 Data collection 112 

A mobile laboratory was set up, close to COVA plant, at Sviluppo Basilicata headquarters (Fig. S1) 113 

with the aim of carrying out a multi-parametric field campaign to study the atmospheric aerosols from 114 

July 2017 to January 2018 in Agri Valley. PM1 aerosol particles were collected daily by a Tecora 115 

low-volume gravimetric sampler (16.7 l min-1 flow rate) starting from 12:00 pm. Each sampling lasted 116 

24 h. Polycarbonate membranes were chosen to allow not only chemical speciation, but also the 117 

morphological analysis by FESEM-EDX herein reported. Before and after sampling, the filters were 118 

preconditioned in a cabinet for 48 h at constant temperature (T=20 °C) and relative humidity 119 

(RH=50%). The PM1 mass concentration was determined by gravimetric analysis (microbalance with 120 

± 1 µg of sensitivity). Black Carbon (BC) concentration was measured by an Aethalometer (AE33 121 

model, Magee) and conventionally expressed as Equivalent Black Carbon (eBC) (Grange et al., 122 

2020). The instrument is equipped with a PM2.5 sampling head; thereafter, BC particles are forced to 123 

deposit on a quartz fiber filter, to attenuate the radiation emitted by seven lamps (= 370, 470, 520, 124 

590, 660, 880, 950 nm). Radiation attenuation data is processed by the manufacturer’s software 125 

assuming a mass absorption cross-section at 880 nm equal to 7.77 m2g-1. The measurement time-126 

resolution of this study is 1 min, but an hourly basis was considered enough to distinguish eBC 127 
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concentration variations during the day. The particle number size distributions were measured by a 128 

TSI 3330 optical particle sizer (OPS) working at a flow rate of 1 l m-1. This instrument can detect 129 

particles in 16 channels, from 0.3 to 10 m in diameter, providing particles number concentrations 130 

with a time resolution for this study of 5 minutes. For consistency with the eBC, size distribution data 131 

were averaged on an hourly basis. Daily averages of both eBC and number size distributions were 132 

considered for comparison with PM1 measurements. 133 

 134 

2.3 Chemical and morphological characterization of PM1 135 

2.3.1 Trace elements analysis 136 

The polycarbonate filters were preconditioned, before and after sampling, in a cabinet for 48 h at 137 

constant temperature (T=20 °C) and relative humidity (RH=50%). After, half of each filter was 138 

digested in a mixture 6:1:2 of nitric acid (70%v/v), hydrofluoric acid (39%v/v) and H2O2 using a MLS 139 

ETHOS 900 microwave system. Al, Ca, Cr, Fe, K, Li, Mg, Mn, Na, S, Ti, and Zn concentrations were 140 

determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Varian - Vista 141 

MPX) while the Atomic Absorption Spectrometry Furnace Graphite (GFAAS) was used to analyze 142 

Ni, Cd, Cu and Pb. Certified Reference Material (Urban Particulate Matter, SRM 1648) was used for 143 

extraction efficiency and quality control. The recovery of the trace elements showed percentage 144 

ranging between 84 and 115% except for Ti that was of 63%. The blank contribution was less than 145 

10% of the measured values for all the trace elements analyzed (Caggiano et al., 2017). 146 

2.3.2 Ionic species  147 

PM1 samples were subjected to cation and anion chromatography for ion analysis. The approach 148 

adopted is based on the reference method BS EN 16913:2017 (EN, 2017) partially adapted to the 149 

need to process small mass load samples and extend the range of anions. One quarter of each 150 

polycarbonate filter was treated with 3 mL of ultrapure water (≥ 18.2 MΩ∙cm) and sonicated for 30 151 

minutes. Two distinct ion chromatographs by ThermoDionex were used: an ICS 90 for the cation run 152 

and an ICS2000 for anions. Details of the chromatographic conditions are given in Tab. 1 153 
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Calibration was carried out using suitable mixtures of standard ion solutions in the range [0 – 10] 154 

ppm for organic anions (Acetate, Formate, Methansulfonate, Succinate, Malonate, Oxalate) and [0 – 155 

50] ppm for cations (Na+, NH4
+, K+, Mg2+, Ca2+) and inorganic anions (F-, Cl-, NO2

-, Br-, NO3
-, SO4

2-156 

, PO4
3-). Ten blank filters were analyzed for determining method detection limits (LODs) and 157 

subtracting blank means to each sample. The uncertainties were calculated as relative standard 158 

deviations (RSDs) for a series of repeated measurements of 0.5 ppm cation standard, 0.5 ppm 159 

inorganic anions, and 0.3 ppm organic anions. 160 

Quality control was carried out using certified ERM-CA408 Simulated Rainwater to provide 161 

continuous validation; the determined concentrations were always within 10% of the stated values, 162 

as required by reference method BS EN 16913:2017 (EN, 2017).  163 

 164 

2.3.3 FESEM-EDX analysis  165 

Microscopic observations and elemental analysis were performed using a Field Emission Scanning 166 

Electron Microscope (FESEM, Zeiss Supra 40) equipped with an Energy Dispersive X-ray 167 

Spectrometer (EDS, Oxford Inca Energy 350) with an INCA X-act SDD detector. A punch (0.5 cm2) 168 

of the filter was glued to an aluminum stub (Ø =12 mm) using a carbon sticky tab and was 169 

subsequently carbon coated. The samples were scanned using images obtained by secondary electron 170 

