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Fourteen samples of deposited atmospheric dust collected during desert dust
intrusions over Granada in the summer of 2010 are studied here. During these
atmospheric dust events the PM10 ranged from 25 ug m-3 to 200 ug m-3, surpassing
occasionally the standard limit (50 ug m-3) established by the European Union
Directive as a risk for the human health. The mineralogical composition of the dust
samples is very heterogeneous, showing that the origin of collected particles is from
north-northwest of Africa and local/regional soils. The analyzed dust samples contain
between 1 and 9% of iberulites, polymineral spherical particles with diameter between
34 and 111 um. New compositional results obtained by mapping chemical elements
and mineral compositions of Iberulites with VPSEM-EDEX technology allowed as to go
further than previous studies and provide new insight on the iberulites genesis. The
SEM-microstructure analysis of the iberulites and the compositional results obtained by
VPSEM-EDEX technique showed that clay and Sulphur components are important in
determining their spherical shapes. The analysis also shows that iberulites present a
typical vortex at one of the poles and an external covering by nano-clays in laminar
clusters, a form of rind and a core internal with sizes less than 10 microns. On the
other hand, the micromorphological analysis evidences that the bacteria and its
polymeric exudates participate in the iberulite genesis, acting as aggregation agents
and contributing to its protection and compensating its fragility. The role of bacteria and
its polymeric exudates in the iberulite genesis has not been described previously, and
it would explain the flux, transport and survival of tropospheric microorganisms over
long distances. These new observations and finding led us to take into account the role
of bacteria in iberulite genesis and to reconsider the previous hypothesis regarding the
iberulite genesis proposed in previous works.
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Cover Letter

Editor-in-Chief

Atmospheric Research

Dear Editor:

Please find enclosed the manuscript entitled "Genesis and provenance of
atmospheric iberulites in Granada basin (Southern Iberian Peninsula)" to be
considered for publication in Atmospheric Research.

The manuscript fits the aims and scope of this journal since it deals with “Air
pollution”, in particular with a topic of large interest for the scientific community
as well as for policy makers since better understanding on the Iberulites (a new
type of spherical aerosol giant particle), and its composition, origin and the
potential to affect health and ecosystems. Whereas some papers have studied
the iberulites (origin and compositions), in this work we analyzed: 1) the
mineralogical composition, including some particular results, and compared with
other reported studies; 2) the REE composition, which has not yet been studied
during African dust intrusions over southern Spain; 3) the identification of source
regions of sedimentable mineral dust using mineralogy and REE as fingerprints
of provenance; 4) the analysis of their genesis by bacterial mechanisms, not
studied previously; 5) its high porosity permits them to stay for a long time in the
atmosphere and to behave as intercontinental vehicle (“shuttles”) for the transport
and survival of microorganisms.

Such a methodologically complete and multidisciplinary approach, with novel
objectives, has not been attempted to date.

In our future studies, we will investigate types of microorganisms carried by the
dust.

Thank you very much for your attention.

Yours sincerely,

Alberto Molinero-Garcia

University of Granada



Response to Reviewers

Review of “Intrusions of dust and iberulites in Granada basin (Southern lIberian
Peninsula). Genesis and formation of atmospheric iberulites” by Parraga et al.

We would like to express again our sincere gratitude to reviewers for their comments.
We believe that the paper has improved with this modifications. Hereafter, our
answers to reviewers are shown in bold.

Reviewer #2 (blue):

Authors responded the comments well, they have shorten section 3.3 and 3.4 and revised
the title of the paper so that it reads clear and close to the main contents.

I have only one suggestion for the item #3 of highlights, namely "New insight on the
iberulites genesis due to both elements and mineral distribution”, this sentence is not
informative, it would be better to state what kind of new insight on the iberulites genesis is
obtained from this research, or alternatively, this item can be deleted because the latter two
items did provide the "new findings" of the study.

We agree and following the reviewer suggestions, we have removed the item #3 of
highlights: ""New insight on the iberulites genesis due to both elements and mineral
distribution™.



Highlights

1 Highlights:

2 ¢ Iberulite, microspherulite with vortex, both mineral and microorganisms assemblage.
3 e The Clay and the S components are decisive in Iberulites spherical shape.

4 e Bacteria act as an aggregation agent for Iberulites.

5 ¢ Micromorphological evidences the bacteria implication in the iberulite genesis.



Graphical Abstract Click here to access/download;Graphical Abstract;Parraga et al Graphical Abstract.tif =

_,r"'fﬂ “a,_.ﬂtﬁuim [Saharan Aiquﬂ]_-j.

,,-"f' Pesaninteng i.-h.l
e T, | dkenhidipien
fom =iy -|-f_{> #EEH?D o
__—45"“\ I"\._ e i @ o
/"J ____F—",/ tniloud seaienaing [Rakm out inslde clowd]
r
e ",
o '\J‘I Armtpherit dust
o~ ,__/"f abarnn
/’/ F If T ..
P b 4
||I 'ﬂu'!!ﬂv..alﬂll\ Ory depaution
with migbes e
. = i e
Misist air e Atlantic Ocean m" I:Ir.llth'wdnm:_ - f‘_ ) .
of Meditemansan Sea - [Diry i} "1:,
s |.\ 5 "#‘-‘ o ;
T_L.-" " i#* 1______:' SPAIN .f'"f

g Wi/? Sahara—Sahei r:“f e


https://www.editorialmanager.com/atmosres/download.aspx?id=82459&guid=3fc64788-8ae0-45d7-8519-cecfbc62ba45&scheme=1
https://www.editorialmanager.com/atmosres/download.aspx?id=82459&guid=3fc64788-8ae0-45d7-8519-cecfbc62ba45&scheme=1

Manuscript File Click here to view linked References %

1 Intrusions of dust and iberulites in Granada basin (Southern
12 Iberian Peninsula). Genesis and formation of atmospheric
23 iberulites

-5 J.Parraga?, J.M. Martin-Garcia? G. Delgado?, A. Molinero-Garcia®*, A. Cervera-Mata?,
96 |. Guerra®, M.V. Fernandez-Gonzalez?, F.J. Martin-Rodriguez?, H. Lyamani®d, J.A.

7 Casquero-Vera®d, A. Valenzuela®d, F.J. OImo®d and R. Delgado?

158

199 ?2Department of Soil Science and Agriculture Chemistry. Faculty of Pharmacy, University of
210 Granada.

2211 b Unidad de Microscopia Electrénica de Barrido de alta resolucion y Microanalisis. Centro
2612  de Instrumentacion Cientifica.

283 ¢ Andalusian Institute for Earth System Research, IISTA-CEAMA, University of Granada,
3114 Junta de Andalucia, Granada 18006, Spain

3315 dDepartment of Applied Physics, University of Granada, Granada 18071, Spain

3817  *Author for correspondence. Email: amolinerogarcia@ugr.es

4319 Abstract:

4@0 Fourteen samples of deposited atmospheric dust collected during desert dust intrusions over
4&1 Granada in the summer of 2010 are studied here. During these atmospheric dust events the
522 PM10 ranged from 25 pg m= to 200 pg m3, surpassing occasionally the standard limit (50
5?3 ng m3) established by the European Union Directive as a risk for the human health. The
524 mineralogical composition of the dust samples is very heterogeneous, showing that the

585 origin of collected particles is from north-northwest of Africa and local/regional soils. The

60 . . . . .
g6 analyzed dust samples contain between 1 and 9% of iberulites, polymineral spherical
62 1
63

64


mailto:amolinerogarcia@ugr.es
https://www.editorialmanager.com/atmosres/viewRCResults.aspx?pdf=1&docID=4477&rev=2&fileID=82420&msid=8ce238cd-dbb2-4bc1-918c-80e7455729ae
https://www.editorialmanager.com/atmosres/viewRCResults.aspx?pdf=1&docID=4477&rev=2&fileID=82420&msid=8ce238cd-dbb2-4bc1-918c-80e7455729ae

1634

237

289

331

444

4615
47
48
496
50
51
55/
53
548

56
579
58
530
60
61
62
63
64
65

particles with diameter between 34 and 111 um. New compositional results obtained by
mapping chemical elements and mineral compositions of iberulites with VPSEM-EDEX
technology allowed as to go further than previous studies and provide new insight on the
iberulites genesis. The SEM-microstructure analysis of the iberulites and the compositional
results obtained by VPSEM-EDEX technique showed that clay and sulphur components are
important in determining their spherical shapes. The analysis also shows that iberulites
present a typical vortex at one of the poles and an external covering by nano-clays in laminar
clusters, a form of rind and a core internal with sizes less than 10 microns. On the other
hand, the micromorphological analysis evidences that the bacteria and its polymeric
exudates participate in the iberulite genesis, acting as aggregation agents and contributing
to its protection and compensating its fragility. The role of bacteria and its polymeric
exudates in the iberulite genesis has not been described previously, and it would explain
the flux, transport and survival of tropospheric microorganisms over long distances. These
new observations and finding led us to take into account the role of bacteria in iberulite
genesis and to reconsider the previous hypothesis regarding the iberulite genesis proposed

in previous works.

