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[11 We use the chemical composition of African dust delivered by red rains at a rural site
in northeastern Spain (Montseny, 41°46'N, 2°21'E) to describe its relationship with the

possible provenance areas and the processes occurring during transport. To this end, we
obtained the red rain insoluble composition for the major elements (Al, Fe, Ca, Mg, K, P,

Ti, and Na) in 30 filters, the 210py concentration in 23 filters, and the soluble cation
concentrations (Na, K, Ca, and Mg) in 28 coincident red rain samples. These samples
comprised most major events occurring at the site from 1983 to 2002. On the basis of back
trajectories and satellite images, a distinction has been made between an eastern and
western air mass flux with respect to 0° Greenwich for the analyzed samples. Principal
component and ANOVA analyses between the two provenance groups have shown
striking differences in the insoluble phase, with eastern samples being significantly
richer in insoluble Ca, Mg, and Sr compared to western samples. Conversely, western
samples had significantly higher concentrations of insoluble Al, Fe, K, V, and >'°Pb than
eastern samples. Therefore, in the insoluble phase, the ratios of various elements to Ca
were significantly higher in western provenances. However, these differences disappeared
when considering bulk Ca ratios (bulk Ca = insoluble + soluble Ca). Neither of the
ratios Fe/Al and Ti/Fe showed significant differences. This lack of differences is
interpreted in view of a similar carbonated lithology broadly underlying both areas.

The difference in insoluble Ca with respect to total Ca between provenances (Cajpgoiubie/
Cayyq = 0.10 and 0.70 for western and eastern trajectories, respectively) is interpreted as a
difference in calcite dissolution during transport. Evidence from *'°Pb data and from
the length of the back trajectories indicates that western trajectories covered a longer
distance than the eastern ones; their higher soluble Ca could be due to (1) higher calcite
dissolution due to longer contact with wet fronts from the Atlantic and (2) particle
segregation during transport, with finer (carbonate) particles more prone to dissolution due

to a higher surface to volume ratio.

Citation: Avila, A., M. Alarcon, S. Castillo, M. Escudero, J. Garcia Orellana, P. Masqué, and X. Querol (2007), Variation of soluble
and insoluble calcium in red rains related to dust sources and transport patterns from North Africa to northeastern Spain, J. Geophys.

Res., 112, D05210, doi:10.1029/2006JD007153.

1. Introduction

[2] Arid regions in the Sahara and the Sahel provide large
quantities of mineral dust which is distributed worldwide.
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The Saharan dust emissions have been estimated to
be around 600-700 x 10° t yr—' [D’Almeida, 1986;
Marticorena and Bergametti, 1996]. The fate of this dust
has been subject of a growing interest recently because of its
effects on the human society (e.g., decrease in visibility and
impact on air quality) and because of its direct or indirect
effects on climate. Direct effects rise from the dust aerosol
influence on the atmospheric radiative budget by absorbing/
scattering radiation [Li et al, 1996; Tegen et al., 1996;
Sokolik et al., 1998] while indirect effects derive from its
cloud nucleation potential when enriched in sulphate phases
[Levin et al., 1990; Levin and Ganor, 1996; Rosenfeld and
Lensky, 1998]. There is also a potential feedback mecha-
nism on climate due to the increased phytoplankton pro-
ductivity as dust fertilizes the oceans [Jickells et al., 2005].
Furthermore, because of its deposition of key mineral
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nutrients, dust deposition is relevant in marine and terres-
trial biogeochemical cycles [Duce, 1986; Avila et al., 1998].

[3] Dust transport and distribution depends mainly on two
factors: (1) the updraft of dust particles into the atmosphere
and (2) their transport by large-scale atmospheric circula-
tions to receptor areas. The atmospheric dust cycle ends with
its deposition in dry or wet mode, a process that also affects
the atmospheric dust distribution. The uprooting of dust in
arid regions depends on terrain characteristics (such as soil
composition, moisture content, vegetation cover and degree
of disturbance) and on local atmospheric conditions, such as
temperature and wind velocity [Gillette, 1979; Marticorena
et al., 1997]. Some studies have shown the occurrence of
seasonal transport patterns and that specific source areas in
Africa are active at different periods of the year. For
example, seasonality is seen in Mali-Mauritania, western
Sahara, Tunisia-Algeria, west Egypt; [Prospero et al.,
2002], but other source regions (e.g., the Bodele depression)
are active during the whole year as shown by satellite
imagery [Moulin et al., 1997; Prospero et al., 2002; Barkan
et al., 2004].