(SE) and back-scattered electron (BSE) detectors. Elemental analysis was performed on elements 171 

with Z > 4. To characterize aerosol deposits, approximately 300 particles with diameter < 1 m per 172 

sample were manually analyzed at a magnification of 15000x. The morphological features and 173 

elemental composition of each particle were determined. The X-ray spectrum acquisition time was 174 

set to 15 s with an acceleration voltage of 15 kV and an aperture of 30 μm. 175 

 176 

2.4 Positive Matrix Factorization (PMF) analysis 177 

Chemical species obtained by IC, ICP-OES and GFAAS analysis on PM1 samples and eBC were used 178 

for source apportionment. Although eBC derives from an aethalometer with a PM2.5 sample inlet, it 179 



8 
 

has been merged with the PM1 data before factor analysis as this component dominates the submicron 180 

PM fraction. Chemical species with low statistical significance (numerosity of data below detection 181 

limits > 50%) were discarded. Redundant species have been selected based on dataset numerical 182 

consistency to prevent double mass counting. Sulfur contribution to PM1 was split into two elemental 183 

fractions, i.e., soluble S related to sulfates (S_IC) and excess S (S_nIC) calculated as the difference 184 

between total S from ICP-OES and soluble S from Ion Chromatography as detailed in Section 3.7. 185 

PM1 chemical speciation matrix (200 samples x 18 variables) thus obtained were subjected to source 186 

apportionment by PMF  using the EPA PMF 5.0 software (Paatero et al., 2014; Paatero and Tapper, 187 

1994) and strictly following the European guidelines provided in (Belis et al., 2019). Experimental 188 

uncertainties were calculated as the analytical uncertainty plus one third of the LOD, in agreement 189 

with the method by (Reff et al., 2012), and provided as input data for receptor modeling. The 190 

uncertainty of the composite excess sulfur was obtained by propagating the uncertainty of its 191 

precursors. An extra modeling uncertainty of 12% was added to account for further errors not 192 

explicitly considered, such as the volume sampling uncertainty, variation of source profiles and 193 

chemical transformations in the atmosphere (Paatero et al., 2014). Multiple base model runs were 194 

performed exploring different numbers of factors (from 3 to 10 factors) with 30 runs for each test and 195 

different pseudo-random initializations. Finally, a 5-factors solution was selected based both on the 196 

analysis of the distribution of the residuals and on the Q-values, a critical parameter indicating the 197 

agreement between simulated and observed values (Paatero et al., 2014).  198 

 199 

3. Results and discussion 200 

3.1 PM1 mass concentration and eBC 201 

The daily average levels of PM1 mass concentrations ranged from 3 to 19 μg m−3 and showed a mean 202 

value of 6 μg m−3 (Tab. 2). Mean PM1 concentration in Agri Valley was higher than at a background 203 

station in Finland (4.3±3.8 μg m−3) (Makkonen et al., 2010), comparable with the urban area of 204 

Istanbul (7.6 μg m−3) (Onat et al., 2013) and other European countries (Montseny in Spain, Finokalia 205 
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in Greece and Erdemli in Turkey) (10 μg m−3) (Querol et al., 2009), but lower than those found in 206 

Genova (Italy) (22 μg m−3) (Ariola et al., 2006), and in Dunkirq (France) (16.8 μg m−3) (Mbengue et 207 

al., 2014). The mean PM1 concentration observed during the present study was in agreement in a 208 

previous study we conducted in this area (Caggiano et al., 2019).  209 

Concurrent measurements of eBC loading show mean, minimum and maximum values (Tab. 2) 210 

comparable to those measured in 2013 in the same area (Calvello et al., 2017). In Fig. S2 the time 211 

variations of PM1 and eBC daily concentrations are reported showing very similar patterns with no 212 

clear seasonality though an increase in eBC to PM1 ratio can be observed during cold months (Fig. 213 

S2). This can be explained by both the primary nature of eBC emissions and the additional source of 214 

domestic heating in winter likely in conjunction with a shallow boundary layer. The accordance in 215 

PM1 and eBC temporal trends confirms a relevant contribution of eBC to fine PM1 loading at the 216 

study site. For this reason, eBC is included in the PMF analysis (see Section 5.5).  217 

 218 

3.2 Trace elements and ion chemistry in PM1 219 

Results show that elemental concentrations from ICP-OES are on average higher than the 220 

corresponding ion concentrations from IC on account of the different sample processing, based on a 221 

strong acidic medium for ICP-OES analysis and on ultrapure water and filtration for Ion 222 

chromatography. As regards the trace elements they accounted for about 27% of the total PM1 223 

measured mass contributions (Fig. 1). The highest contributions are observed for S, Ca, Na, with 224 

mean concentrations > 0.1 µg m-3, representing on average about 82% of the determined trace element 225 

mass. The next most abundant elements are Al, K and Fe with average concentrations between 0.05 226 

and 0.1 µg m-3. Concentrations ranging from 0.01 to 0.05 µg m-3 are observed for Mg, Li, Cr, Cu and 227 