Keywords: Saharan dust; Iberulites genesis; Rare Earth Elements; Bacterial EPS; Human

Health.

Highlights:

¢ Iberulite, microspherulite with vortex, both mineral and microorganisms assemblage.
e The Clay and the S components are decisive in Iberulites spherical shape.
e Bacteria act as an aggregation agent for Iberulites.

¢ Micromorphological evidences the bacteria implication in the iberulite genesis.
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1. Introduction

Every year between 1 and 3 billion tons of dust are emitted into the atmosphere from arid
and semi-arid areas, particularly from the Sahara and Sahel (North Africa), which are
responsible for 50-70% of the global dust emissions. Due to its proximity to the African
continent, the Iberian Peninsula is frequently affected by desert dust intrusions, especially
in the summer season (e.g., Valenzuela et al., 2012a). This dust intrusion phenomenon also
affects a large area of Europe, with annual dust mass concentrations between 80 and 120

Tg (e.g., Peyetal., 2013).

During major dust intrusions from North Africa the concentrations of PM10 (particles with an
aerodynamic diameter < 10 um) often exceed the European PM10 air quality standard limits
in different European countries (Rodriguez et al., 2001; Reyes et al., 2014), negatively
affecting public health (Varga et al., 2014; Oduber et al., 2019). In addition to the effects on
human and animal health, the mineral dust also affects climate and ecosystems (e.g., Jeong

et al., 2016).

In order to better understand the effects of the dust on climate, atmospheric chemistry,
biogeochemical cycles and primary biological production more dust mineralogical studies
are still needed (e.g., Engelbrecht et al., 2016). In this sense, the aerosol mineralogy is a
difficult property to study due to the difficulties inherent in studying very small objects, such
as dust particles, using highly specific techniques including Scanning Electron Microscopy
(SEM), Trasmisision Electron Microscopy (TEM) and Energy Dispersive X-Ray

Spectroscopy (EDX).

On the other hand, the study of the geographical origin of atmospheric dust is an innovative
topic of great interest. Scheuvens et al. (2013) used the mineralogical composition of African
dust to detect the origin of transported dust. The rare earth elements (REE: lanthanides and

yttrium) are also good dust tracers of geochemical processes and dust origin as they are
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closely related to the materials of the source area (e.g., Wang et al., 2017). However, there
are few REE studies of the atmospheric dust deposited in the Iberian Peninsula. Another
method most frequently employed by the scientific community to determine the origin of
desert dust is that based on the analysis of the back-trajectories of air masses (e.g., Lyamani

et al., 2005; Valenzuela et al., 2012a).

The atmospheric African dust reaching Spain contains up to 47% of giant polymineral
particles with diameters between 50 and 200 um, generated by atmospheric aggregation.
These particles were named iberulites by Diaz-Hernandez and Parraga (2008). Iberulites
were observed in Mallorca (Spain) by Fiol et al. (2001, 2005) and in Tenerife (Canary
Islands, Spain) by Cuadros et al. (2015). Furthermore, Iberulites were also observed in
atmospheric air masses from Saudi Arabia (Posfai et al., 2013) and in Volgograd (Russia)
(Kuzmichev et al., 2017). The potential of iberulites to adversely affect human/animals health
is due to the fact that they are constituted by potentially harmful micro- and nanometric
breathable particles (Vahlsing and Smith, 2012) and they are able to transport biological
materials, thus converting them into potential vehicles for pathological infections of humans
and animals (Péarraga et al., 2013). The microstructure of these aeolian particles is closely
related to their genesis in the atmosphere and to processes occurring when they fall to the
ground (Diaz-Herndndez and Pérraga, 2008; Jeong and Nousiainen, 2014; Jeong et al.,
2014; Diaz-Hernandez and Sanchez-Navas, 2016). Until now, there is little knowledge about
the transformation processes as well as about mineralogical and biological compositions of

iberulites and, therefore, more studies are needed to improve our knowledge about them.

The main aim of the present work is to explore the mineralogical composition of deposited
atmospheric aerosol particles during African dust intrusions over the city of Granada (Spain).
We will also study their REE composition, which has not yet been studied during
atmospheric dust intrusions over southern Spain. In addition, special emphasis will be put

on the identification of source regions of deposited mineral dust using mineralogy and REE
5
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composition as well as air mass back-trajectories. Finally, we will study the iberulites during

the African dust events and their genesis by bacterial mechanisms, not studied previously.
2. Sampling and methods
2.1 Sampling site

Experimental measurements were obtained in the metropolitan area of Granada (37° 08’
59” N, 03° 37’ 59” W, 650 m a.s.l.). Granada is a non-industrialized Spanish city with a
population of about 250.000, located in the southern Iberian Peninsula, around 50 km from
the Mediterranean Sea. Climate is semi-arid to dry ombrotype and meso-Mediterranean
thermotype with marked cycles of drought and precipitation every 5 to 10 years. Granada is
situated in a natural basin surrounded by mountains (1000 - 3398 m a.s.l.) of siliceous
dolomitic limestone. Soils are mainly calcareous Fluvisols, under irrigation or dedicated to
olive groves. Due to its proximity to the African continent, Granada is frequently affected by
Saharan dust intrusions. The number of African dust intrusions is quite high, especially
during summer, with a frequency up to 45% of the days in June-August (e.g., Valenzuela et
al., 2012b). Usually, mineral dust particles are transported over Granada at high altitudes of
up to 5500 m a.s.l. However, in some cases African dust reaches surface ground level due
to dry or wet deposition (e.g., Calvo et al., 2010). The local aerosol sources are mainly the
heavy traffic, the domestic heating and the re-suspension of material available on the
ground, especially during warm season. The reduced rainfall and the dryness of the terrain

can increase the contribution of local mineral dust (e.g., Lyamani et al., 2010).
2.2. Collection of dust, iberulite and soil samples

The sampling station, with collectors of deposited atmospheric dust (DAD) by dry deposition,
was located on the roof terrace of a building some 10 m above the ground on a mast 2 m
higher than the terrace (Diaz-Hernandez and Parraga, 2008). The terrace was covered with

coarse gravel (20-40 mm diameter), which, to a large extent, prevent the resuspension of

6
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the dust deposited there. The station has been in operation since 2004. Sampling was
carried out weekly. Deposited dust concentration was determined by weight. In the present
study, 14 DAD samples collected during atmospheric dust intrusions over Granada in the
summer of 2010 are analyzed in more detail (Table 1). It should be noted that we opted to
analyze DAD samples from the summer of 2010 because this year was the year with the
most dust intrusions in the southern Iberian Peninsula, according to the CALIMA network

(www.calima.ws/2010.pdf).

The quantity and size of iberulites (Table 1) were estimated from digital images (program
Analysis-getIT), counting around 500 dust particles from each sample. These patrticles were
isolated from the fine fraction (<200 um) (obtained by sieving the dust) in the object field of

a stereomicroscope (Olympus B061) using a sleeved needle.

In order to study bacteria, soil samples (calcareous Fluvisol) were collected during summer
2010 close to the station (37.15° N, 3.63° W) with horizon Ap (0-20 cm) being selected. For
the mean mineralogical compositions of the most common soils in Granada we used the
data reported by Marquez (2012), who studied a soil of the same type and close to our
studied soil, with an Ap horizon of sandy loamy texture (35.6% sand, 47.8% silt and 16.6%
clay), 1.70% organic carbon, 0.19% N, pH (water) 7.3, 21% CaCOs and totally saturated in

exchange cations.
2.3. Suspended particulate matter

The measurements of the concentration (in pg m-3) of atmospheric particulate matter PM10
were taken at the EMEP (cooperative programme for the monitoring and evaluation of the
long range transmission of air pollutants in Europe) background station in Viznar, 10 km
from the city. The PM10 dataset registered at this background station are very useful for the
detection of long range transported aerosol particles such as Saharan mineral dust. Also,

these data can give us more insight about the impact of the different African dust intrusions
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on background aerosol concentration over Granada metropolitan area. As the station is an
EMEP station, site selection criteria, sampling, analysis and data quality control protocols

are pre-established (EMEP, 2001).
2.4. Methodology. Analysis of deposited dust and iberulites

A more detailed description of the sampling methodology, sample treatment and analytical
procedures used here is given by Diaz-Hernandez and Parraga (2008) and Parraga et al.
(2013). A brief description of the methods and instrumentation used in this study is provided
here. In this work we also included new analytical methods for the determination of some
REE contents and news in the study of the mineralogical composition by X-ray diffraction

(XRD) and Electron Microscopy techniques.

The size distribution of particles collected in DAD samples was obtained by Wet dispersion
laser diffraction (Mastersizer 2000, Malvern Instruments Ltd., UK). For the analysis of the
mineralogical composition of DAD samples we used XRD technigue. The diffraction patterns
were obtained by Brucker AXS D8 ADVANCE instrument using Cu Ka radiation by
continuous scan between 3 and 70° 26 with velocity of 2° min™t. The obtained diffractograms
were interpreted using the XPowder Program (Martin, 2004). Percentages of mineral
contents were estimated using intensity factors of Schultz (1964), Barahona (1974) and
Delgado et al. (1982). The presence of palygorskite was investigated with the peak at 0.63
nm (basal distances d2o0; 15% intensity). For identification of dust origin the obtained mineral
compositions are presented in the triangle Carbonates (calcite + dolomite) — Tectosilicates
(quartz + K-feldspar + plagioclases) — Phylllosilicates + Fe oxides (hematite + goethite)

(Calero et al., 2009).

