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11 Abstract Thirty-two chemical species were determined in
12 PM10Q1 sampled at a suburban site on the north coast of Spain.
13 Enrichment factors were applied to infer their soil/non-soil
14 origin. The geochemical ratios were calculated using two da-
15 tabases: soil composition from locations in the surroundings
16 of the sampling station and the Earth’s average upper-crust
17 composition. In the present study, dissimilarities were found
18 between the enrichment factors obtained using these two da-
19 tabases. Al, Ti, La and Cewere taken as the reference elements
20 to normalise the data, reaching analogous conclusions. Bi, Cd,
21 Cu, Sb, Se, Sn and Zn were associated with predominantly
22 non-soil apportionments. As the relevance of soil/non-soil
23 sources for the other analysed elements was found to be var-
24 iable, they were probably of mixed origin. Furthermore, pairs
25 of elements showed strong relationships, thus pointing to a
26 common origin. Na–Mg and Co–Ni, with Pearson correlation
27 coefficients above 0.9, were respectively related to marine and
28 industrial apportionments. Enrichment factors have proved to

29be a useful tool to distinguish the soil/non-soil origin of chem-
30ical species present in airborne particulate matter. However,
31the choice of the reference database for soil composition con-
32siderably determined the accuracy of the conclusions.
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35Introduction

36Soil is a major contributor of particulate matter (PM) to the
37atmosphere (Aleksandropoulou et al. 2015; Paraskevopoulou
38et al. 2015; Perrino et al. 2015). Mineral dust (13 % inmass) is
39one of the major natural sources of PM on the global scale. On
40a local scale, however, this value depends on the region under
41study, as it is highly affected by broad spatial variability
42(Viana et al. 2014). The contribution of PM may be due to
43natural processes such as erosion and windblown transport,
44but also to human activity, e.g., traffic causes the re-
45suspension of soil dust. Non-crustal sources make a signifi-
46cant contribution to certain elements in PM (Salma and
47Maenhaut 2006; Adgate et al. 2007; Jiang et al. 2015). The
48difficulty lies in identifying the natural sources of PM and
49differentiating them from anthropogenic apportionments.
50Non-dimensional crustal enrichment factors (EF) are com-
51monly used to assess the anthropogenic influence on PM
52(Zhang et al. 2014; Silva et al. 2015). An EF is a ratio of
53two chemical species present in the atmosphere (E/R, where
54E is the element of interest and R is the reference element)
55divided by the corresponding ratio in crustal material. R is
56used to normalise the data and hence it should be mainly
57influenced by crustal sources. Although Al, Si and Fe have
58normally been used as R in the literature given their high
59concentrations in soil, other less abundant chemical species
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60 have also been used, such as Mn, Sr, Zr and Ti (Reimann and
61 de Caritat 2000; Cesari et al. 2012 and references therein;
62 Rashki et al. 2013; Bouhila et al. 2015). Zoller et al. (1974)
63 used EFs to analyse the chemical composition of airborne PM
64 collected at the South Pole. They chose Al as R and were able
65 to infer the weathering or oceanic nature of a wide range of
66 elements (Sc, Th, Sm, V, Mn, Eu, Fe, La, Ce, Co, Cr, Na, K,
67 Mg and Ca), given that the EFs were close to 1. Zn, Cu, Sb,
68 Se, Pb and Br, however, were thought to be derived from other
69 sources.
70 Not all authors have considered the same value as a refer-
71 ence threshold for reading the EFs. In fact, Cesari et al. (2012)
72 proposed a two-threshold scheme in order to unify the variety
73 of criteria used in the literature. These authors differentiated
74 between elements likely to be of predominantly crustal, mixed
75 or anthropogenic origin. However, other researchers have pre-
76 ferred to use a simpler criterion, employing one cut-off value.
77 Rogula-Kozlowska et al. (2015) used Ca as R and considered
78 that the closer EFs are to 1, the weaker the anthropogenic
79 contribution. They found mineral matter to be a source of K,
80 Ni, Sr and Ba. In contrast, Alghamdi et al. (2015) considered
81 five to be an acceptable value below which they confirmed the
82 crustal origin of Na, Mg, Si, K, Ca, Ti, Cr, Mn, Fe, Rb and Sr.
83 Some of these soil-related elements may also have significant
84 apportionments from other sources depending on location. In
85 fact, Na is considered a tracer for sea spray, which may be one
86 of the major natural sources affecting air quality (Perrino et al.
87 2014; Viana et al. 2014; Budhavant et al. 2015).
88 The Earth’s crust has been studied over the years differen-
89 tiating between three layers, namely the upper, middle and
90 lower crust. The first is the most accessible and its composi-
91 tion has been estimated employing either weighted averages
92 of surface samples or inferring it through concentrations of
93 insoluble to moderately soluble trace elements obtained in
94 studies of shales and loess (Rudnick and Gao 2003). Due to
95 the heterogeneity of soil, its influence on PM is likely to vary
96 depending on the geochemical characteristics of the sampling
97 site. Consequently, another point of disagreement among EF
98 studies found in the literature comprises the data on the soil
99 ratio (i.e., (E/R)SOIL). Although the best approach would be to
100 determine EFs by means of the composition of local soil, the
101 Earth’s average upper-crust composition (UCC) has been used
102 when no other database was available (Rushdi et al. 2013;
103 Wang et al. 2014; Budhavant et al. 2015).
104 The primary aim of this study was to distinguish soil and
105 anthropogenic apportionments to PM10 by means of enrich-
106 ment factors. Fifty-two daily samples were collected at a sub-
107 urban station on the north coast of Spain and subsequently
108 chemically analysed to determine 32 species. Furthermore, a
109 comprehensive study was performed to reduce the uncer-
110 tainties due to the variability of two factors that greatly affect
111 EFs (Reimann and de Caritat 2005): the reference element and
112 the geochemical composition of soil. A range of chemical

113species mainly present in soil were considered as R, including
114both abundant and trace elements. Two databases were used to
115calculate the geochemical ratios: the soil composition from
116seven locations in the surroundings of the sampling station
117and the Earth’s average UCC. The results obtained using the
118two databases and other EF studies from the literature were
119compared.