Zn, while the mean of Ti, Ni, Pb, Mn and Cd showed concentrations lower than 0.01 µg m-3. The 228 

relative fraction of the remaining elements is less than 5 % each (Fig. 1a). Regarding the ion 229 

speciation results, the following relative abundances are observed, respectively in cations and anions, 230 
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based on the overall means: Ca2+> Na+> NH4
+> K+> Mg2+; SO4

2-> Cl- > NO3
- > Oxalate> 231 

Methanesulfonate> Malonate (Fig. 1b). 232 

The contribution of cations and anions to PM1 mass amounts to about 26%. Ion balance of water-233 

soluble cations and anions is reported in Fig. S3. The anions reveal a remarkable deficit, 234 

approximately 50% on average, but it reaches 70% in some days. Previous results reported in (Tositti 235 

et al., 2014) and (Alastuey et al., 2004) suggest that the anion deficit may be related to carbonates. 236 

This hypothesis is supported by the abundance of measured Ca2+ ions, despite the PM1 metric adopted 237 

(Shen et al., 2011). Indeed, calcium carbonate is usually a typical component of the coarse fraction, 238 

substantially excluded by PM1 sampling cutoff, therefore its occurrence in our samples is not 239 

discounted.  240 

The relevance of Ca2+ in PM1 samples suggests how carbonates are significantly responsible for the 241 

neutralization of HNO3, resulting in low nitrates in PM1 and remarkable data scattering towards NH4
+, 242 

differently from sulfates (Fig. S4) (Galindo et al., 2020). This means that nitrates have been likely 243 

transferred to the coarse fraction (not available for analysis) depleting PM1, while ammonia tends to 244 

combine preferably with H2SO4 in agreement with the thermodynamical constraints on the formation 245 

of this compound in Secondary Inorganic Aerosol (SIA) (Hewitt, 2001; Karydis et al., 2020). In our 246 

samples the slope value equal to 2.54, close to the theoretical value of 2.66 for the regression line 247 

between NH4
+ and nssSO4

2-, shows that nss-sulfates are substantially all in the form of (NH4)2SO4 248 

(Udisti et al., 2016). 249 

Seasalt ions are found in our samples despite the long distance of the sampling site from the coast 250 

and the submicronic range of the sampling station used. Seasalt ions, usually peaking in the 2-3 μm 251 

range aerosol (Dall’Osto et al., 2008), are represented by sodium, potassium, calcium and magnesium 252 

chlorides, sulfates and other minor halogenides species. Usually, the share of marine ions over the 253 

total single ions resulting from multiple sources, is determined on the basis of Na+, which is as a 254 

conservative species with usually negligible other sources, allowing to estimate seasalt (ss) and non-255 

seasalt (nss) aerosol fractions based on seawater constant ratio to Na+ (Lung et al., 2004). In this work 256 
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seasalt occurs mainly in the summer suggesting the influence of W-SW circulation typical of the 257 

season (Trippetta et al., 2014) in agreement with the prevailing wind direction observed at a nearby 258 

meteorological station. A contribution from oil processing however cannot be ruled out owing to its 259 

own salinity always requiring specific treatment. As for the mineral component, the similar patterns 260 

of nssCa2+ and nssMg2+ together with their concentrations, relatively high for PM1, might be linked 261 

to a crustal origin. Apart from soil resuspension, less likely is the association with Saharan dust not 262 

only owing to its seasonality and event-based occurrence, but also because submicron components of 263 

dust are likely associated with finer silicates such as clay minerals (Linke et al., 2006). It is to note 264 

that peaks in PM1 (Fig. S2) are frequently observed in the warm season, typically detected in 265 

association with Saharan dust outbreaks events that are known to contribute both the coarse 266 

dominance and the submicron fractions (Brattich et al., 2015; Denjean et al., 2016; Tositti et al., 2013; 267 

Weinzierl et al., 2009). More consistently, previous work on PM1 samples from the same area 268 

(Margiotta et al., 2015), revealed abundant calcite confirming the occurrence of mineral carbonates 269 

even in the submicron aerosol. Given the longitude of the location investigated the association of 270 

calcite and dolomite with Saharan dust outbreaks is traced likely to Egypt rather than to the western 271 

Saharan desert at this location, in agreement with the back-trajectories calculated (not shown). The 272 

mineral fraction of nssCa2+ (on average 0.008 µg m-3, [0.001 – 0.05] µg m-3) and nssMg2+ (on average 273 

0.01 µg m-3, [0.001 – 0.03] µg m-3) ions (calculated following the corresponding equation S1) is more 274 

abundant than the corresponding marine fraction in agreement with the continental location. 275 

Consequently, owing to the limited contribution of mineral dust throughout the campaign and to the 276 

scarce probability of the influence of soil resuspension on PM1, the occurrence of significant fractions 277 

of both nssCa2+ and nssMg2+ might stem, at least in part, even from the industrial activity involved. 278 

and might be related to the alkalizing treatment in the desulfurization process at COVA, as previously 279 

reported in Calvello et al. (2017) (Calvello et al., 2017). The anions of carboxylic acids are typically 280 

far less abundant than all the other ones; they can be both primary and secondary, and may have both 281 

anthropogenic and natural origin (Kawamura and Bikkina, 2016).  282 
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 283 