On other hand, the REE contents in DAD samples were determined by ICP-MS method
(inductively coupled plasma mass spectrometry) with quadrupole ion filter ICPMS NEXION

300D PERKIN-ELMER, USA. For ICP-MS analysis, the collected samples were previously
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disaggregated in HNOs and HF. The REE were grouped into: Light (LREE: La, Ce, Pr, Nd),
Medium (MREE: Sm, Eu, Gd, Tb, Dy) and Heavy REE (HREE: Ho, Er, Tm, Yb, Lu). Note
that Y was not considered in this classification. REE concentrations were chondrite-
normalized (using standard CI chondrite of McDonough and Sun, 1995), with Y represented
between Ho and Er (Korotev, 2009). After that, we calculated the geochemical indices
HREEN/LREEN and MREEN/LREEN and the anomalies Ce/Ce*, Eu/Eu* and Y/Y* (Ce/Ce* =
Cen/(LanxPrn)Y2; EU/EU* = Eun/(SmnxGdn)Y?; YIY* = Yn/(HonxErn)Y?, where the suffix “n”
indicates that the chondrite-normalized value was used) (Mourier et al., 2008; Laveuf and

Cornu, 2009).

For the analysis of the morphology (external morphology and internal microstructure) and
elemental composition of iberulites collected in DAD samples we used Scanning electron
microscopy (secondary and backscattered electrons) and electron microanalysis methods
(SEM Hitachi S-510, VPSEM Zeiss SUPRA40VP and Rontec—-EDX) as well as image
analysis (IA). For VPSEM-EDX mapping, the DAD samples were embedded in Epon resin
and the iberulites were cut with a diamond microtome to expose their interiors. The
mineralogical compositions of these cut iberulites were determined using maps of chemical
elements by comparisons with mineral standards. For thin sections (70-90 nm) of iberulites,
high resolution transmission electron microscopy (HRTEM) technique was used (STEM
PHILIPS CM20, Holland). For VPSEM observation of bacteria in deposited dust samples,
iberulites and soil, the samples were first fixed with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer, and subsequently fixed with 1% osmium tetroxide, dehydrated with alcohol, dried
using the critical point method and finally they were coated with carbon (Kuo, 2007). Other

samples were simply covered with carbon.

All equipment detailed in this section belongs to Centro de Instrumentacion Cientifica (CIC),

University of Granada.

2.5 Detection of desert dust events and identification of their origin
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For detecting the African desert dust intrusions over the Iberian Peninsula, CALIMA uses
the models SKIRON, BSC-DREAM, NAAPs and HYSPLIT4 backtrajectory analyses
(Draxler et al., 2003), as well as synoptic meteorological charts, satellite images, and surface
data (particulate matter recorded at air quality monitoring background stations). The air
mass backward trajectories calculated by HYSPLIT were used to detect the source regions
of desert dust observed over our study area during 2010 by the method described by
Valenzuela et al. (2012b). This method assumes that the dust particles are confined to the
mixed layer at the potential source region, and that the air mass is loaded by desert dust
when the air mass altitude is lower than or close to the altitude of the mixed layer at potential

source.
3. Results and discussion
3.1 Concentrations of PM10

The evolution of mean daily concentrations of atmospheric PM10 during the study period is
shown in Fig. 1. These atmospheric PM10 concentrations ranged from 25 pug m= to 200 g
m-3 during the analysed period. Some PM10 concentrations were greater than 50 pg m=3,
the standard limit established by the European Union Directive (2008/50/EC). The highest
PM10 values were observed from 7" to 13t August, reaching the maximum value of 200 ug
m=3 on 10 August. African dust intrusions are common in the Granada basin between May
and October, although there may also be events in February-March (Rodriguez et al., 2001;
De la Rosa et al., 2010; Valenzuela et al., 2012b). Fourteen desert dust intrusions over our
study area during the summer 2010 have been confirmed by the CALIMA network

(www.calima.ws). In fact, high PM10 values observed during the analyzed period were

associated with Saharan Dust Outbreaks (shaded areas in Fig. 1b) as confirmed by CALIMA

(www.calima.ws). According to the CALIMA network, 2010 was the year with the greatest

number of Saharan Dust events, with 32 dust events, during the period 2004-2015. The total

number of Saharan Dust events in the southeast of the Iberian Peninsula between 2004 and
10
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2016 was 314 African dust intrusions, giving 1349 days of Saharan events (www.calima.ws).
In addition, the air mass backward trajectories calculated by HYSPLIT show that the source
regions of desert dust at our study area during the summer 2010 were Western Sahara,

northwestern Mauritania and southwestern Algeria.

3.2 Deposition and granulometry analyses of deposited dust and iberulites

The deposition rate (Fig. 1) shows a high variability ranging from 23 mg m2 day* (for JP0O1
sample) to 168 mg m? day* (for JP04 sample). The mean deposition rate was 57 mg m-?
day! during the analyzed period. As can be seen, high deposition rates were registered in
July-August and low ones in June and last October. No direct relationship could be observed
between PM10 concentration (Fig. 1b) and deposition rate (Fig. 1la), since PM10
concentration only include particles with diameter lower than 10 um and collected samples
include particles with size larger than 10 um. In fact, the maximum deposition rate was
observed during 21-27 July while the highest PM10 concentration was registered from 6 to

13 August 2010.

The collected deposited dust consisted mainly of particles with diameter less than 200 um
(mean = 92.3%) (Table 1). Particles with diameter between 200 and 500 um represented
5.8% (on average) of the total volume concentration, while those of diameter greater than
500 um only accounted for 2% of the total concentration. The data from Table 1 show that
the granulometry presents a small variation between dust events (coefficient of variation
<200 pum = 3.4%). However, some selected granulometric curves (Fig. S1) show that,
although the mean size is always fine sand (between 50 and 200 um) the mean size values

are relatively different (between 51.79 um for JP04 sample and 100.31 pm for JP0O8 sample).

In all 14 dust samples analyzed, iberulites were found. However, the quantity of iberulites

as a percentage of the total dust sample mass concentration varied considerably (coefficient

11


http://www.calima.ws/

257

13
1263

3%/0

36
P2

of variation = 88.5%), from very low (0.7% in JP13 sample) to a more elevated contribution
(9.2 % in JP02 sample), with a mean value of 2.6% (Table 1). The mass fractions of iberulites
obtained in this study are much lower than those observed in the same study zone in 2001

and 2005, which ranged from 16 to 47% (Diaz-Hernandez and Parraga 2008).

The mean apparent diameter of the iberulites collected was also variable, varying from 34
pm (sample JP10) to 111 um (sample JP14), with a mean value of 61 um (coefficient of
variation = 32.8%). Electron microscopy analysis confirmed these measurements (see the
corresponding section), and also showed that the constituent particles of the iberulites can
reach sizes smaller than 1 um. The mean diameter of the iberulites obtained in this study
(61 um) differs from that reported by Diaz-Hernandez and Péarraga (2008), 90 um, and is in

the size range (40 - 300 um) reported by Fiol et al. (2001, 2005).
3.3 Mineralogical analyses of dust samples

The mineralogical composition of the DAD analyzed in this study is very heterogeneous
(Table 2). These mineral phases are usually found in the dust samples previously studied in
Granada and its metropolitan area (Diaz-Hernandez and Parraga, 2008; Diaz-Hernandez
etal., 2011; Rodriguez-Navarro et al., 2018), and in other locations in the Iberian Penninsula
and Balearic Islands (Queralt et al., 1993; Avila et al., 1997; Fiol et al., 2001, 2005; Fornds
et al., 2004). However, palygorskite, detected in African dust over Iberian Peninsula by
Queralt et al. (1993), Avila et al. (1997), Fiol et al. (2005), Fornés et al. (2004), Diaz-
Hernandez et al., (2011) and Rodriguez-Navarro et al. (2018) (Table 3) was not detected in
the dust samples studied here by XRD nor by VPSEM-EDX method (see the corresponding

section).

The mineral composition is variable (Table 2), dominated by phyllosilicates, quartz and

dolomite. Gypsum presented very low content (<3 %), possibly as an atmospheric
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neoformation product of the attack of atmospheric H2SO4 on some primary minerals as

smectites and calcite (Diaz-Hernandez and Parraga, 2008).

Due to the small quantities collected in dust samples, iberulites could not be analysed by
XRD. However, the mineral composition of iberulites reminds the composition of the dust,

according to the results from electron microscopy and microanalysis (see Section 3-5).