120Materials and methods

121Sampling area

122Samples of airborne particulate matter, i.e., PM10, were ob-
123tained at a suburban station on the university campus of Gijón,
124in northern Spain (43° 31′ 23″ N 5° 37′ 16″ W). This city is
125located in the shoreline of the Cantabrian Sea, over Mesozoic
126materials. The soil surrounding the sampling area was
127characterised by a variety of rocks (Fig. 1), comprising lime-
128stone, clay, sandstone, dolomite, loam and siliceous conglom-
129erate (IGME 1974).
130The origin of air masses reaching the sampling site was
131determined as in Megido et al. (2016a). For this purpose,
132five-day back trajectories were calculated with the
133HYSPLIT model developed at the NOAA (Stein et al. 2015)
134and catalogued in eight sectors: northern Atlantic, north-
135western Atlantic, western Atlantic, south-western Atlantic,
136northern African, Mediterranean, European and regional.
137Meteorological data were provided by the Spanish
138Meteorology Agency (AEMET) at the sampling site since
139October 2013 and by another meteorological station located
140at a distance of 1.7 km. Wind speeds up to 13 m/s were de-
141tected from July 2013 to July 2014. In general, the weather in
142Gijón is influenced by its low altitude, seasonal winds and
143land-sea breezes. It is characterised by an annual accumulated
144rainfall around 1000 mm and annual temperatures with mini-
145mum and maximum mean values of about 10 and 18 °C,
146respectively (Government of the Principality of Asturias
1472009).
148The sampling location was near several industrial facilities
149(<10 km), including harbour activities handling around 19
150million of tons of goods (Port of Gijón 2014), a steelmaking
151industry (Almeida et al. 2015), a 903 MW thermal power
152plant, a coalfield and a cement plant that operates a dry-
153process furnace with a production capacity of 2750 t/day
154(PRTR-Spain1). According to the respective Integrated
155Environmental Authorizations,1 the thermal power plant near
156the sampling station used coal, siderurgical gases from the
157nearby steelmaking industry and fuel-oil and gas-oil as sup-
158port fuels for ignition; the cement plant consumed mainly

1 Information available at The Spanish Register of Emissions and
Pollutant Sources (PRTR-Spain)
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159 petroleum coke, but also wood, fuel-oil and occasionally coal,
160 while the steelmaking industry primarily used natural gas, rich
161 gas (gas from batteries), steel mill gas, lean gas (blast furnace
162 gas), mixed gas (mixture of the above), coke and anthracite
163 (these last two in the sinter facility) and, to a lesser extent, fuel-
164 oil and propane.
165 The sampling was affected by irregular traffic from a
166 nearby trunk road and a motorway. A hospital (covering
167 a population of over 255,000 inhabitants), three educa-
168 tional centres (over 6000 people including teaching and
169 research staff, students, administrative and service staff)
170 and Gijón Science and Technology Park (130 companies
171 with over 3600 workers) were located in the vicinity and
172 attracted many local residents. Figure 1 shows the loca-
173 tion of the sampling site and the main industrial
174 activities.

175 PM10 sampling and chemical analysis

176 A sequential high-volume sampler MCV CAV-A/MSb (MCV
177 SA, Barcelona, Spain) was used to collect one 24-h PM10

178 sample per week from July 2013 to July 2014. The matrix
179 employed comprised quartz microfiber filters (Pallflex-
180 Tissue Quartz 2500QAT-UP). A total of 52 PM10 samples
181 were processed to extract metals using the methodology de-
182 scribed in Negral et al. (2008). Thirty-two chemical species

183were analysed by inductively coupled plasma mass spectrom-
184etry (ICP-MS): Al, As, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Fe,
185K, La, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Se, Sn, Sr, Ta, Ti,
186Tl, V, Zn and Zr. The same procedure was applied to treat and
187analyse a control sample using Standard Reference Material®
1881648a (Urban Particulate Matter) from the National Institute
189of Standards & Technology (NIST). Further details
190concerning the chemical analysis methodology have been re-
191ported in a previous paper (Megido et al. 2016b).

192Enrichment factor analysis

193EFs were calculated for each chemical species analysed in
194every PM10 sample, applying the following expression:

195EFX ;Y ¼ X =Rð ÞPM10
X =Rð Þ Y

196where X refers to the chemical species considered in each case,
197R is the reference element and Y represents the geochemical
198composition database used in the calculation, i.e., “SOIL” or
199“UCC”. For instance, EFTi,SOIL indicates that the EFs for Ti
200were obtained using local soil composition to estimate the
201geochemical ratio. The Earth’s average UCC was taken from
202Rudnick and Gao (2003), who reviewed relevant research
203studies in this respect, providing an updated estimation. The
204Geological and Mining Institute of Spain (IGME) studied the
205chemical composition of residual soils at two depths (0–25 cm