[4] An important fraction of the atmospheric dust load is
carried in a westward direction to the tropical North
Atlantic, reaching the eastern coasts of North America
[Prospero, 1996; Husar et al., 1997; Perry et al., 1997,
the Caribbean Sea [Prospero and Carlson, 1972; Westphal
et al., 1987] and South America [Swap et al., 1992, 1996;
Formenti et al., 2001].This trans-Atlantic transport follows
a secasonal regular pattern linked to the summer-winter
movements of the position of the ITCZ with maximum
arrival of dust to North America in summer and to South
America early in the year [Prospero and Carlson, 1981;
Prospero, 1996; Moulin et al., 1997; Perry et al., 1997].

[5] The Mediterranean Sea and its surrounding territories
are also subject to very frequent outbreaks of mineral dust
from Africa [Loye-Pilot and Martin, 1996; Barkan et al.,
2005]. The transport pathways here have been linked to the
cyclonic activity over the Mediterranean and to the presence
of high pressures over North Africa [Moulin et al., 1997,
Rodriguez et al., 2001; Barkan et al., 2005; Escudero et al.,
2005] and are, therefore, more irregular. Dust episodes in
the Mediterranean basin tend to occur in a “pulse-like
mode,” in intense but sporadic wet and dry deposition
events. Most of the annual deposition load is accounted
by a few episodes that may reach 60—80% of the total
annual particle fallout [Loye-Pilot et al., 1986; Guerzoni et
al., 1995].

[6] Wet African episodes in the Mediterranean are asso-
ciated with depressions affecting the Mediterranean basin
principally in late winter-spring and autumn [Avila et al.,
1997; Escudero et al., 2005], while dry African intrusions
mostly occur in summer when a persistent surface thermal
low is formed over North Africa and the North African high
moves to upper atmospheric levels. At altitude it injects the
uplifted dust into a northward direction. Thus, contrary to
maximum transport of dust over the Mediterranean in
summer, wet dust deposition is maximum in spring and
autumn in close correlation with the wet seasons in the basin
[Loye-Pilot et al., 1986; Avila et al., 1997].

[7] Several studies have shown that African dust is
made up of quartz (SiO,), clay minerals (kaolinite, illite,
smectite, palygorskite, chlorite), calcite (CaCOs3,) dolomite
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(CaMgCO3), and feldspars [Ganor, 1991; Molinaroli,
1996; Avila et al., 1997; Guerzoni et al., 1997; Caquineau
et al., 1998], while iron oxides and calcium sulphate
may also be present in minor proportions [Glaccum
and Prospero, 1980; Schiitz, 1989]. Although an homoge-
nization of aerosols of African provenance by the mixing
effect of winds and the resuspension processes has been
proposed, many authors have found differences in mine-
ralogical and chemical composition of African aerotrans-
ported dust depending on the lithology and the edaphic
processes in the source regions [Bergametti et al., 1989a,
1989b; Ganor, 1991; Chiapello et al., 1997; Caquineau et
al., 1998, 2002]. Besides source area composition, further
mineralogical and chemical differentiation at a far away
receptor point may arise from selective transport processes
occurring during the plume evolution: a downwind
decrease in grain size and an enrichment of fine particles
(clays) relative to coarse (quartz) has been reported
[Glaccum and Prospero, 1980].

[8] Many studies have considered the chemical character-
istics of the Saharan dusts transported to the Atlantic [Swap
et al., 1992; Chiapello et al., 1997; Stuut et al., 2005] or to
the eastern [Ganor et al., 1991; Al Momani et al., 1997,
Kocgak et al., 2004] and western Mediterranean [Léye-Pilot
et al., 1986; Bergametti et al., 1989a; Guerzoni et al., 1997;
Guieu et al., 2002]. Similar research for dust transported to
eastern Spain includes the work of Queralt-Mitjans et al.
[1993], Avila et al. [1997, 1998], Querol et al. [1998], and
Rodriguez et al. [2001, 2002].

[9] In this paper we focus on the Ca composition (soluble
and insoluble) of Saharan dust delivered by red rains at a
rural site in northeastern Spain distinguished by provenance
regions, and describe the dissolution processes occurring
during transport. In the insoluble phase we have also
analyzed the chemical composition for 17 elements for
30 filters and the '°Pb concentrations in 23 samples. These
comprise most major wet deposition events occurring at the
site from 1983 to 2002 (except for two big events in
12 November 1984 and 24 April 1985 delivering together
20 g m 2 of dust where no elemental analysis could be
performed). Such a long temporal series of dust collection is
hardly found in the literature and encompasses all major
situations of wet dust transport from Africa to the western
Mediterranean area.