In the triangle Carbonates — Tectosilicates — Phylllosilicates + Fe oxides (Fig. 2) the samples
studied here occupy a relatively small zone, characterized by higher contents of
Phyllosilicates + Iron forms and a composition of Carbonates and Tectosilicates that
maintain their relative proportions, except for JPO8 sample, which was rich in Tectosilicates.
When atmospheric dust samples from the bibliography (Queralt et al., 1993; Avila et al.,
1997; Fiol et al., 2001, 2005; Formoés et al., 2004; Diaz-Hernandez y Parraga, 2008; Diaz-
Hernandez et al., 2011; Rodriguez-Navarro et al., 2018) as well as the data of the regional
soils (Sierra Nevada, Sierra Gador and Granada) (Delgado et al., 2003; Martin-Garcia et
al., 2004; Marquez, 2012) are also considered, the following finding can be highlighted (Fig.

2):

1) Mineral composition of the different dust samples shows a large dispersion, although
always below the line of 55% carbonates, which again evidence the mineral
heterogeneity of the atmospheric dust samples. However, it cannot be discarded
that the different methods used for mineral composition analysis (Table 3) could
contribute to this dispersion. Avila et al. (1997) and Queralt et al. (1993) applied
XRD-Chung’s method, Diaz Herndndez and Parraga (2008) employed X Powder-
RIR method, Fiol et al. (2005) and Fornds et al. (2004) used the XRD method of
direct measurement of areas (or heights), and Jeong et al. (2014) applied the
counting grains method in micrograph obtained by microscope. The comparison of

different mineralogical analysis methods is beyond the scope of the present study.
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2) No significant mineralogical differences were detected between the types of dust

events: red rain, dry deposition or wet deposition.

3) The mean mineralogical compositions of the silt and coarse sand fractions of the

most common soils in Granada and surrounding area (Marquez, 2012) were similar
to the compositional sub-triangle of the dust samples of Granada and metropolitan
areas. However, the mineralogical composition of soil clay fraction was close to the
apex Phyllosilicates+lron forms. These results point to regional soils as one of

possible sources of atmospheric dust collected in our samples.

4) The mineral compositions of silt and sand fractions of the other soils of the region

(also included in the ternary plot) such as those of Sierra Nevada (Martin-Garcia et
al., 2004) or Sierra de Gador (Delgado et al., 2003), being preferentially
decarbonated, were only comparable with our dust samples in their relative
proportions of Phyll-Fe/ Tectosilicates. Our samples contain higher contents of
Phyllosilicatos+FeOx than the other soil samples (approx. 20% higher). The clay
content in soil samples was richer in Phyllosilicates+FeOx than found in our

collected samples.

Scheuvens et al. (2013) established different “fingerprints” of African dust origin, based on
XRD’s mineralogical analysis. According to these authors, mineral dust detected in DAD
samples studied here was originated from the Atlas mountains and the coastal region of the
Western Sahara and Western Mauritania (Atlas - west coast), since lllite/kaolinite ratio was
>1.6, chlorite/kaolinite ratio was in the range 0.0-1.0, and carbonate content (calcite +
dolomite) was intermediate to abundant (frequently >30 %), Table 3. Only samples JPO1
and JP08 do not satisfy these criteria (Table 2). These results are in good agreement with

the results obtained by air mass back trajectories analysis.

14
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According to Scheuvens et al. (2013), the mineral dust, analyzed in the bibliography (Table
3), could have the same origin as the mineral dust studied here or it could come from
Southern Algeria and Northern Mali. The presence of paragonite (sodium mica) in our
samples (Table 2), a mineral species that is not found in African soil samples but that is
abundant in Betic materials from Southern Spain (Martin-Garcia et al., 1997) and the higher
content of dolomite with regard to calcite in our samples (Table 3) point to the contribution
of Betic materials from Southern Spain region to our collected dust samples This would be
a new evidence of contributions from the south of Spain diluting the African dust and another
possible reason for palygorskite not being detected. In the other Spanish dusts in the
bibliography, paragonite has only been described in Sierra Filabres (Queralt et al., 1993)
and some samples from Granada (Diaz-Hernandez et al., 2011), coinciding (in accordance

with our results) with calcite/dolomite ratios <1 (Table 3).

Furthermore, we calculated the mineralogical ratios-fingerprints of Scheuvens et al. (2013)
for some Spanish soils (Entisols of Sierra Nevada, Martin-Garcia et al., 2004, Luvisols and
Cambisols of Sierra de Gador, Delgado et al., 2003) that are possible sources of mineral
dust collected in our samples (Table 3). In the case of Entisols, the mineralogical ratios
presented the following mean values: lllite/kaolinite silt + clay = 11,4 (>1,6), chlorite/kaolinite
clay = 0,7 (0.0-1.0) while for Luvisols and Cambisols the mean ratios values were:
lllite/kaolinite< 50 um = 37,6 (>1,6), chlorite/kaolinite< 50 um = 0,4 (0.0-1.0). These results
fit the Scheuvens et al. (2013)’s requirements for ‘foothills of Atlas mountains and western
coastal region’ dust source. This casts doubt on our use of the ratios of Scheuvens et al.

(2013) and provides further proof that our dusts could originate from Spanish soils.

The presence of smectite and “mixed-layer” in our samples (Table 2) does not indicate
provenance either, since these are minerals found in both soils and atmospheric dust
(amongst others, by Jeong et al., 2016). Nonetheless, the presence of smectite is of interest

due to its being a constituent of iberulites (Diaz-Hernandez and Péarraga, 2008).
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3.4 Rare Earth Elements (REE)

Table S1 shows the contents of rare earth elements in dust samples collected at Granada
during summer 2010. Chondrite-normalized profiles (Fig. 3) present values greater than 1
(higher quantities than in the reference meteorite) and confirm the enrichment in LREE,
shown by a steep negative slope (with increasing atomic number) which becomes less
pronounced after Eu and almost flat in the HREE region, although some samples show an
upward slope between Tm and Lu. This result is in good agreement with the values of the
ratios MREEN/LREEN, between 0.09 and 0.13, and HREEN/LREEN, between 0.15 and 0.21

(Table 4).

In addition, all our samples show a pronounced negative europium anomaly (Fig. 3), with
values of Eu/Eu* between 0.66 and 0.82 (Table 4). The highest Ce/Ce* anomaly value (1.17)
was obtained in JPO7 sample while the highest Y/Y* anomaly values (1.20 and 1.21) were
observed in JP03 and JP08 samples, respectively). The rest of the samples show anomalies

close to unity, mainly positive.

Rare earth elements were used also as ‘fingerprints’ of dust provenance comparing our
dusts with their potential source materials (Tables S1 and 4; Figs. 3 and 4). For comparison
we used the REE values reported for the arable layer of Spanish Soils (Locutura et al., 2012)
(SS), the arable layer of European Soils (Salminen et al., 2005) (ES), African Dusts (Muhs
et al., 2010) (AD), resuspended soils and aeolic materials from the Sahara-Sahel corridor
(Moreno et al., 2006) (SSH), and regional materials derived from metasedimentary rocks
(Sierra Nevada) (Torres-Ruiz et al., 2003) and igneous rocks (Los Pedroches batolit)

(Pascual et al., 2008).

As can be seen in Table S1, the lanthanides of SS, ES, AD and SSH follow the same pattern
as that of our dust samples, namely 2 LREE>*MREE>XHREE. Chondrite normalization (Fig.

3) showed enrichments in LREE with steep slopes near the HREE region, finishing with an
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almost flat profile in HREE region for the SS and ES soil samples and a sawtooth profile for
SSH samples. However, in SSH samples, materials HM1, HM2, MON and WS3 stood out
for the upward slope in the last part of the HREE region (Lu higher than its adjacent Yb), as

occurred in some of our atmospheric dusts.

The mean content of 2REE in our dust samples (70.1 ppm, Table S1) was lower than that
of the upper horizons of the SS (187.6 ppm), ES, AD and SSH samples. The lower ZREE
content in our dust samples may be due to their granulometry (mainly fine sand - >50 um,
<250 um-; Table 1, Fig. 2), coarser than SS, ES and SSH, since the REE are usually
concentrated in the fine silt fractions (2 to 50 pum) and clay fractions (<2 um) (Prudéncio et

al., 1993; Aide and Smith-Aide, 2003; Marques et al., 2011).

The geochemical index HREEN/LREEN of our dust samples (in the range 0.09 — 0.13; Table
4) is more similar to the reported for SS samples (0.10) and fairly close to the reported for
ES and WS1 samples (both 0.17). MREEN/LREEN reported for SS (0.17), HM1 (Hoggar
Massif) (0.19) and WS3 (Western Sahara) (0.18) are within the range of values obtained for

our dust samples (0.15 - 0.21).

The geochemical anomaly of cerium (Table 4), which is not significant in most of our dust
samples (close to 1.00), is similar to that reported for SS and ES samples (both 1.01), and
to that of the samples CB1 (Chad) (1.02) and WS2 (Western Sahara) (1.01). In some
samples, the cerium anomaly is more pronounced, e.g. in sample JP07 (1.17) and in MON
(Niger) of SSH (1.11). The Eu/Eu* anomaly is always negative (<1) in all samples and the
yttrium anomaly of our samples is almost similar to that reported for SS (0.98) and HM2

(Hoggar Massif) (0.94).