Fig. 1 Geological map of the surroundings of the sampling station (S),
with the situation of the seven soil locations (a–g) whose composition
was used to calculate the geochemical ratios, and the main industrial

activities: cement plant (a), coalfield (b), coal-fired power station (c),
steel plant (d) and port facilities (e). Geological map from the IGME
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206 and 25–50 cm) during their 2012 geochemical survey.2 Seven
207 samples of soil were available within a 5-km radius around the
208 sampling station (Fig. 1). Those denominated A–Bwere taken
209 at points where the bedrock was quite similar (clay, limestone
210 and dolomites); the same applies for samples E–G (clay, lime-
211 stone, sandstone and loam). C was taken in an undifferentiated
212 area and D was the only sample that comprised siliceous con-
213 glomerates (IGME3). Table 1 presents the concentration of 31
214 of the abovementioned elements that were available in the
215 IGME dataset; Al, Ca, Fe, K, Mg, Na and Ti being the most
216 abundant. Additionally, EFX,Y were calculated using an aver-
217 age local soil composition (Table 1). In this case, Y refers to
218 “average soil”. To get a more statistically significant value, the
219 average geochemical composition was estimated from 113
220 local soil samples analysed by IGME within a 25-km radius
221 around the sampling station (Online Resource 1, Table S1).
222 According to the IGMEwebsite,2 the soil samples were sieved
223 (2 mm) and several elements were extracted using aqua regia
224 and chemically analysed by ICP-MS, ICP-AES (inductively
225 coupled plasma atomic emission spectroscopy) and INAA
226 (instrumental neutron activation analysis).
227 The element chosen as R was Al due to its abundance in
228 soil. Nevertheless, other elements frequently associated with
229 crustal origins, i.e., Ti, La and Ce (Cao et al. 2009;Mariet et al.
230 2001Q3 ; Avino et al. 2014; Grigoratos et al. 2014), were also
231 used for this purpose. Despite being frequently employed as
232 R, Si was not considered in the present study given its pres-
233 ence in the matrix used to collect the PM10 samples.
234 In the current study, three main sources of PM10 were dis-
235 tinguished, namely soil, non-soil and mixed origin. Table 2
236 shows the two cut-off values considered in each case (Cesari
237 et al. 2012). An element was defined as being of predominant-
238 ly soil/non-soil origin when at least 95 % of the total PM10

239 samples satisfied the established criteria; otherwise, the ele-
240 ment was considered of mixed origin. It should be noted that
241 when the conclusions drawn from EFs calculated using local
242 soil and UCC were different, the former calculation was con-
243 sidered more reliable.

244 Results and discussion

245 This section has been divided in two subsections. In the first,
246 Al is used as R for the calculation of EFs in order to distin-
247 guish the origin of each element determined in PM10. In the
248 second subsection, other chemical species were used as R.
249 It is worth noting that the elemental composition of the 52
250 PM10 samples was highly variable, with the relative standard

251deviation (RSD) ranging from 52 % for Bi to 226 % for Ni.
252Moreover, as the geochemical composition of the seven soil
253locations in the area surrounding the sampling station was also
254variable, the average geochemical composition of these loca-
255tions was not used. Figure 2 shows a contour graph in which
256Fe/Al and Ca/Al ratios can be seen for each location (Fig. 2a,
257b, respectively). Although these elements are abundant in the
258local soil, there are substantial differences between relatively
259close sites, especially in the case of Ca, which presented the
260highest RSD (210 %). As previously mentioned in the
261“Enrichment factor analysis” section, the average chemical
262composition of the local soil was calculated using 113 sam-
263ples, a more statistically significant average being obtained for
264some elements. Nevertheless, other species reached RSD up
265to 257 % (Online Resource 1, Table S2). The results of
266EFX,AVERAGE SOIL are described in the “Other elements as
267the reference element” section.

268Aluminium as the reference element

269The content of aluminium at the seven soil locations ranged
270between 3.3 and 7.4 % in terms of mass (Table 1). This scat-
271tering was expected to have some influence on EFX,SOIL. The
272variability was found to be higher or lower depending on the
273element. In the case of R = Al, Ba was the element whose
274EFBa,SOIL showed the lowest variability between the seven
275locations (14.8 %) and Mn, the highest (105.9 %).
276The EFs obtained for all the elements using Al as R are
277available in the Online Resource 1.

278Non-soil origin elements

279Throughout the entire sampling period, a few elements pre-
280sented an enrichment in PM10 with respect to soil, regardless
281of the soil location. These elements were Bi, Cd, Cu, Na, Sb,
282Se, Sn and Zn. Table 3 shows their minimum and maximum
283EFX,SOIL. Considering all soil locations, Table 4 shows the
284percentage of samples that exceeded the upper threshold
285(EFX,SOIL > 10). As more than 95 % of the samples were
286above this cut-off value, these elements were defined as being
287of non-soil origin.
288The minimum and maximum EFX,UCC for the aforemen-
289tioned elements are also shown in Table 3. These EFX,UCC
290were greater than those from EFX,SOIL. The exception was
291Na. (Na/Al)SOIL was an order of magnitude greater than (Na/
292Al)UCC. Thus, EFNa,SOIL and EFNa,UCC differed 78–91 % de-
293pending on the soil location. Results from the current study
294were in agreement with those reported by Cesari et al. (2012),
295who collected soil samples in the Salentum Peninsula (Italy)
296that were then re-suspended in the laboratory to obtain PM10.
297These researchers calculated EFs using UCC, local soil com-
298position and the re-suspended PM10. They obtained higher
299EFs for Na and lower EFs for Cu, Zn and Sb using local soil