3.3 PM1 mass closure 284 

In this work, to determine a preliminary evaluation of the distribution of the chemical species 285 

measured on PM1 samples, we calculated the chemical mass closure using a series of semiempirical 286 

relationships based on the average stoichiometry of some macro- and micro-components of 287 

particulate matter. The species used include ions, elements, and equivalent black carbon 288 

independently measured with an aethalometer. To the scope we used the same approach used by Titos 289 

et al. (2014) (Masiol et al., 2020; Titos et al., 2014) based on PM1 samples such as in this work; the 290 

results are reported in Fig. 2. 291 

This approach allows to quantify not only the mass fraction percent of the analytes determined as a 292 

function of the aerosol major components and sources contributing to the PM1 mass, as well as the 293 

amount of mass not intercepted by the chemical speciation. The significant fraction of undetermined 294 

material in PM1 is reasonably attributable to organic matter, unavailable in this work, both of primary 295 

and secondary origin, the latter being originated by both biogenic Volatile Organic Compounds 296 

(VOCs) and non-methane hydrocarbons plausibly emitted by both the industrial facilities discussed 297 

later in this work, and by the local vegetation during the appropriate season. 298 

 299 

3.5 Correlation analysis  300 

Prior to receptor modelling by Positive Matrix Factorization (PMF), the whole data set including ions, 301 

elements and eBC, as well as OPS data, was subjected to non-parametric Spearman correlation 302 

analysis (Wissler, 1905) for preliminary exploratory purposes. Results are reported in Fig. S5. All the 303 

data were averaged over 24 hours in agreement with the daily PM1 sampling and chemical speciation 304 

data. This allowed to enlighten the behavior of some of aerosol chemical species whose origin is 305 

tightly connected with specific formation processes (Raes et al., 2000). High correlations are observed 306 

between ammonium, sulfate, and the smallest size bins of OPS in agreement with the secondary origin 307 

of these SIA components. Interestingly, the absence of a significant correlation between nitrates and 308 
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the fine OPS fractions and ammonium suggests the occurrence of atmospheric processes involving 309 

coarse carbonates as a significant neutralizing agent for secondary HNO3 (Preszler Prince et al., 310 

2007), leading to nitrate shift toward the coarse fraction not collected and therefore undetectable when 311 

PM1 sampling metric is adopted. Very high correlations are obtained for eBC and the two finest OPS 312 

fractions (Spearman's correlation coefficients of respectively 0.80 and 0.79) in agreement with its 313 

size distribution, while no other chemical species of PM1 appears somehow connected, suggesting 314 

how COVA torches are characterized by a unique and highly specific emission profile at this location. 315 

K+ shows intermediate but significant correlation with the finest OPS fractions and oxalates, but only 316 

little correlation with eBC. This can be explained by the fact that COVA and traffic are the prevailing 317 

sources of black carbon at this specific site rather than biomass burning Ca2+ and Mg2+ in PM1 reveal 318 

an underlying trend of higher correlation coefficients with coarse OPS fractions suggesting, at least 319 

in part, a crustal origin, though the relatively high concentration in PM1 suggests the complexity of 320 

their source. A similar behavior of a correlation with coarse OPS fractions is observed also for 321 

sulphate, suggesting the relevant role of sulfate as a coating on particle surfaces (Bauer et al., 2007). 322 

 323 

3.6 Source apportionment 324 

Source apportionment was carried out using the EPA PMF 5.0 software and strictly following the 325 

European guidelines given in (Belis et al., 2019), as previously explained in Data Analysis section. 326 

The best solution (5 factors) was obtained for a 200 samples x 18 variables matrix (Qcalculated ≈ 327 

Qtheoretical ≈ 2535) leading to a modelled vs. experimental PM1 (total variable) regression with a 328 

coefficient of determination R2 equal to 0.84 (Fig. S6) The five factors obtained (Fig. 3) and their 329 

interpretation as a source profile are discussed below. 330 

Factor 1 with a contribution of 37.0% to the total variable (PM1) shows a dominance by eBC 331 

indicating the COVA torches from the oil treatment facility, as a significant emission source to local 332 

PM1 as previously described. However, the contribution of other combustion sources to PM1 cannot 333 

be ruled out (Calvello et al., 2015). Factor 2 (2.6%) has a negligible contribution to PM1 being mainly 334 
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represented by iron (Fe) and to a lesser extent Mn, Mg, and malonate. This result suggests the 335 

influence of traffic and road dust as evidenced by the slightly larger abundance in the summer, when 336 

aridity and thermal convection promote resuspension. Factor 3 (22.6%) dominated by ammonium 337 

(NH4
+) and sulfate (S_IC) is self-explaining and high in PM1 owing to the size range typical of this 338 

secondary species, largely in the accumulation mode. This factor increases in the warm season owing 339 

to the enhanced photochemistry and increased rate of gas-to-particle conversion of SO2. Factor 4 340 

(13.3%) includes primarily S_nIC, (see motivation reported in section 3.7 below as well as in Fig. 341 

S5). This sulfur component actually representing an excess of sulfur respect to ionic-S, and it is 342 

accompanied by Ni, an acknowledged oil tracer (López and Lo Mónaco, 2017), but includes also a 343 

significant load of Al, which is unusual for PM1, being this element in aerosol usually associated with 344 

crustal materials, therefore in the supermicron size range of aerosols (Tositti et al., 2014). 345 