Consequently, in view of these findings, one cannot discard the contribution of materials
from the arable layer of Spanish or European soils or from those of the Sahara Sahel and

African Dust to our collected dust samples. This influence is displayed graphically, based on
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different geochemical indices (Fig. 4). The points representing the composition of our
atmospheric dust from Granada are located in a compact group. In diagram Lan/Ybnvs
Eu/Eu* (Fig. 4a) the group is segregated from the rest of the materials, although the closest
are the Spanish soils, materials CB1 and CB2 (from Chad), some samples of the dust from
Africa described by Muhs et al. (2010) and the igneous rock from Los Pedroches (Pascual
et al., 2008). In diagram Gdn/Ybn vs EU/Eu* (Fig. 4c) the area occupied by the group of
atmospheric dust from Granada is next to a sample from the Chad basin and close to the
atmospheric dust from Africa, the Spanish soils, a sample from the western Sahara and,
again, to the igneous rocks. In diagram Lan/Ybn vs Smn/Ybn (Fig. 4c) area occupied by the

group of dust samples from Granada includes the representative point of Spanish soil.
3.5 Electronic micromorphology and EDX analysis of iberulites

The SEM-EDX and VPSEM-EDX results of the morphology, internal microstructure and
chemistry of iberulites detected in samples collected in Granada in summer 2010 are shown
in Figs. 5 and 6. The characteristics described in Figs. 5 and 6 are may be related to the
formation of Iberulites. Iberulite morphology is due, amongst other processes, to the
interaction of waterdrops and dust particles and their subsequent evaporation during its
atmospheric transport (Fiol et al., 2001; Diaz-Hernandez and Péarraga, 2008) which gives
rise to their pseudospherical shape and their different zones (Figs. 5a and 5c¢): 1) core zone,
internal zone, with coarser particles; and 2) rim with finer particles and vortex, an orifice at
one of the poles. This morphology determines their behaviour in the air and in the ground
surface after their deposition, which may have environmental and public health implications.
The porous internal structure of the iberulites (Figs. 5¢ and 5i) makes them relatively well-
equipped to stay longer in the air compared to particles with the same volume but of much
greater weight. Furthermore, their external covering by clay, in laminar clusters (Fig. 5f),
gives them a certain resistance to disaggregation within the clouds, the wind and the impact

with the ground and enables them to travel long distances.
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When iberulites fall on a surface (ground, vegetation, roofs, paved areas) their
microstructure again has an important role, since, despite the protective external covering
of the rind, they can break easily, as most of their volume consists of an internal aggregate
of particles with little cohesion between them, thus affording little resistance (Fig. 5i). But as
we will see in the following section, the exudates bacterial make the cements sticky between

mineral particles in iberulites which increase their resistance to disaggregation (Fig. 7e).

Thus, iberulites act as stores and diffusers of particles of all sizes representing a significant
volume of the event. The data of Jeong et al. (2014) can illustrate this fact since giant
aggregates of particles (>10 microns) from the Gobi Desert, sampled during a storm in 2012,
accounted for only 20% of the total number of particles of the event as opposed to 89% of

the total particles by volume.

These smaller constituent particles of iberulites, which are transported in great quantities by
them and released from the iberulites during their disaggregation, can potentially be inhaled
by people (as many of these particles have diameter less than 10 microns, Figs. 5 and 6)
with concomitant effects on health (Parraga et al., 2013; Oduber et al., 2019). On the other
hand, when these particles transported by the iberulites spread out after their impact with
the ground surface they can affect the biogeochemical cycles of both land and sea (as
reported by Jeong et al., 2016), modifying their chemistry by contributing materials different

to those of the location.

The EDX microanalysis with SEM (Figs. 5e, 5g) of the iberulite surface (without sectioning)
provided information on chemical and mineral composition. The principal constituents
detected were: O, Si, Al, Ca, Fe, K, Mg, Na, Ti and S. This elemental composition is
substantiated by the XRD mineralogy (Section 3.3), as we described tectosilicates (quartz
and feldspars) and phyllosilicates (micas, kaolinite, smectites, mixed phases and chlorite)

which contain O, Si, Al, K, Fe, K, Mg, Na, Ti; calcium and calcium magnesium carbonates
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(calcite and dolomite): O, Ca, Mg; iron oxides (hematite and goethite): O, Fe; and sulphates

(gypsum): Ca, S.

New compositional results were obtained by mapping chemical elements and mineral
compositions with VPSEM-EDX (Fig. 6). The map of Ca (Fig. 6b) detected the particles
containing significant amounts of this element, belonging to calcite (40% Ca in theoretical
formula: CaCOs3) and dolomite (21.7% Ca in CaMg(CO3)2). The points (“calcium spots”) are
distributed randomly and are typically located in the core of the iberulite (Figs. 6b, 6¢, 6d).
However, some calcium spots may be from the gypsum grains (29.4% Ca in CaSO4-2H20)
present on the surface of the rind (Fig. 59). The Fe map (Fig. 6e) shows the particles with
relatively high Fe contents, belonging to the iron oxides present: hematite (70% Fe in Fe203)
and goethite (63% Fe in FeOOH). Fe is spread throughout the inside of the iberulite in
particles of various sizes. The S map (Fig. 6f), at the sensitivity used to capture the signal
of this element, shows an evident ring, around 5 um thick, which perfectly delineates the
shape of the iberulite, although a few signal maxima are also observed inside iberulite. This

S must be from other sources than gypsum, which is only present at <1% (Table 2).

The maps of albite (NaAlSiszOs), potassium feldspar (KAISizOs) and quartz (SiO2) (Figs. 69,
6h, 6i) show that these components are spread throughout the core of the iberulite. Another
component, denoted as clay (Fig. 6j), corresponds to an elemental composition of 59.5% O,
22.9% Si, 10.3% Al, 2.2% Fe, 1.4% Mg, 1.2% K and 0.2% Ti. These are phyllosilicate phases
which are abundant in our dust samples (Table 2): illite, smectite, mixed layers, paragonite
or chlorite. Clay minerals define the spherical morphology (circular in 2D) of the iberulite,

which help to fill it from the inside outwards and clearly dominate the exterior zone (“rind”).

These findings highlighting the spatial distribution of the component elements and minerals
(Fig. 6), graphically and concisely, go further than previous studies (Diaz Hernandez and
Parraga, 2008; Cuadros et al., 2015) and provide more evidence for the hypotheses on the

formation of iberulites. The chemical elements Ca and Fe, and the mineral phase particles
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calcite, dolomite, iron oxides, quartz, albite and potassium feldspar (Fig. 6) are distributed
within the core of the iberulite. On the other hand, the “clay minerals” (Fig. 6j) do explain the
nature of the iberulite and its spherical shape as they constitute both the greater part of the
particle grouping in its interior and the mass of its rind. If the quantity of clay is estimated
from the area occupied in Fig. 6 it would be around 50%, close to phyllosilicates content in

the dust (around 40% in most cases) measured by XRD (Table 2).

Another components involved in defining the morphology of the iberulite are sulphur phases,
S, which mark out a ring and act as a covering or casing (Fig. 6f). However, the S must be
from a different source than the gypsum as its content is less than 1% (Table 2), although
gypsum was detected on the surface of the rind (Fig. 5g). We believe, firstly, that S from Fig.
6f are elemental sulphur particles (100% S), supported by the noticeable shine of some of
the particles in the rim of Fig. 6, and, secondly this is sulphur that has been incorporated
into the expandable 2:1 phyllosilicates. In any case, the S in the iberulites seems to originate

from the atmospheric processing.

Several studies (Kulshrestha et al. 2003; Korhonen et al. 2003; Diaz-Hernandez and
Parraga 2008) have revealed that mineral dust particles get often coated with sulphate (and
other soluble material) by SO2 oxidation to SO4 during in cloud scavenging by

heterogeneous nucleation.

In our case, the H2SO4 could have two origins: a) condensation of gaseous sulfuric acid on
iberulite rind; b) absorption of atmospheric SO2 into liquid water droplets and dust particles
in clouds and on nanoclays clusters in the rind of iberulite (see Figure 8, point 5; Figure 6f).
The high surface to volume ratio that clay minerals have together with the influence of the
liquid-solid interface, allows nucleation proceeds via direct vapor deposition onto the high

surface of nanoclays clusters.
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Rodriguez et al (2011) attribute to industrial emissions in North Africa (Morocco, Algeria,
Tunisia and Libya) that the major sources of SOx are emissions from crude oil refineries and
power plants. Lastly, the intense ship traffic in Mediterranean Sea means that shipping
emissions are currently increasing. Impacts from shipping emissions on SO2 atmospheric

concentrations were reported over European sea areas (Russo et al. 2018).