2 Information available at the Geological and Mining Institute of Spain
(http://info.igme.es/Geoquimica/)
3 Information available at the Geological and Mining Institute of Spain
(http://info.igme.es/cartografiadigital/geologica/Magna50.aspx)
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300 composition than using UCC. EFNa,UCC showed values above
301 the upper threshold (EFX,UCC > 20) in 81 % of the samples
302 (Table 4), pointing to a source other than soil to explain the Na
303 levels determined in PM10. Owing to the proximity of the
304 sampling station to the Cantabrian Sea, sea spray was likely
305 to be one of the main sources of Na.
306 The geochemical analysis of the seven soil locations did
307 not include arsenic. As this element presented EFAs,UCC > 20
308 in more than 95 % of the PM10 samples, non-soil contribu-
309 tions seemed to have been predominant. EFAs,UCC fell within
310 the 20–850 range.
311 The high EFs of Zn, Sn, Sb, Bi and Cu may be due to the
312 influence of traffic in the sampling area. These chemical spe-
313 cies have been related to non-exhaust emissions due to the
314 degradation of tyres, brakes and pavement abrasion
315 (Minguillón et al. 2012; Rogula-Kozlowska et al. 2015). In
316 fact, Sn, Sb and Bi correlatedwith Cuwith Pearson correlation
317 coefficients (r) above 0.80. In a previous study (Megido et al.
318 2016a), these four elements were related to a certain extent to
319 brake wear.
320 Adamo et al. (2008) calculated EFs using R = Al and the
321 average concentration in surface soils of an urban area in
322 Naples (Italy). The highest EFs found by these authors were
323 for Cd (256), Pb (120), Ni (80) and Zn (50), which were
324 associated with traffic and other anthropogenic sources such
325 as fossil fuel combustion. In the present study, the strongest
326 relationship for Zn was found for Pb (r = 0.80) and Cd
327 (r = 0.73). Moreover, the highest correlation for Cd was with
328 Pb (r = 0.62). Zn correlated slightly with other metals, namely

329Bi (r = 0.60), Fe (r = 0.64) and Mn (r = 0.55). Mn, Fe, Zn and
330Pb are tracers of iron and steel production (Dai et al. 2015),
331associated with basic oxygen steelmaking and sinter plants
332(Almeida et al. 2015). Other elements frequently emitted by
333the latter source are Cu, Cd, Se, As, Cr and Ni (Querol et al.
3342007; Almeida et al. 2015; Dai et al. 2015). Arsenic presented
3350.50 < r < 0.65 with Cu, Sn, Sb, Ba, Pb and Bi. However, the
336strongest relationship was found with K (r = 0.79), Co
337(r = 0.78) and Ni (r = 0.70). According to the literature, Se
338could be emitted from coal and heavy oil combustion appli-
339ances (Hueglin et al. 2005; Gianini et al. 2012). However, Se
340did not show any important correlation with Vor Ni, tracers of
341the latter source (Flores-Rangel et al. 2015), or any other
342analysed element. Lage et al. (2016) studied the surface soils
343in the surroundings of Gijón (including the nearby area of the
344sampling site of the present study). These authors concluded
345that the surface soils presented high levels of contamination
346for Zn, Sb, As and Br, and pointed to atmospheric deposition.

347Mixed-origin elements

348Mn, Fe In the case of Mn, the EFMn,SOIL were dissimilar for
349the seven soil locations, with those calculated for location E
350reaching the highest values, up to 468. This was because lo-
351cation E had lower concentrations ofMn (by one or two orders
352of magnitude) than the other locations (Table 1). Therefore,
353this location presented the lowest (Mn/Al)SOIL factor.
354However, no location should be excluded, as they were all
355near the sampling station. The conclusions drawnwill bemore
356reliable if they can be inferred from all the locations.
357Locations A, B and C presented the lowest EFMn,SOIL (0.3–
35845) throughout the whole sampling period. This was due to
359the greater abundance of Mn at these points (Table 1), with an
360average EFMn,SOIL of 6.0, 9.6 and 3.1, respectively.
361Notwithstanding the differences, some PM10 samples (e.g.,
362those collected on 21 October 2013 and 12 February 2014)
363presented a clear enrichment in Mn (Fig. 3), pointing to non-
364soil emission sources. However, inconsistent conclusions
365were reached for other PM10 samples, e.g., sample collected

t2:1 Table 2 Classification of predominant sources of an element X on the
basis of enrichment factors (EF) calculated using local soil composition
(EFX,SOIL) and the Earth’s average upper-crust composition (EFX,UCC)

t2:2 Predominant origin Criteria

t2:3 Soil EFX,SOIL < 5 EFX,UCC < 10

t2:4 Mixed 5 < EFX,SOIL < 10 10 < EFX,UCC < 20

t2:5 Non-soil EFX,SOIL > 10 EFX,UCC > 20

Fig. 2 Contour graphs of a (Fe/
Al)SOIL and b (Ca/Al)SOIL using
the geochemical composition of
seven soil locations (a–g) in the
surroundings of the sampling
station

Environ Sci Pollut Res

JrnlID 11356_ArtID 7858_Proof# 1 - 12/10/2016



AUTHOR'S PROOF!

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

366 on 1 July 2013 (Fig. 3). If only locations A, B and C were
367 considered in this sample, soil could be revealed as the pre-
368 dominant source of emission, given EFMn,SOIL < 5 for these
369 locations. Conversely, the opposite assumption could be made
370 for locations D–G, given that EFMn,SOIL exceeded the thresh-
371 old of 10. This highlighted the ease with which conclusions
372 could be totally different, even using local soil composition.
373 Location C (in the southern sector) gave the highest num-
374 ber of PM10 samples with EFMn,SOIL < 5 (88 %). EFMn,UCC

375 presented comparable results to those obtained for location G
376 (in the eastern sector). Therefore, while 81 % of EFMn,SOIL