2. Material and Methods

[10] The sampling site was at 700 m a.s.l in a clearing of a
dense holm oak forest (Quercus ilex L.) at La Castanya
Biological Station (LC, 41°46'N, 2°21'E) in the Montseny
mountains. The site is located in a rural area 40 km to the
NNE from Barcelona, and lies at 25 km to the W of the
Mediterranean Sea. The Montseny is a massif protected as a
Natural Park; it is highly forested and the main human
activities are in the sylvoagricultural and services sectors.
Agricultural activities extend also in the surrounding areas.
The lithology of Montseny is mostly composed of schists
and granodiorites. The climate is humid Mediterranean,
with a mean annual precipitation of 900 mm yr~' in the
period 1983-2000. Summer drought is present though
attenuated by frequent orographic storms in August and
September. Mean temperature at the site is 9°C.
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Table 1. Collection Date of Red Rain Events and Descriptors for Meteorology and Source Area®

210pp Elemental Synoptic Source Precipitation, Dust Deposition,
Collection Date Rain Days Analysis Analysis Pattern Area Lm? mg m~
4 Nov 1987 28 and 29 Oct 1987 yes yes AD to NAD w 42.5 1013.3
5 Dec 1987 3—5 Dec 1987 yes yes AD w 70.9 3989.2
9 May 1988 6—8 May 1988 yes yes NAD E 53 1402.1
27 Jun 1988 23-26 Jun 1988 yes yes AD W 14.3 975.0
15 Oct 1990 9—15 Oct 1990 yes yes NAD to AD w 105.0 776.0
23 Oct 1990 22 Oct 1990 yes yes AD w 26 621.2
11 Mar 1991 5 and 6 Mar 1991 yes AD to NAD E 26.9 2958.0
28 Mar 1991 24 and 25 Mar 1991 yes yes NAD E 169.0 19435.0
17 Apr 1991 17 Apr 1991 yes NAD E 0.9 215.0
16 Oct 1991 9—11 Oct 1991 yes AD E 15.4 6730.8
11 Mar 1992 4—6 Mar 1992 yes yes NAD CA 22.6 2739.0
22 Jan 1996 21 and 22 Jan 1996 yes yes AD W 30.7 218.0
29 Jan 1996 22-24 Jan 1996 yes yes AD w 91.7 518.1
21 Nov 1996 12—17 Nov 1996 yes yes AD W-n 256 6440.0
27 Jan 1997 24 and 25 Jan 1997 yes yes NAD mix 14.5 623.0
20 Aug 1997 10 and 11 Aug 1997 yes yes NAH-H w 59.9 421.0
3 May 1999 28 and 29 Apr and 2 and 3 May 1999 yes NAD E 53 1000.1
10 May 1999 3,4, 6, and 7 May 1999 yes yes NAD to AD W-n 10.4 102.3
17 May 1999 13, 16, and 17 May 1999 yes yes NAD E 24.6 280.4
25 May 1999 17—-19 May 1999 yes yes NAD E 24.2 248.7
31 May 1999 26 May 1999 yes AD mix 0.5 291.0
7 Jun 1999 5 and 6 Jun 1999 yes NAH-H E 1.0 68.2
14 Jun 1999 9, 12, and 13 Jun 99 yes NAD W-n 19.8 1001.0
17 Aug 1999 27 and 28 Jul 1999 yes yes AD W-n 59.7 816.6
15 Nov 1999 11 and 12 Nov 1999 yes yes NAD W 80.3 5553.0
27 Mar 2000 25-27 Mar 2000 yes yes NAH-S W 4.8 212.0
17 May 2000 10—-12 May 2000 yes yes AD w 23.9 338.0
23 Aug 2000 13 Aug 2000 yes yes NAH-H w 41.1 238.1
7 Sep 2000 30 Aug and 4 Sep 2000 yes yes NAH-H E 21.0 75.0
3 Apr 2002 2 and 3 Apr 2002 yes yes NAD W 45.0 50.5

Dust deposition (in mg m~?) is also given. AD, Atlantic depression; NAD, North African depression; NAH-H, North African high pressure at height;
NAH-S, North African high pressure at surface, from Escudero et al. [2005]; W, western; E, eastern; W-n, northwestern provenances with respect to 0°

Greenwich; CA, central Algeria.