Interestingly, aluminum-based catalyst typically are widely used in the Claus process which actually 346 

is one of the basic oil treatments applied at COVA site (Calvello et al., 2017; Jafarinejad, 2016). It is 347 

therefore reasonable to attribute this well-resolved and self-consistent factor to the Claus process 348 

plant operating in this industrial facility. It appears distinct from Factor 1 attributed to flaring, based 349 

on proximity of the independent and totally different outlets of the two treatment plants in terms of 350 

height and type and of the consequent impact on the boundary layer. Factor 5 (24.4%) is characterized 351 

by high contributions of Ca2+ and Mg2+ attributable to crustal material from soil resuspension, as well 352 

as to Saharan dust incursions mainly in the summer season (Tositti et al., 2014) whose influence has 353 

been revealed based on the calculated back-trajectories and the support of dust transport models. This 354 

factor also includes dicarboxylate anions (oxalate and malonate) both associated with multiple 355 

sources (Chebbi and Carlier, 1996; Laongsri and Harrison, 2013). Therefore, this factor is not fully 356 

resolved in terms of attribution, though the influence of biomass burning from wildfires, domestic 357 

heating, and farming activities with subsequent particle coating within aerosol aging processes might 358 

be reasonably invoked. This factor appears active especially during the summer season (Caggiano et 359 

al., 2019; Mikuška et al., 2020; Niemi et al., 2009; Timonen et al., 2008). 360 
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 361 

 362 

3.8 Single particle analysis 363 

Four samples with PM1 mass concentration >75th percentile and one with lower PM1 concentration 364 

were chosen for SEM observation (Fig. 4). Based on the morphological and chemical analysis, 365 

particles with size < 1μm were grouped into 10 classes, which in turn were further gathered into the 366 

following 7 groups: Quartz, Ca-Mg carbonates, Aluminosilicates, S-rich particles, Mixed particles, 367 

Metal particles and Particles with low elements Z<11 (Na) (Table 3). 368 

Quartz particles (Fig. 4a) are rich in silicon (Si > 85%). Quartz is a common mineral associated with 369 

soil particles resuspension as well as with the occasional Saharan dust events affecting the 370 

Mediterranean region (Brattich et al., 2015). Ca-Mg carbonates (Fig. 4b) includes all particles 371 

containing mainly dolomite and subordinately only calcite. They are frequently accompanied by small 372 

amounts of sulfur. Although fine limestone materials are widely used in desulfuration plants, they 373 

can be also of natural origin from windblown soil dust. Aluminosilicate particles show an irregular 374 

shape or the usual lamellar morphology of clay minerals (Fig. 4c). They are composed mainly of Si 375 

and Al and variable amounts of Mg, K, Ca, and Fe. A subset of this particles was coated with sulfur. 376 

Based on the chemical composition, four different classes were identified for S-rich particles group: 377 

i) Ca-sulphates, ii) K-sulphates, iii) Na–sulphates, and iv) S-only particles. Among the Ca–Na–K 378 

sulphates, calcium sulphate particles are the most common. These particles are usually smaller than 379 

1 μm (Fig. 4d) but may give rise to aggregates (Fig. 4e) of larger size (up to 2–3 μm, the typical 380 

seasalt size range). The sulphates may have both a natural and an anthropogenic origin. Secondary 381 

sulphates coupled to ammonium were already assessed and apportioned previously in the ion 382 

chemistry paragraph, where sulphate appears highly correlated with its expected partner cation. 383 

However, the coupling with other cations suggests either the occurrence of gypsum (CaSO4) 384 

attributable to mineral dust (Linke et al., 2006; Morozzi et al., 2021) typically observable (though 385 

only on an event basis), while at this location it might be attributed also to the mitigation of acid 386 
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gases, in particular the abundant SO2, treated with carbonates before emission (Calvello et al., 2017). 387 

Sodium sulphates instead indicate a marine origin in agreement with seasalt composition; at this site 388 

it can originate both from transport of marine air masses, especially in the summer, and from COVA 389 

emissions in connection with the significant salinity typical of the crude oil. Finally, K-sulphate 390 

particles (Fig. 4f) could be also traced back to biomass burning processes which appear as a non-391 

resolved source of factor 5 in the PMF section (Pratt et al., 2011). Mixed particles have an irregular 392 

shape and are composed of a mixture of silicates sulphate (K-Ca-Na sulphates). They are internally 393 

mixed due to heterogeneous reactions which may have affected the surfaces of the Silicate particles 394 

with a coating of deposited secondary sulphates (Riemer et al., 2019). The elemental S particles are 395 

of special interest, since they are very infrequent, apart from volcanic emissions not pertinent to this 396 

study (Fig. 4g). This finding confirms both the effectiveness of the mitigation processes within the 397 

primary oil treatment active at this site, and the consistency of our hypothesis as described above. 398 

The group of metal particles are very variable in shape, though the most abundant appear rich in iron. 399 

Furthermore, Al-only particles and Fe-Cr particles were found. Fe-rich particles appear frequently 400 

associated with soot because of internally mixing of soluble or colloidal iron compounds and soot 401 

(Fig. 4i). An acidic environment at a high temperature such as that of industrial torches, wherein slow 402 

oxidation processes take place, may explain the occurrence of these particles The group of  Particles 403 

with low elements Z<11 include different species such as organic particles and tar balls (Adachi and 404 