377 obtained for location G were above 10, only 40 % of
378 EFMn,UCC exceeded the threshold of 20. No PM10 sample
379 had an EFMn,SOIL that reflected a strong soil origin, although
380 some of them (e.g., samples collected on 18 and 26 January
381 2013 and 4 February 2014 (Fig. 3)) presented values below
382 5 at almost every location. Bearing in mind all the gathered
383 information, Mn was likely to be of mixed origin. The contri-
384 bution of non-soil sources to the Mn determined in airborne
385 PM varied in relevance depending on the sampling day.
386 Although a possible anthropogenic source of Mn to PM10 is
387 traffic (Poulakis et al. 2015), Mn did not show a strong

388correlation with Cu (r = 0.36) or Sb (r = 0.35), both of which
389are tracers of traffic, as stated in the “Non-soil origin ele-
390ments” section. Moreover, Mn has also been related to indus-
391trial sources (Almeida et al. 2015; Flores-Rangel et al. 2015).
392EFFe,SOIL (Fig. 4) was above 10 in more than 23 % of the
393PM10 samples taking into account all soil locations, while
394EFFe,UCC > 20 in 31 % of samples. The differences between
395the EFs calculated using local soil composition and UCC for
396Fe (Fig. 4) differed from those reported by Cesari et al. (2012),
397who found comparable values between both databases for Fe,
398K and Mn. As the ratio (Fe/Al)SOIL varied differently depend-
399ing on the seven locations (Fig. 2a), differences in EFFe,SOIL
400were not as large as those found for other elements (e.g., Mn).
401Fe in PM10 may be of mixed origin, although there were days
402on which it was of predominantly non-soil origin. For the
403latter, the EFFe,SOIL ranged between 10 and 65. Possible an-
404thropogenic sources of Fe are traffic and iron-related industrial
405activities. Gianini et al. (2012) related Fe to non-exhaust road
406traffic emissions (brake wear) and re-suspension of road dust.
407The average concentration of Fe determined over the sam-
408pling period (467 ± 344 ng Fe/m3) was similar to the levels
409reported by these authors in an urban background site in
410Zurich (Switzerland) and exceeded those found in European
411cities such as London (UK), Zabre (Poland), Debrecen
412(Hungary) and Augsburg (Germany) (Rogula-Kozłowska
413et al. 2015 and references therein). In the present study, how-
414ever, the ironmaking industry near the sampling station was
415also likely to have played an important role. Almeida et al.
416(2015) conducted a study of the PM10 emitted by this steel-
417making factory. These researchers associated 21 % of the Fe
418and Mn they found with the factory’s blast furnaces. In the
419present study, Mn and Fe were highly related (r = 0.75). Thus,
420metallurgical activities close to the sampling station, in the
421western sector (Fig. 1) may have a relevant contribution to
422PM10. In fact, three PM10 samples coincided with EFFe,SOIL
423and EFMn,SOIL above 10 for the seven locations. The study of
4245-day air-mass back trajectories revealed that those days were
425under western Atlantic and regional episodes. As stated in the

t3:1 Table 3 Minimum and maximum EFX,SOIL for soil locations (A–G) and EFX,UCC (n = 52), using Al as the reference element

t3:2 Element Min–Max EFX,SOIL Min–Max EFX,UCC

t3:3 A B C D E F G

t3:4 Bi 28–737 33–880 26–685 21–548 29–771 39–1037 18–477 190–5077

t3:5 Cd 1–2810 1–2351 2–3660 1–1255 1–2058 1–2768 2–4250 24–48,212

t3:6 Cu 13–837 10–655 11–751 13–852 37–2431 9–575 19–1283 31–2043

t3:7 Na 44–6888 38–6038 20–3133 31–4834 34–5286 27–4265 28–4465 4–689

t3:8 Sb 30–1705 51–2935 27–1523 14–794 18–1028 20–1152 24–1396 395–22,564

t3:9 Sn 52–2819 37–2022 26–1399 23–1259 32–1770 19–1058 22–1218 108–5923

t3:10 Se 12–1506 8–997 5–585 5–621 6–757 4–509 6–781 358–44,302

t3:11 Zn 15–677 30–1337 22–999 19–862 41–1852 24–1057 30–1335 110–4952

t4:1 Table 4 Percentage of PM10 samples (n = 52) with EFX,SOIL > 10,
considering seven soil locations, and EFX,UCC > 20, using Al as the
reference element

t4:2 Element % of EFX,SOIL > 10 % of EFX,UCC > 20

t4:3 Bi 100 100

t4:4 Cd 96 100

t4:5 Cu 98 100

t4:6 Sb 100 100

t4:7 Se 96 100

t4:8 Sn 100 100

t4:9 Na 100 81

t4:10 Zn 100 100
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426 “Introduction” section, Fe was widely used as R in EF studies.
427 Nevertheless, in light in all the above, in this sampling area
428 using R = Fe could lead to inaccurate conclusions.

429 K, Rb, Tl In this study, location E (in the eastern sector) gave
430 similar results for EFK,SOIL and EFK,UCC. Moreover, 42–77 %
431 of PM10 samples provided EFK,SOIL < 5 depending on the soil
432 location, thus revealing the soil origin of K (83 % considering
433 EFK,UCC < 10). Possible sources of K were soil dust re-
434 suspension and combustion of fuel, biomass and wood
435 (Hueglin et al. 2005; Cao et al., 2009; Rogula-Kozłowska
436 et al. 2015.). In this sampling location, Megido et al.