3.6 Characteristics of biological activity of iberulites and its importance on their

formation

SEM and HRTEM images of the iberulites shown in Figs. 5 and 7 reveal the presence of
many biological species in iberulites, including strands of vegetable matter which act as
nucleating agents of the dust particles for later formation of the iberulite (Fig. 5d). We also
found remains of centric diatoms, of around 20 pum, probably of the Family Aulacoseiraceae
(Class: Coscinodiscophyceae, Order: Aulacoseirales), Fig. 5g. The most abundant
microorganism associated with African dust intrusion over Granada in 2010 were
Proteobacteria (74% of the total) and Firmicutes (19% of the total), with minor presence of
Bacteriodites and Actiniobacteria (<1% of the total) (Figs. 5h, 7c, 7d, 7e) (Sanchez de la
Campa et al. 2013). We even found brochosomes (Fig. 5f), superhydrophobic protein-
secreting particles with diameter in the range 0.2-20 um produced by the Malphigian tubules
of grasshoppers (Cicadellidae), one of the most diverse and abundant families of insects
(Rakitov and Gorb, 2013). The presence of biological remains in iberulites has already been
detected by Fiol et al. (2005), Diaz-Hernandez et al. (2012) and Parraga et al. (2013), even

though they were not reported to participate in the iberulite genesis.

As shown in Fig. 5h, bacteria tend to appear in colonies clustered together in microsites,
which are often situated in micro-depressions on the surface of the iberulite. However, they

are sometimes found within the matrix (Fig. 7d). A striking feature, never observed before,
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is the grouping together of bacterial bodies with mineral grains by means of extremely fine
filaments (Fig. 7f) and even biofilms (Fig. 7e). These filaments/biofilms could be flagellae,
pili, extracellular polymeric substances (EPS, biofilms) or exudates produced by the
bacteria. They are preferentially observed on the iberulite surface, being involved in the
formation of microbial aggregates adhered to mineral surfaces. The results indicate that the
bacteria might contribute to the protection and stability of the iberulite, reinforcing it and

contributing to its internal configuration. Thus, bacteria act as aggregation agent.

These new observations and results have led us to take into account the role of bacteria in
iberulite genesis and to reconsider the previous hypothesis regarding the iberulite genesis
proposed by Diaz-Herndndez and Parraga (2008) and Cuadros et al. (2015). The new
proposed iberulite genesis scheme is described in detail in Fig. 8. Mineral patrticles (and
possibly soil organic matter) and their associated bacteria (Fig. 7a) are incorporated from
soils without vegetation cover into the atmosphere by wind action (Fig. 8-1 and 8-2). The
atmospheric dust (mineral, bacteria and soil organic matter) from the surface (Fig. 8-2) could
fall again to surface by dry deposition (Fig. 8-3) or be involved in the cloud formation
processes (Fig. 8-5). In the former mechanism the dust aerosol particles (microbes, mineral
and other particles) act as cloud condensation nuclei or collides with pre-existing water
droplets within the cloud (Fig. 8-5) leading to the formation of small droplets which increase
in size through coalescence to become collector drops (Fig. 8-6). Attaining a critical radius
these collector drops leave the cloud, becoming larger “falling droplets” (Fig. 8-7) which,
through gravity, interact with the atmospheric dust column, with an increase in radius and
velocity (and therefore in Reynolds number) and abandon the cloud, once again collecting
mineral particles and microorganisms (bacteria, virus, nanoplankton, diatoms, etc.) and
finally becoming mature iberulites (with size between 34 and 111 pm). As these iberulites
are extremely porous with low density (bulk density 0.65 g cm and porosity about 50%)
(Diaz-Hernandez and Parraga, 2008) they can spend longer time in the atmosphere than
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mineral particles of similar size. Moisture is present throughout this process due to the
iberulites being composed of abundant hygroscopic clay minerals with high water retention
(Fig. 6j) and originating from drops of water. Consequently, bacterial growth and their
production of exudates (EPS) such as biofilm or filaments (Fig. 7e) is facilitated. These
bacteria and their products are either incorporated into the mass of the iberulite (Fig. 7d) or
remain on the surface (Fig. 7e, 7f) and thus contribute to the formation and stabilization of

the iberulite as a body and compensate its fragility.

Many of these bacteria are viable and resistant to the exposition to the ultraviolet radiation
because they are carried within the clayey matrix of iberulite (Fig. 7d) and can survive for a
long time in the hostile atmosphere (Yamaguchi et al., 2012; Favet et al., 2013; Sanchez de

la Campa et al., 2013).

In Fig. 7d (ultra-thin section of iberulite), we have detected nanoparticles containing EDX
spectrum iron (less than 100 nm) inside the bacteria, in the cell wall and outside, that can

induce bacterial growth and biofilm formation (Borcherding et al., 2014).

In Figs. 7e and 7f we have appreciates exudates of EPS and a filament of bacterial origin,

confirming that there is microbial activity within the structure of iberulite.

This biological material can thus travel through the atmosphere, even between continents
because the dust and iberulites can be transported from the Sahara-Sahel within the
Saharan Air Layer (SAL) which rises to about 500 mb (altitude around 6 km) to South
America (Amazonia), the North Atlantic-Caribbean area and Europe (Diaz-Hernandez and

Parraga, 2008).

This marks the end of the cycle of iberulite formation which started with the deflation of
bacteria and soil particles from the ground and ended with the growth of these bacteria

inside the iberulite and their return to the ground surface (Fig. 8).
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4. Conclusions

The paper show that the dust samples collected in Granada in 2010 (14 samples) are
mineralogically heterogeneous, both qualitatively and quantitatively, such that a single
sample is not sufficient for determination the origin of the sampled particles. The
mineralogical composition analysis showed that the sampled particles were originated from
the north-northwest of Africa (Atlas — west Sahara — Mauritania) and local/regional soil
sources. The use of REE as fingerprints does not rule out the contribution of diverse
materials such as African aeolian dusts or Spanish soils to our dusts.

The phenomena of particle aggregation are frequent in the atmosphere with no patterns of
structural organization. The complex shapes of these polymineral aggregates are irregular.
All of these shapes are different from iberulites, a new type of quasi-spherical giant
atmospheric particle formed under special conditions in periods corresponding to higher
levels of dust deposition. A distinct feature of iberulites is the vortex, which is related with
their formation mechanism and the distribution of mineral grains.

Thus, we can redefine an iberulite (bioaerosol) as “a microspherulite of clayey mud,
mechanically generated and formed in the troposphere by complex mineral grains-bacteria-
water-gas interactions. It is a coassociation with axial geometry, made up of well-defined
mineral grains, together with biological constituents, bacterial and non-crystalline
compounds (extracelular polymeric substances, EPS) structured on a coarse-grained core
internal (with sizes less than 10 microns) and a relatively more sulphurated pinkish clayey
ring (nano-clays in laminar clusters) with only a typical vortex at one of the poles and an

average size of 100um. “

Iberulites were present in all dust samples analyzed in this study with mass fraction between
0.7 and 9.2%. The SEM-microstructure analysis also shows that the clay and the S
components are decisive in determining its spherical shape. On the other hand, the chemical

elements Ca and Fe and the mineral phase particles (calcite, dolomite, iron oxides, quartz,
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albite and potassium feldspar) are distributed in the mass of the iberulite without relevance
for its spherical configuration. The micro-morphological analysis evidences the role of
bacteria in iberulite formation, which, through bacterial growth in the clouds and the descent
to earth, together with the production of EPS conjunct the mineral particles and stabilize the
pseudospheres externally. Bacterial can be an important agent in aggregation, which has
not been found or considered previously in the formation of iberulite. It is a new viewpoint.
With these new observations and results have led us to take into account the role of bacteria
in iberulite formation and to reconsider the previous hypothesis regarding the iberulite

formation proposed by previous works.

Finally, iberulites can be shuttles for the intercontinental transport of microorganisms, which
can grow inside it, being protected from UV radiation and having an environment rich in
nutrients. The iberulites are the tangible evidence of the fluid-dynamic theory applied to the
interaction of water drops, gases and dust particles in the atmosphere, giving rise to shapes

with a vortex, that until now, they had been explained in laboratory studies.
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Fig. 1. a) Deposition rates (mg m=2 day?) of the 14 samples (JP01 to JP14) from June to October 2010. b)
PM10 concentrations during summer 2010. Shaded areas show days of Saharan Dust Outbreaks according to CALIMA.
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samples from this study (except sample JP08) and others from the bibliography.
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Fig. 5. SEM (conventional) and stereomicroscope photographs, and EDX spectra of iberulites (samples from
deposited dust, summer 2010). These are aggregates (mainly quasi-spherical) of mineral particles, thus
classified as spherulites. a) SEM image of the upper part of an iberulite (V = vortex). b) Stereomicroscopy
photograph of a field of iberulites. ¢c) SEM image of sectioned iberulite. (C = corex; R = rind; V = vortex) d)
SEM image of a spindle shaped iberulite formed on a filamentous vegetable particle (F). €) SEM Image of
spherical cap opposite the vortex with EDX microanalysis in the location marked with (*). f) Detail of the laminar
rind surface, which can be considered as tactoids (T). Presence of a brochosome (Br). g) Detail of the surface
of the opposite hemisphere to the vortex and microanalysis. Crystal habit of some suggests sulphate crystals,
as gypsum (G). Remains of the siliceous frustule of a centric diatom (Aulacoseiraceae-like) (D. h) Surface with
successive layers of clay and carbonates. Microsites with groups (colonies) of bacteria (B). i) Fragmented
iberulite (C = core; R =rind).
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calcite dolomite