Buseck, 2011), soot, nitrates can be part of this group in agreement with the mass reconstruction 405 

reported in this work and with the typical macro-composition of airborne particulate matter. These 406 

particles are ubiquitous in the samples analyzed. They can be characterized by either droplet or 407 

irregular shape suggesting a secondary origin linked to oxidation processes of their chemical 408 

precursors followed by condensation processes. Despite the sampling cut-off, also Primary Biological 409 

Aerosol Particles (PBAP) are observed (Hu et al., 2020; Palladino et al., 2021), such as brochosomes 410 

(Fig. 4k) in agreement with the rural background of the Agri valley district. As regards the 411 

carbonaceous component associated with elemental carbon (soot and/or eBC), it is ubiquitous in the 412 
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observed samples owing to COVA flaring and possibly biomass burning. The abundance of soot was 413 

estimated for each sample (Fig. 4h). These nanometric agglomerates of spherical particles, are clearly 414 

distinguishable from other types of aerosol particles based on their morphology resulting from its 415 

formation process (Michelsen, 2017). On the July, 13th corresponding to the highest PM1 mass 416 

concentration dominated by the finest fractions, SEM observations highlighted a large percentage of 417 

K and S rich particles. Moreover, this sample shows the presence of spherical carbonaceous particles 418 

resistant to electron beam damage (tar balls) with a diffuse coating of sulfur compounds, suggesting 419 

the influence of biomass burning. This observation agrees with the PMF results, for the date in exam, 420 

showing the influence of multiple pollution sources such as flaring (Factor 1, 43%), ammonium 421 

sulphate (Factor 3, 29%), and coated minerals (Factor 5, 25%). In the sample of October, 15th 422 

characterized by a lower PM1 mass load and number size distribution, the particles are mainly given 423 

by phases with low Z elements and subordinately by particles of elemental S, likely from the Claus 424 

process, or S and Ca referable to gypsum resulting either from crustal materials or from the alkalizing 425 

treatment of the oil processing facility. In addition, the backscattered detector images indicate the 426 

presence of numerous metal particles. SEM observations also show agglomerated soot with secondary 427 

phase inclusions. Like the  July, 13th  PM1 filter, the main identified sources are in order Factor 5 428 

(unresolved resuspension, Saharan dust, and biomass burning source), Factor 1 (COVA torches from 429 

the oil treatment facility), and Factor 3 (ammonium sulphate). Focusing on August, 28th sample, 430 

characterized by high PM1 mass concentration and a low fine size distribution, we observe a 431 

remarkable  quantity of S-only particles consistent with the emissions from the Claus process plant 432 

and soot mainly agglomerated and embedded, like the sample of  October, 15th. Moreover, a high 433 

content of gypsum (i.e., Calcium Sulphate) was found, as also evidenced by Factor 5 of PMF that 434 

includes the Saharan Dust emission source (33%). The sample of November, 22nd shows the highest 435 

content of agglomerated soot along with a high percentage of Na and K sulphates of the 16% and 436 

14%, respectively, as evidenced also by one of the highest contributions on the Claus process 437 

emission source in the exanimated PM1 filters (Factor 4, 18%). As for the  August, 20th sample, it is 438 
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characterized by a very high content of aluminosilicate and gypsum particles. Though the silicate 439 

component might be associated with suspended soil particles and Saharan dust event, the presence of 440 

a very small gypsum particles may suggest an anthropogenic source. This filter presents the 441 

unresolved resuspension, Saharan dust, and biomass burning as the main emission sources (Factor 5, 442 

38%). 443 

 444 

3.7 Sulfur related species 445 

As previously observed, a few elements determined by ICP-OES showed higher concentrations than 446 

for the corresponding IC data, which was explained as due to the different solubilization method 447 

required prior to the respective instrumental technique. The same behavior, however, was unusually 448 

observed also for sulfur, circumstance that drew our attention. Once discarded analytical artifacts, by 449 

suitable quality control of our dataset, we firstly converted the sulfate concentration data from IC into 450 

the corresponding elemental S concentration for sake of comparison with the ICP-OES data. Figure 451 

5 reports the concentration of total S and ionic S vs. time, where the latter represents the typical sulfate 452 

fraction widely identified and apportioned in most chemical speciation studies, while the former 453 

represents total S containing an excess fraction of this element. 454 

Figure 5 reports also plain linear regression lines showing higher values for Sulfate-S in the warm 455 

season, in agreement with the higher photochemical efficiency in secondary sulfate production from 456 

SO2 oxidation as widely recognized (Seinfeld and Pandis, 2016). Though the term is sought to include 457 

likely contributions such as the one from sea-salt and/or from CaSO4 (Morozzi et al., 2021; Tositti et 458 

al., 2014). Total sulfur, instead, appears to increase in the cold season. The same seasonal behavior 459 

was found for eBC to PM1 ratio (Fig. S1). For this reason, based on the characteristics of the Claus 460 

process which is operated at COVA for the required conversion of H2S and SO2 from the locally 461 

extracted oil into liquid elemental sulfur, we split total sulfur in two components obtained by 462 

difference with the ionic fraction and assuming that the excess sulfur observed is actually produced 463 

and emitted by the involved facility (Calvello et al., 2017; Jafarinejad, 2016) as fugitive emission 464 
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and/or low chimneys. As a result, the seasonal increase observed might be likely affected by a 465 

shallower mixed layer during the cold local winter, as well as the altitude of this site, and the complex 466 