437(2016b) found C-rich particles in PM10 that carried K and
438whose shapes pointed to combustion processes. The arithmet-
439ic mean K concentration during the cold period (October–
440March) was 195 ± 110 ng K/m3 (n = 26 samples), decreasing
441in the warm period (April–September) to 132 ± 67 ng K/m3

442(n = 26 samples). Given that the data of both periods were not
443normally distributed, the Mann-WhitneyU test was applied to
444compare these values; a statistically significant difference
445(P = 0.032) being found. The coldest month of the sampling
446period was December 2013 with arithmetic mean tempera-
447tures of 9.0 ± 2.0 °C. The highest arithmetic mean K concen-
448trations were determined (328 ± 186 ng K/m3) during this

Fig. 3 EFMn,SOIL for locations a–g and EFMn,UCC of samples collected on 1/07/2013, 21/10/2013, 18/01/2014, 26/01/2014, 04/02/2014 and 12/02/2014,
using Al as the reference element

Fig. 4 EFFe,SOIL for locations a–g and EFFe,UCC, using Al as the reference element (n = 52)
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449 month, followed by March 2014 (250 ± 68 ng K/m3).
450 According to Tsai et al. (2015), this seasonal pattern points
451 to wood combustion as a potential source.
452 Crustal origin played an important role in airborne Rb,
453 given that 83–92 % of the PM10 samples had EFRb,SOIL < 5.
454 In contrast, only 63 % had EFRb,UCC < 10. The maximum
455 EFRb,SOIL was 25, whereas the maximum was found to be
456 83 when using the UCC database. Rb is another tracer of
457 emissions from wood and biomass combustion (Gianini
458 et al. 2012). In fact, K and Rb reasonably correlated
459 (r = 0.69).Q4 Of PM10 samples, 92 % presented an EFTl,SOIL
460 above 10, reaching values of up to 1078, while 96 % of
461 EFTl,UCC were above 20. The maximum EFTl,UCC was 2427.
462 In this study, Tl was found to be linked somehow to K and Rb
463 (r = 0.77 and r = 0.86, respectively).

464 Cr, PbCr and Pb had a high percentage of PM10 samples with
465 EFX,SOIL > 10 (83 and 88 %, respectively) reaching values of
466 up to 384 (Pb) and 566 (Cr). The EFX,UCC for these elements
467 were much higher than the EFX,SOIL, with maximums of 3351
468 and 833, respectively. In fact, if only EFPb,UCC were consid-
469 ered, a non-soil origin would be proposed for this element.
470 The minimum value of EFPb,UCC was 45. However, as stated
471 in the “Enrichment factor analysis” section, when EFX,SOIL
472 and EFX,UCC were in disagreement, EFX,SOIL was considered
473 the more reliable value. Therefore, given that less than 95% of
474 the PM10 samples fulfilled EFX,SOIL > 10 for the seven loca-
475 tions, Cr and Pb were concluded to be of mixed origin. Pb has
476 been related to the combustion of petrochemicals used in in-
477 dustrial processes (Campos-Ramos et al. 2009). Song et al.
478 (2015) linked Pb and Cr, among others, with coal industries
479 given EFs above 10. Cr has also been associated with emis-
480 sions from cement plants (Gupta et al. 2012).

481 Co, Ni A similar pattern as previously reported for Mn was
482 found for the EFCo,SOIL and EFNi,SOIL obtained for the seven
483 soil locations. In the case of Co, even greater differences were
484 obtained. For this element, similar results were found between
485 locations A, B and C, and between E and F. Less than 95 % of
486 the PM10 samples had EFCo,SOIL < 5 (up to 94 % for location
487 A). Regardless of the soil sample considered, EFCo,SOIL > 10
488 were obtained in up to 65 % of the samples for location F. An
489 example of a PM10 sample that exceeded the threshold of 10
490 was that obtained on 09/12/2013, when the Co concentration
491 (0.57 ng Co/m3) was found to be well above the average for
492 the sampling period (0.08 ± 0.08 ng Co/m3). Higher PM10

493 levels (42.6 μg PM10/m
3) than the arithmetic mean for the

494 52 samples (23.4 ± 10.3 μg PM10/m
3) were also obtained on

495 this day, coinciding with regional air masses that hinder the
496 dispersion of pollutants and without rainfall either on this
497 particular day or the previous days. Of the EFCo,UCC, 90 %
498 remained below 10 and only 6 % of the samples exceeded the
499 threshold of 20. EFNi,SOIL varied between 0.2 and 623

500throughout the sampling period, although less than 85 % of
501the samples could be defined as being of non-soil origin.
502Similar results were found using the UCC database. Of the
503PM10, 69 % presented EFNi,UCC > 20. Ni and Co have been
504related to industrial combustion processes (Viana et al. 2008;
505Alharbi et al. 2015). In the present study, these two elements
506correlated highly (r = 0.91), suggesting a common source for
507both which may be related to the nearby industry given the
508fuels employed there (see section 2.1).

509Mg Location B had the highest (Mg/Al)SOIL, which was close
510to 1, whereas the other six soil locations had values in the 0.05–
5110.15 range. Therefore, for location B, only 4 % of the PM10

512samples exceeded the threshold of 10, while for the others,
513more than 54 % of the samples exceeded this value. Using
514the UCC database, 48 % of the samples gave EFMg,UCC > 20.
515Excluding location B, EFMg,UCC were below the analogous
516EFMg,SOIL, as was the case with Na mentioned previously. In
517fact, concentrations of these two elements considerably corre-
518lated (r = 0.93), indicating a common source. Two PM10 sam-
519ples (25 December 2013 and 25 March 2014) coincided with
520EFMg,SOIL and EFNa,SOIL above 10 and were collected during
521north-western Atlantic episodes. On 25 March 2014, the EFs
522reached their maximums for Na and Mg. This day, western
523winds were predominant (Online Resource 1, Fig. S2), the
524maximum wind speed being 95 km/h (wind direction: 290°)
525according to AEMET. Apart Q5from being present in soil, Mg is
526the characteristic of marine origin (e.g., MgSO4 and MgCl2).
527Marine aerosols are emitted due to wind stress at the ocean
528surface, i.e., via bubble bursting processes (EEA 2012). This
529source could explain the EFMg values.