albite

K feldspar

Fig. 6. VPSEM-EDX study of sectioned iberulite (sampled in summer 2010) with spatial distribution of
components. a) Retro-dispersed electron image; shape almost perfectly circular, diameter approx. 120
microns; core (C) and rind (R) can be observed; the vortex must be situated in direction N-NW in the image,
as shown by thickening of rind (R). Maps of: b) Ca, c) calcite, d) dolomite, e) Fe, f) S, g) albite, h) k feldspar, i)
guartz and j) clay minerals.
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Fig. 7. Presence of bacteria and products of their activity (SEM and HRTEM images). a) Presence of chain of

bacteria with filament (F) in upper horizon of a soil close to the sampling zone. b) Iberulite with unknown
biological specimen adhering to it (shown by rectangle). c) Detail of b). Colonization of previous biological
specimen by nanobacteria (B). d) HRTEM image of intact microbial cells (B) embedded in the clayey matrix
of a polished section of an undyed iberulite. e) Aggregate of mineral particles in sample of atmospheric dust
collected in “wet deposition” — “red rain”. Bacterial biofilms (EPSs) cementing particles. f) Detail of surface of
iberulite collected in “dry deposition”. Very fine (pilum or flagellum) bacterial filament (F) which traverses and
stabilizes the surface of the iberulite (similar to the “filaments” connecting the bacteria in microphotograph a).
Images b), c¢) and d) are from samples collected by dry-deposition in summer 2015; image €), summer 2016

by wet-deposition; image f), summer 2010. All samples were taken in the sampling site.
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Fig. 8. Sequence of iberulite formation via “cloud processing” with bacterial activity. 1) The wind picks up dust
(mineral particles and bacteria) from the unvegetated surfaces of soils and sediments of African arid and semi-
arid zones. Part of this dust may be from Spain. 2) Ejection of fine particles and bacteria to altitude. 3) Columns
of suspended atmospheric dust which may fall (dry deposition). 4) Saturated air rises into the atmosphere from
the surface of marine water masses. 5) Water droplets, dust particles and microbes coincide within the clouds.
Formation of water droplets from cloud condensation nuclei —CCN-. 6) Water droplets become collector
droplets. Note increase in radius “a”. Below-cloud scavenging. Simultaneous bacterial growth. 7) Falling of
droplets and formation of iberulite with bacterial assistance. Role of EPS cements between particles (Fig. 7.e)

and stabilization of surface (Fig. 7.f).
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Table 1. Granulometric characteristics. Deposited dust® and iberulites.

Granulometric fraction (% volume)

Iberulites

Sample Sampling period >500 ym 200 - 500 pm <200 pm % ° Mean apparent diameter (um)
JPO1 01/06/2010 - 03/07/2010 1.7 1.3 97.0 1.6 53
JP02 05/07/2010 - 12/07/2010 0.5 4.6 94.9 9.2 61
JPO3 13/07/2010 - 20/07/2010 1.8 9.7 88.5 3.1 57
JP04 21/07/2010 - 27/07/2010 0.9 4.6 94.5 4.7 77
JP0O5 28/07/2010 - 02/08/2010 3.8 7.4 88.8 15 94
JP06 03/08/2010 - 10/08/2010 11 6.8 92.1 2.7 59
JPO7 11/08/2010 - 17/08/2010 0.9 3.8 95.3 1.9 48
JP08 18/08/2010 - 24/08/2010 3.0 11.0 86.0 1.6 48
JP09 25/08/2010 - 31/08/2010 2.0 6.3 91.7 11 49
JP10 01/09/2010 - 08/09/2010 23 4.9 92.8 2.7 34
JP11 09/09/2010 - 15/09/2010 17 7.8 90.5 0.9 51
JP12 16/09/2010 - 29/09/2010 3.8 5.4 90.8 4.4 53
JP13 30/09/2010 - 14/10/2010 2.0 3.4 94.6 0.7 59
JP14 15/10/2010 - 31/10/2010 23 3.7 94.0 0.8 111

aData obtained by laser granulometry (this study)
b Percentage of iberulites in particles observed
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Table 2. Mineralogy (XRD) (%) of atmospheric dust sampled.

Sample CM 1.0-1.5Ph I Pa Ka Ch Qz FdK PI Ca Do FeOx Gy
JPO1 31 2 22 5 2 3 13 <1 1 19 27 6 <1
JP02 40 5 17 9 9 1 29 <1 - 8 13 8 1
JPO3 32 9 19 <1 4 1 16 tr 3 15 27 6 tr
JP04 48 6 26 5 11 1 16 2 <1 13 17 2 1
JP05 32 3 25 <1 4 4 25 tr 1 16 18 4 <1
JPO6 56 8 31 10 7 2 14 1 - 9 15 2 1
JPO7 44 9 19 6 10 1 21 2 3 8 16 5 <1
JPO8 15 3 7 - 5 <1 64 tr - 4 17 tr <1
JP09 49 10 27 6 6 1 18 tr 2 15 15 <1 <1
JP11 43 9 19 8 7 1 26 <l <1 10 20 <l <1
JP12 37 5 28 <1 4 2 20 <1l - 11 25 5 <1
JP13 37 4 18 8 7 3 13 <l <1 12 35 <l <1
JP14 49 3 31 8 7 2 14 <1 <1 8 18 9 tr
Mean (SD) 39 (11) 6 (3) 22(7) 5(4) 6(3) 2(1) 22(14) 1 1 11(4) 20() 4(3) 1

CM: Clay Minerals sensu Schultz (1964) (all phyllosilicates except chlorite); 1.0-1.5Ph: mineral phases with reflections dooi between 1.0 and 1.5 nm spacing (mainly mixed
layers and smectites; without chlorite); II: illite; Pa, paragonite; Ch: Chlorite; Ka: kaolinite; Qz: quartz; FdK: K feldspar; PI: plagioclases; Ca: calcite; Do: dolomite; FeOx: iron

oxides; Gy: gypsum.

Sample JP10 not included in this Table due to low quantity of dust.
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Table 3. Mineralogical indices of atmospheric dust and soil samples.

Location Reference Sample Type of Period/year of II/Kat Ch/Kat Palygorlsklte Carbonates (%)* Ca/Do
event event (%)
Atmospheric dust samples this study JPO1 to JP14 DD 2010
Mean (n=13) 4.25 (2) 0.38 (2,3,4) nd (4,5,6) 32(1,2,3) 0.58
SD 2.67 0.42 9 0.21
Max 11.00 (2) 1.50 (1,4) nd (4,5,6) 47 (1,2,3) 1.00
Min 1.40 (1,2,4) 0.09 (2,4) nd (4,5,6) 21 (1,2,3) 0.23
Other atmospheric dust samples from Iberian peninsula and Balearic Islands
Catalonia Avila et al. (1997) WS RR 1984-1992 5.39 (2) (5) 7.3(1,2) 12 (3,4) 1.40
MA RR 1984-1992 11.26 (2) (5) 10.1 (1,2) 17 (3,4) 2.19
CA RR 1984-1992 2.76 (2) (5) 8.3(1,2) 2(5) 1.33
Mallorca Fiol et al. (2001) WD 1988-1992 0.21 (1,4,5) (5) nd (4,5,6) 34 (1,2,3) 3.61
Fiol et al. (2005) WD 1989-1999 0.52 (1,3,4) (5) 1.0 (3) 36 (1,2,3) 2.78
Fornés et al. (2004) RR 2004 1.07 (1,2,3,4) (5) 6.0 (1,2) 25 (1,2,3) 4.83
Fornés et al. (2004) DD 2004 (5) 9.4 (1,2) 31(1,2,3) 2.38
Sierra Filabres Queralt et al. (1993) WD 1989-1990 5.93(2) 1.47 (4) 3.7(3) 2 (5) 0.60
Granada Diaz-Hernandez and Parraga (2008) dust DD 2001-2005 2.40 (2) (5) nd (4,5,6) 51 (1,2,3) 0.20
iberulite DD 2001-2005 1.75 (1,2,4) (5) nd (4,5,6) 22 (1,2,3) 3.46
Diaz-Hernandez et al. (2011) F1 DD 1992 0.89(1,2,3,4) 0.46 (2,3,4) €) 26 (1,2,3) 0.91
F2 DD 1992 1.06 (1,2,4) 0.46 (2,3,4) (3) 30(1,2,3) 0.61
F3 DD 1992 0.33(1,3,45) 0.38(2,3,4) (3) 22 (1,2,3) 2.65
Rodriguez-Navarro et al. (2018) bulk RR 2017 3.36 (2) (5) 11 (1,2) 23 (1,2,3) 4.50
silt RR 2017 1.68 (1,2,4) 0.32 (2,3,4) 10.7 (1,2)
clay RR 2017 2.07 (2) (5) 6.3 (1,2)
Soils
Entisols Sierra Nevada Martin-Garcia et al. (2004) coarse sand nd (4,5,6) nd (5)
fine sand nd (4,5,6) nd (5)
silt 18.34 (2) 1.00 (2,4) nd (4,5,6) nd (5)
clay 4.47 (2) 0.68 nd (4,5,6) nd (5)
Terrae rossae Sierra Gador  Delgado et al. (2003) coarse sand nd (4,5,6) 15 (3,4) 1.68
fine sand nd (4,5,6) 5(3,5) 0.10
silt 6.63 (2) 0.36 (2,3,4) nd (4,5,6) nd (5)
clay 6.95 (2) 0.16 (2,4) nd (4,5,6) nd (5)
Mean soils Granada Marquez (2012) coarse sand nd (4,5,6) 24 (1,2,3) 1.14
fine sand nd (4,5,6) 24 (1,2,3) 1.27
silt nd (4,5,6) 19 (3,4) 2.10
clay 3.18 (2) 0.49 (2,3,4) nd (4,5,6) 10 (3,4) 7.50
DD: dry deposition; RR: red rain; WD: wet deposition; II: illite; Ch: Chlorite; Ka: kaolinite; Ca: calcite; Do: dolomite; nd, not detected.
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1 Scheuvens et al. (2013) fingerprints. Numbers in brackets indicate the potential source areas in northern Africa: 1, Tunisia and northern Algeria (PSAL); 2, foothills of Atlas

mountains and western coastal region (PSA2); 3, southern Algeria and northern Mali (PSA3); 4, central Libya (PSA4); 5, western Chad including Bodélé depression (PSA5); 6,

southern Egypt and northern Sudan (PSAG6).
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gg Table S1. Contents of rare earth elements (ppm) in collected dust samples and comparison with literature.