topography of the district (Mangia et al., 2019). The attribution of this excess of sulfur to the Claus 467 

process operations, which play a fundamental role in the mitigation efforts locally applied, appears 468 

nicely resolved in the factor 4 of PMF containing other tracers conducive of oil treatment such as Ni 469 

contained in oil and Al from the catalyst the Claus process employs.  470 

It is worth to remind that the Claus process, beside reducing the emissions of two relevant pollutants, 471 

plays a further significant role in preventing additional aerosol formation, since H2S, with a mean 472 

atmospheric lifetime of a few hours (Li et al., 2014), once released into the atmosphere, can be in turn 473 

oxidized into SO2, therefore additionally contributing to secondary sulfate, as is actually, at least in 474 

part, observed.  475 

Finally, in the absence (to the best of our knowledge) of studies focused on the characterization of 476 

Claus process environmental emissions, in order to verify and confirm the consistency of our findings, 477 

we analyzed SEM micrographs of polycarbonate PM1 samples (see next paragraph for the details), 478 

which actually revealed the occurrence of elemental sulfur particles widely observed also in our past 479 

studies on this district (Caggiano et al., 2019; Trippetta et al., 2014).  480 

As a final remark, we include an updated apportionment of sulfur based both on past calculation 481 

typically applied to sulfates (Mazzera et al., 2001; Udisti et al., 2016). Results expressed as elemental 482 

sulfur are reported in Fig. S7. It is to note that total sulfur accounts for 10% of the mean mass of PM1 483 

at the receptor site. The sulfur apportionment indicates that the largest proportion is related to excess 484 

S (70%), followed by crustal (13%), secondary (12%), seasalt (3%), and biogenic sulfur (2%). 485 

Excess S appears therefore safely attributable to the industrial process mentioned and agrees with its 486 

origin, as it results from the mitigation of the hazardous gaseous precursors H2S and SO2, thus 487 

justifying its occurrence in PM1. While we underline that the conditions under which these findings 488 

have been observed are peculiar (only primary oil treatments are found in the district, the area is not 489 

so heavily industrialized with limited impact and interferences; sampling based on PM1 which might 490 
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have helped and contributed to highlight this specific emission source), we believe that from now on 491 

also this source could be accounted for, especially in the numerous areas worldwide where oil is still 492 

not only extracted, but also processed and refined at large scale. This information in fact, might help 493 

to obtain more accurate definition of source profiles in complex emissive scenarios. 494 

 495 

4. Conclusions  496 

PM1 mass concentration, its content in trace elements and ionic species, equivalent black carbon 497 

concentration and OPS data were studied from July 2017 to January 2018, in Agri Valley (Basilicata, 498 

Southern Italy) a rural area hosting one of the largest on shore oil/gas pre-treatment plant in Europe, 499 

identified as COVA. PM1 and eBC daily concentrations showed very similar temporal patterns with 500 

no clear seasonality. Source apportionment by means of Positive Matrix Factorization (PMF) allowed 501 

to identify a COVA flaring (37.0 %w/w), unresolved soil resuspension, Saharan dust, and biomass 502 

burning (24.2% w/w), secondary sulphate (22.6% w/w), oil desulfurization process (13.3% w/w), and 503 

traffic and road dust (2.6% w/w) as the main active sources at this receptor site. The results therefore 504 

highlight the influence of industrial chemical emissions by means of both expected and new 505 

fingerprints respectively related to COVA torches and oil desulfurization by the Claus process. The 506 

novelty of the present study consists in the identification of a new chemical fingerprint linked to the 507 

excess of elemental sulfur, Ni, and Al in the atmosphere confirmed by data processing, PMF as well 508 

as by SEM analysis. To date, this represents a new specific source profile to be included in future 509 

studies on the source’s identification where oil processing is carried out. 510 
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 750 

Figure 1. Average relative percentage contribution of (a) trace elements and (b) ions measured in 751 

PM1. Metsolf: methanesulfonate; Mal: malonate; Ox: oxalate 752 

 753 

 754 
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 755 

Figure 2. Chemical composition of PM1 expressed in µg m-3 and percentage (%) 756 

 757 

 758 

 759 

Figure 3. Factor fingerprint screen which shows the contribution percentages of the five factors to 760 

PM1 and chemical species analyzed in the PM1 samples. S_IC: soluble S; S_nIC: excess S; Metsolf: 761 

methanesulfonate; Mal: malonate; Ox: oxalate 762 

 763 

 764 
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 765 

Figure 4. FESEM images of: (a) Quartz particle with soot; (b) Ca-Mg particle; (c) flake sheet 766 

aluminosilicate particle; (d) aggregate of elongated Ca-Sulphate shape; (e) fine particles of Ca-767 

Sulphate (gypsum); (f) K-Sulphate particle; (g) fine droplets of S-only particles; (h) Fe-rich particle 768 

embedded soot; (i) biogenic particles, Brocosome; (k) large agglomerates of soot.  769 
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 770 

 771 

Figure 5. Time series of total and ionic S in PM1 samples in Val d’Agri 2017-18 campaign. Total S 772 

represents the elemental Sulphur (in blue) while ionic S derives from sulfate ion (in orange). Linear 773 

regression lines are also reported. 774 

 775 



 

Instruments ICS90 (Dionex) ICS2000 (Dionex) 