530Ca, Sr, Zr, V, Ba As occurred with Mg, the (Ca/Al)SOIL factor
531of location B (1.61) was in discordance with the rest of the soil
532locations ((Ca/Al)SOIL in the 0.05–0.13 range) and with the
533UCC ratio ((Ca/Al)UCC = 0.16). It thus provided the most con-
534servative EFCa,SOIL, the highest value being 7.3. However, more
535than 75 % of the samples EFCa,SOIL reached values above 10 for
536the other soil locations. It may thus have a different sourcewhich
537contributes to Ca in PM10, e.g., sea spray (Adamo et al. 2008),
538although no correlations with Na or Mg were found pointing to
539such a source. Its origin could also lie in regional transport from
540urban zones (e.g., building, construction, demolition, road dust
541re-suspension) and cement industries (Campos-Ramos et al.
5422009; Alharbi et al. 2015). In fact, there was a cement plant near
543the sampling station (at a distance of over 10 km).
544Sr, Zr, Vand Ba also showed a mixed origin throughout the
545sampling period, with EFX,SOIL > 10 in 40–69, 62–92, 31–79
546and 29–56 % of the PM10 samples, respectively. EFX,UCC for
547these elements also pointed to a mixed origin. Sr has been
548related to soil re-suspension and other anthropogenic sources;
549Vis usually associated with coal and oil combustion and long-
550range transport, while Ba is related to soil and road traffic
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551 (Hueglin et al. 2005; Adamo et al. 2008; Campos-Ramos et al.
552 2009; Minguillón et al. 2012; Rogula-Kozlowska et al. 2015).
553 In a previous study, Ba was related to traffic given its con-
554 nection to Cu, Bi, Sn and Sb (Megido et al. 2016a). However,
555 other origins were not ruled out. In view of the EFs, soil may
556 provide important apportionments to Ba in PM10. Barite ore is
557 the major natural source of Ba. It is mainly composed of
558 barium sulphate (BaSO4) and is found in beds or masses in
559 limestone, dolomite, shales and other sedimentary formations
560 (ATSDR 2007). Limestone was present at five of the soil
561 locations and dolomite in locations A and B (Fig. 1).

562 Mo, Ta, Be, Li, La, Ce Mo presented over 30 % of the
563 EFMo,SOIL > 10 and EFMo,UCC > 20. Ta provided less than
564 69 % of the EFTa,SOIL below 5, ranging from 0.1 to 148.
565 However, EFTa,UCC varied between 0.1 and 36, with 83 % of
566 the samples indicating a soil origin. Likewise, EFBe,SOIL < 5 in
567 up to 87% of the PM10 samples depending on the soil location
568 and EFBe,UCC < 10 in 63% of them. For Li, more than 96% of
569 the samples at five soil locations pointed to a soil origin (90
570 and 92 % for the other two locations), the percentage being
571 54 % when with respect to EFLi,UCC.
572 Lage et al. (2016) related the local bedrock geochemistry of
573 the region of Gijón with some elements determined in surface
574 soil samples (i.e., Hf, K, La, Rb, Sc and Sm). In the present
575 study, La and Ce correlated highly (r = 0.91). The EFX,SOIL for
576 these elements were below 5 in more than 90 % of the sam-
577 ples, except on isolated days when they even took values of
578 above 10. Soil re-suspension may explain those values.
579 Hueglin et al. (2005) studied PM10 and PM2.5 in
580 Switzerland, finding road traffic to be a major emission source
581 for La and Ce and for Ba, Cu, Mn, Sb, Ca, Fe and Pb. Bouhila
582 et al. (2015) suggested a soil re-suspension origin for Mn, Hf,
583 Sc, Cr, and Ce given the low EFUCC and r > 0.5.

584 Elements of soil origin

585 The criterion established to distinguish the soil/non-soil origin
586 of the elements analysed in the 52 PM10 samples was very
587 restrictive. Therefore, the majority of the elements were con-
588 sidered as being of mixed origin. Only Ti pointed to soil origin
589 with the condition that more than 95 % of the samples having
590 EFTi,SOIL < 5 and 98 % of the cases with EFTi,UCC < 10.
591 Moreover, Ti and Al correlated with r = 0.81.
592 Elements in the atmospheric aerosol are brought to the
593 Earth’s surface or the sea via dry or wet deposition after a
594 different residence time (Siegel 2002; Nordberg et al. 2015).
595 Chemical species with a lower residence time in the atmo-
596 sphere and/or a more difficult path to enter the atmosphere
597 than Al will present EFs < 1. These two factors will depend
598 on the physical and chemical properties of the element. EFs
599 below 1 will indicate that (X/Al)PM10 was below (X/Al)SOIL. In
600 other words, the element X in PM10 was not found in the same

601proportion with Al as it was in soil. Depending on the soil
602location considered, between 10 (location A) and 92 % (loca-
603tion F) of the PM10 samples presented EFTi,SOIL within the
6040.1–1 range. For La and Ce, this was the case in 27–88 and
60546–85% of the samples, respectively. In view of these dissim-
606ilarities between soil locations, further research is needed re-
607garding the residence time of the elements in PM10 as well as
608their path to enter the atmosphere. Given that the present study
609only addresses the PM10 fraction, the size distribution of these
610elements in PM should also be addressed accordingly.