22

23 Reference sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Y Er m Yb Lu >Ln 2LREE ZMREE ZHREE
24 This study JPO1 17.04 3279 377 1401 273 058 209 029 1.62 028 nd 073 010 063 011 7677 6761 731 185
25 JP02 15.37 31.41 352 1338 252 058 209 028 1.64 029 862 077 012 073 012 7283 6369 712 202
5(73 JPO3 11.39 21.86 249 940 1.80 042 144 018 110 0.19 6.13 049 0.07 044 007 51.34 4514 494 126
28 JP04 18.31 36.70 4.16 1564 3.02 066 243 034 1.90 035 973 089 013 084 013 8550 7481 835 234
29 JP05 1295 2530 2.88 10.89 211 049 168 022 142 023 7.02 062 009 056 009 5953 5202 592 159
gg JP06 16.41 3231 3.68 1394 268 058 212 028 152 026 7.67 068 010 061 010 7527 6634 718 175
32 JPO7 16.00 36.99 3.66 1354 258 058 206 028 1.62 028 7.88 076 012 069 011 7927 7019 712 196
33 JP08 1323 2962 3.75 1050 1.92 045 144 019 115 0.18 6.09 050 0.06 044 007 6349 57.09 515 125
34 JP09 13.46 27.14 3.19 1097 2.06 046 163 021 125 023 657 057 0.08 049 008 61.82 5476 561 145
gg JP10 1255 2578 295 10.64 2.12 045 182 027 133 025 687 065 0.08 061 009 5959 5192 599 168
37 JP11 17.52 3595 3.66 1336 2.63 055 219 033 1.68 031 795 080 011 071 010 79.90 7049 7.38 203
38 JP12 12.14 2388 266 10.00 2.04 043 176 026 132 024 664 062 008 058 009 5610 4868 581 161
39 JP13 1396 27.86 3.11 11.81 2.38 049 202 029 145 026 nd 067 0.09 062 009 6510 5674 663 173
jg JP14 1345 2521 291 1068 2.18 044 189 027 144 025 nd 062 010 056 009 6009 5225 622 162
42 mean (D) 1456 2949 331 1205 234 051 190 026 146 026 7.38 067 010 061 010 67.61 5941 648 172
43 (2.19) (4.96) (0.49) (1.88) (0.36) (0.08) (0.29) (0.05) (0.22) (0.04) (1.12) (0.11) (0.02) (0.11) (0.02) (10.44) (9.30) (0.97) (0.30)
jgf Hoggar Massift ~ HM1 56.00 121.00 14.00 58.00 9.00 1.00 10.00 1.00 9.00 200 39.00 400 1.00 500 1.00 249.00 30.00 13.00  249.00
46 HM2 61.00 137.00 16.00 64.00 11.00 1.00 12.00 2.00 10.00 2.00 50.00 500 1.00 6.00 1.00 278.00 36.00 15.00 278.00
47 Chad! CB1 4500 94.00 11.00 48.00 6.00 200 9.00 1.00 7.00 1.00 19.00 3.00 100 3.00 0.5 198.00 2500 825  198.00
48 CB2 28.00 54.00 7.00 28.00 400 1.00 500 100 4.00 1.00 17.00 200 0.25 200 025 117.00 1500 550  117.00
gg Niger! MON 47.00 104.00 11.00 53.00 8.00 1.00 10.00 1.00 9.00 1.00 23.00 4.00 100 4.00 1.00 21500 29.00 11.00 215.00
51 HAR 46.00 99.00 11.00 50.00 8.00 200 9.00 1.00 800 1.00 2200 400 100 400 1.00 206.00 2800 11.00 206.00
52  Western Sahara!  WS1 3500 75.00 800 37.00 6.00 1.00 7.00 100 6.00 1.00 17.00 3.00 0.25 3.00 025 15500 21.00 7.50  155.00
53 WS2 2500 51.00 6.00 27.00 400 1.00 500 100 500 1.00 12.00 200 0.25 200 025 109.00 16.00 550  109.00
gg WSs3 56.00 124.00 14.00 62.00 9.00 1.00 11.00 1.00 8.00 200 27.00 400 1.00 500 1.00 256.00 30.00 13.00 256.00
56 Spanish Top-soil? 38.83 8127 9.80 3496 6.49 112 540 071 391 073 2001 201 029 1.85 0.27 164.86 17.63 515  164.86
57 E:J?pea” Top- 25.86 52.25 6.02 22.41 4.28 0.85 420 064 358 072 2274 210 031 209 0.31 10654 13.56 552  106.54
gg African dust* <2 um 61.00 133.00 57.10 11.50 2.31 11.40 1.35 1.62 3.69 054

60 2-5 um 48.40 104.00 49.70 9.64 2.00 10.20 1.16 1.41 3.45 0.52

61

gg 48
64
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5-10 pm 44.20 90.20 4290 843 164 919 119 1.58 433 0.62
10-20 ym  46.60 94.90 4570 896 1.77 948 134 1.95 581 0.85

LREE: light rare earth elements (La, Ce, Pr, Nd); MREE: medium rare earth elements (Sm, Eu, Gd, Tb, Dy); HREE: heavy rare earth elements (Ho, Er, Tm, Yb, Lu); nd: not
determined

IMaterials from Sahara-Sahel corridor (Moreno et al., 2006)

2 Locutura et al. (2012)

3 Salminen et al. (2005)

4 Muhs et al. (2010)

49



©CO~NOOOTA~AWNPE

Table 4. Geochemical indices of REE from samples of atmospheric dust studied and other

materials.
Reference HREENLREEN MREENLREEnN Ce/Ce* Eu/Eu* Y/Y*
Atmospheric dust (this study)
JPO1 0.11 0.18 0.99 0.74 nd
JP02 0.13 0.19 1.03 0.77 1.09
JP0O3 0.11 0.18 0.99 0.80 1.20
JP04 0.13 0.19 1.02 0.74 1.04
JP0O5 0.13 0.19 1.00 0.79 1.11
JP06 0.11 0.18 1.01 0.74 1.09
JPO7 0.12 0.18 1.17 0.77 1.02
JP08 0.09 0.15 1.02 0.82 1.21
JP09 0.11 0.17 1.00 0.77 1.08
JP10 0.13 0.20 1.03 0.70 1.01
JP11 0.12 0.18 1.09 0.70 0.95
JP12 0.13 0.21 1.02 0.69 1.02
JP13 0.12 0.20 1.02 0.68 nd
JP14 0.13 0.20 0.97 0.66 nd
Spanish Top-soil (Locutura et al., 2012) 0.10 0.17 1.01 0.58 0.98
European Top-soil (Salminen et al., 2005) 0.17 0.22 1.01 0.61 nd
Materials from Sahara-Sahel corridor (Moreno et al., 2006)
Hoggar Massif HM1 0.24 0.19 1.05 0.32 0.82
HM2 0.23 0.22 1.06 0.27 0.94
MmeanMacizo Hoggar ~ 0.24 0.21 1.06 0.30 0.88
Chad CB1 0.19 0.24 1.02 0.83 0.65
CB2 0.19 0.25 0.93 0.68 0.72
Mmeancuenca del chad  0.19 0.25 0.98 0.76 0.69
Niger MON 0.25 0.22 111 0.34 0.68
HAR 0.26 0.24 1.06 0.72 0.65
meanniger 0.26 0.23 1.09 0.53 0.67
Western Sahara WS1 0.17 0.24 1.08 0.47 0.58
Ws2 0.20 0.29 1.01 0.68 0.51
WS3 0.24 0.18 1.07 0.31 0.57
Meansahara Oeste 0.20 0.24 1.05 0.49 0.55
Meansahara-Sahel 0.22 0.23 1.04 0.51 0.68
African dust (Muhs et al., 2010)
<2 pm 0.61
2-5 um 0.61
5-10 pm 0.57
10-20 pm 0.59

nd: not determined
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