Analyzed ions Na+, NH4
+, K+, Mg2+, Ca2+ 

F-, Cl-, NO2
-, Br-, NO3

-, SO4
2-, PO4

3-, 

Acetate, Formate, Methansulfonate, 

Succinate, Malonate, Oxalate 

Elution condition Isocratic Gradient 

Acquisition time 18 min 45 min 

Sample volume 10 µL 25 µL 

Flow 1.0 mL/min 0.38 mL/min 

Eluent Methanesulfonic acid (20 mM) KOH (0.8 mM to 30 mM) 

Column 
Dionex IonPack™ CS12A 

4x250 mm (Thermofisher) 

Dionex IonPack™ AS11-HC 

2x250 mm (Thermofisher) 

Suppressor CMMS_III 4mm AERS_500 2mm 

Detector 
DS5 Detection stabilizer 

model (Dionex) 

DS6 Heated conductivity 

cell (Dionex) 

 

Table 1. Instrumental parameters of the ion chromatographs setup used 
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Data N total Mean SD Min Q1 Median Q3 Max Q3 - Q1 

PM1 200 6.48 2.83 2.99 4.49 5.61 7.54 19.31 3.05 

Al 200 0.06 0.03 0.01 0.04 0.05 0.07 0.20 0.03 

Ca 200 0.44 0.24 0.10 0.25 0.41 0.60 0.99 0.35 

Cd 200 0.0013 0.0016 0.0001 0.0004 0.0007 0.0013 0.0079 0.0009 

Cr 200 0.017 0.003 0.013 0.015 0.017 0.018 0.036 0.003 

Cu 200 0.010 0.009 0.002 0.005 0.007 0.010 0.057 0.005 

Fe 200 0.07 0.04 0.02 0.05 0.07 0.09 0.21 0.04 

K 200 0.06 0.03 0.02 0.05 0.05 0.06 0.25 0.02 

Li 200 0.03 0.01 0.01 0.02 0.03 0.03 0.05 0.01 

Mg 200 0.03 0.01 0.02 0.02 0.03 0.04 0.10 0.01 

Mn 200 0.003 0.001 0.002 0.003 0.003 0.004 0.008 0.001 

Na 200 0.33 0.06 0.21 0.29 0.33 0.36 0.61 0.07 

Ni 200 0.007 0.002 0.003 0.006 0.007 0.009 0.016 0.003 

Pb 200 0.0053 0.0050 0.0001 0.0027 0.0035 0.0059 0.0344 0.0031 

S 200 0.65 0.15 0.35 0.54 0.64 0.75 1.13 0.21 

Ti 200 0.007 0.003 0.001 0.005 0.007 0.009 0.021 0.003 

Zn 200 0.013 0.013 0.002 0.006 0.009 0.014 0.096 0.008 

Na+ 200 0.16 0.14 0.05 0.07 0.07 0.21 0.68 0.14 

NH4
+ 200 0.16 0.13 0.03 0.03 0.12 0.23 0.61 0.19 

K+ 200 0.10 0.25 0.02 0.03 0.06 0.09 2.55 0.07 

Mg2+ 200 0.077 0.044 0.004 0.040 0.072 0.105 0.226 0.065 

Ca2+ 200 0.34 0.23 0.07 0.18 0.31 0.47 1.22 0.29 

Cl- 200 0.10 0.08 0.02 0.03 0.08 0.14 0.39 0.12 

NO3
- 200 0.09 0.05 0.02 0.05 0.09 0.12 0.24 0.07 

SO4
2- 200 0.46 0.33 0.01 0.22 0.37 0.66 1.66 0.45 

Metsolf 200 0.011 0.005 0.002 0.007 0.011 0.014 0.034 0.007 

Mal 200 0.004 0.005 0.001 0.001 0.003 0.006 0.024 0.005 

Ox 200 0.06 0.04 0.01 0.03 0.05 0.08 0.16 0.05 

eBC 166 0.80 0.43 0.08 0.44 0.72 1.09 1.95 0.65 

Table 2. Descriptive statistics of the PM1 mass concentration and chemical speciation data (µg/ Nm3Nm-3), 

with along means, standard deviations (SD), minimum (Min) and maximum (Max) values, medians, first and 

third quartiles (Q1 and Q3), and Inter-Quartile Ranges (Q3-Q1). Metsolf: methanesulfonate; Mal: 

malonate; Ox: oxalate 

  



Particle Groups Particle Classes 13/07/2017 20/08/2017 28/08/2017 15/10/2017 22/11/2017 

Aluminosilicates 3.2 26.1 6.4 8.7 2.1 

Quartz 0.6 0 2.1 4.7 0 

Ca-Mg Carbonates 0.6 1.7 0.7 0.7 0 

S-rich particles 

Ca-sulphates 1.9 11.8 8.6 8.0 2.1 

K-sulphates 25.6 0 5.0 0 15.8 

Na-sulphates 2.6 0 0 0 14.4 

Only S-particles 16.0 19.3 32.1 20.7 19.9 

Mixed particles Silicate-sulphate 0 0.8 2.1 0 1.4 

Metal particles 0.6 3.4 0.7 0.7 0 

Low-Z elements particles (Z<11) 48.7 37.0 42.1 56.7 44.5 

Table 3. Particle percentages divided by classes and groups according to elemental composition and 

morphology. 
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