611Other elements as the reference element

612Ti could be another reliable element to use as R according to
613the present EF study and the literature (Cao et al. 2009; Dai
614et al. 2015). Other elements such as La and Ce may also be
615used, though bearing in mind that they can have sporadic non-
616soil contributions, e.g., Moreno et al. (2010) found that high
617values of the ratio La/Ce may indicate La emissions from
618refineries, whereas low values could point to Ce-emissions
619from the ceramic industry. Fe and Mn, which have been
620classically used as R, are not recommended, as they may
621have a significant anthropogenic influence. Lyu et al. (2015)
622used Fe as R to indicate substantial contributions of coal com-
623bustion to PM1 based on high EFs for Cd, Se and Pb. Using
624Ca and Mg as reference elements, Paulino et al. (2014) con-
625cluded that Fe and Cu may originate from brake linings and
626associated Zn and Ca with tyre wear.
627Using Ti, La and Ce as reference elements, the EFAl,UCC
628pointed to a soil origin given that 100 % of the PM10 samples
629satisfied EFAl,UCC > 20. EFAl,SOIL fell within the 0.1–9.4 range
630for R = Ti. The arithmetic mean (Al/Ti)PM10 of the 52 PM10

631samples was 19 ± 14. The highest levels of EFAl,SOIL found
632with R = Ti were shown by those PM10 samples with (Al/
633Ti)PM10 substantially above the aforementioned mean. The
634maximum (Al/Ti)PM10 was 77, due to a low concentration of
635Ti in PM10. Using R = Ti, 94 and 92 % of the samples were
636found to have EFAl,SOIL < 5 for locations C and F, respectively.
637In the case of La and Ce as R, the maximum values of
638EFAl,SOIL (0.1–14.2 and 0.1–11.9, respectively) were obtained
639for location D for days with high (Al/La)PM10 and (Al/
640Ce)PM10. With R = Ti, the elements La and Ce satisfied the
641established criteria to be considered of soil origin. Using Ce as
642R, Ti and La were found to be of this origin. Similarly, with
643R = La, the elements found to be of soil origin were Ti and Ce.
644Those elements found to be of non-soil origin with R = Al
645in the “Non-soil origin elements” section (i.e., Bi, Cd, Cu, Na,
646Sb, Se, Sn and Zn) were also included in this group using Ti,
647La and Ce as the reference elements. Cu was the exception.
648With R = La, one soil location (location B) provided 94 % of
649the PM10 samples with EFCu,SOIL > 10.
650As previously seen, using R = Al, EFX,SOIL and EFX,UCC
651presented important discrepancies for some elements. Table 5
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F652 summarises the conclusions drawn for the 32 elements present

653 in PM10 depending on the reference element considered and
654 the geochemical database employed. Major differences were
655 found in the conclusions drawn for some elements. With the
656 four elements used as R (i.e., Al, Ti, La and Ce), EFNa,UCC
657 pointed to a mixed origin, whereas EFNa,SOIL clearly revealed
658 non-soil apportionments.
659 The conclusions reached from the EFs calculated using an
660 average soil composition based on 113 local soil samples
661 within 25 km around the sampling site are presented in
662 Table 5. It should bear in mind that the standard deviation
663 was high for some elements (Online Resource 1, Table S2).
664 Using this database and R = Al, the elements Ce, La, Li and Ti
665 were associated with soil origin. Li was also found from soil
666 origin using La and Ti as R, but not for R = Ce. Bi, Cd, Cu, Na,
667 Pb, Sb, Se, Sn and Zn were associated with non-soil origin
668 regardless of the R. Additionally, Mo and Tl seemed to have
669 predominantly non-soil origin with three of the R used.

670 Conclusions

671 EFs have allowed us to distinguish the soil/non-soil origin of
672 32 chemical species determined in the airborne particulate
673 matter collected at a suburban station situated in the coastal
674 city of Gijón (north of Spain). Two databases of soil geochem-
675 ical composition were used for this purpose: local soil com-
676 position from seven locations in the surroundings of the sam-
677 pling station and the Earth’s average upper-crust composition,
678 which has been frequently used for this purpose. Furthermore,
679 Al, Ti, La and Ce were considered as reference elements.
680 The main conclusions drawn from this study are
681 summarised below:

682 & Large differences were found between EFs calculated
683 using the seven soil locations, especially for elements like
684 Mn and Co. This highlights how easily results may differ
685 even when using local soil composition. The right choice

686of the reference database for soil composition is highly
687important in order to obtain accurate results.
688& In general, the Earth’s average upper-crust composition
689gave comparable results to those obtained with the local
690soil database. However, the conclusions could differ in
691some cases (i.e., Na and Pb).
692& Aluminium, an element widely used as the reference in EF
693calculations, pointed to predominantly non-soil apportion-
694ments for As, Bi, Cd, Cu, Na, Sb, Se, Sn and Zn.
695& Ti was the only element found to be exclusively of soil
696origin using Al as R.
697& The other chemical species analysed were considered of
698mixed origin, although soil or non-soil sources may occa-
699sionally provide large apportionments.
700& La and Ce presented a strong relationship (r = 0.91), with a
701non-soil origin being predominant on only a few days.
702& Despite being commonly used for this purpose, Fe andMn
703were ruled out as possible R given the relevance of non-
704crustal apportionments. Ti, La and Ce were considered
705reliable reference elements, leading to similar conclusions
706to Al.
707& Regardless of the reference element considered (i.e., Al,
708Ti, La and Ce) or the database used in the EF calculation
709(i.e., surrounding soil locations and UCC), the following
710elements were found to be of non-soil origin: Bi, Cd, Cu,
711Sb, Se, Sn and Zn.

712Although being widely applied in the past, EFs are still
713very present in the current studies. The way in which this
714methodology is applied may affect the conclusions of the
715findings. The comparisons of the results from the EF using
716several elements as R and geochemical databases constituted a
717reliable basis for overall conclusions regarding the soil/non-
718soil origins of each analysed chemical species in PM10.
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