[11] At this site we collected weekly rainfall samples
from July 1983 to December 2003, with a break comprising
all year 2001. Precipitation for analysis was collected in
4 open bulk deposition collectors from January 1983 to
May 1993 and with 2 collectors thereafter. Reduction of
replication did not affect the analytical results [Avila, 1996].
Because the collectors were continuously open to the atmo-
sphere, the samples strictly refer to bulk deposition. At
Montseny, dry deposition of sedimented particles has been
found not to modify to a great extent the chemical signal
of wet precipitation [Avila and Alarcon, 1999]. For the
particle matter, collection during non-red rain events was
negligible compared to the weights collected with African
rains (mean of 39.5 mg/filter for red rains, n = 84 filters,
compared to <0.1 mg/filter for non-red rains). The collec-
tors were placed 1.5 m above the ground and consisted of
a 19-cm diameter-polyethylene funnel connected by tygon
tubing to a 10-L polyethylene bottle with a clean nylon
sieve in the neck of the funnel to prevent inclusion of
insects and vegetal debris. In each weekly visit, collectors
were retrieved and replaced by laboratory-cleaned ones.
Cleaning procedures included a wash of all disassembled
parts with laboratory cleaning detergent, followed by a
profuse rinse with deionized distilled water. Collecting
bottles were rinsed with diluted HCI to minimize adsorp-
tion on the inner bottle walls, followed by a through rinse
with deionized distilled water. In 2002, samples were
obtained from a dry/wet deposition collector (Andersen)
installed at La Castanya station.

[12] Because the sampling extended for such a long
period, care was taken that the protocols were strictly
followed in field and laboratory tasks. The materials for
the collectors (funnels, tubing and bottles) were always of
the same type (polyethylene for funnels and bottles, tygon
for tubing) and were replaced by new material when visual
observation indicated the onset of deterioration, about once
every two years.

[13] African dust events were clearly recognized because
of the brown-reddish drop marks on white funnel walls and
also by some residue being often accumulated in the tygon
loops. This material was also carefully collected and
weighted, and it was added to the weights obtained by
filtering known rain volumes, to produce the final total dust
deposition. We selected for analysis the major events in the
period 1983—-2002. This produced a batch of 30 filters for
the elemental analysis and 23 for *'°Pb analysis (Table 1).
These major events comprised 73% of the wet dust fall
collected in the period (excluding events on 12 November
1984 and 24 April 1985 accounting together 20 g m 2 of
dust, this percentage rises to 93%).

[14] Upon sampling, rainwater was taken to the CREAF
laboratory where conductivity, pH and alkalinity were
measured within 24—48 hours in unfiltered samples and
samples were filtered through 0.45 pum pore size Millipore
filters. The soluble samples were deep frozen (—20°C) for
later analyses of major ions, and filters were dried at 100°C
and reweighted to determine the deposition of insoluble
material. Filters were stored in Millipore capsules for later
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analysis. The filtered rain samples were analyzed for major
cations by Atomic Absorption and Emission Spectroscopy,
anions by lon Chromatography, and ammonium by FIA
colorimetry [Avila, 1996].

[15] To determine metal concentrations in the filters,
we used the procedure developed at the laboratory of
Institute Jaume Almera-CSIC [Querol et al., 2001]. A half
of each filter was digested in closed PFA reactors with
HNO;:HCIO4:HF at 90°C. Subsequently, the acidic solution
was cooled and dried on a hot plate at 200°C. The dry
residue was redissolved in 2 mL of HNOj and subsequently
made to volume of 25 mL. The contents of major elements
were determined by means of ICP-AES (Inductively
Coupled Plasma Atomic Emission Spectometry) at the
Institute Jaume Almera-CSIC. Blank values corresponding
to blank Millipore filters (very low values with respect to
the measured samples) were substracted from measured
concentrations. Certified reference materials (1633b, and
reference samples SO-1-dust, MAG-1-marine mud) were
run throughout the analyses. The measured values were
within 10% of the certified data. Replicate analysis for three
filter pairs produced highly reproducibility (within 15% for
all elements, except for Zn and Cu with coefficient of
variation between replicates varying between 15 and 30%).

[16] *'°Pb activities were determined by measuring its
daughter nuclide ?'°Po in radioactive equilibrium following
the methodology described by Sanchez-Cabeza et al.
[1998]. Briefly, aliquots digested for the ICP-AES analysis
were spiked with 1 mL addition of *’Po as internal tracer.
Polonium isotopes were plated onto high pure silver discs
and counted with a-spectrometers equipped with low back-
ground silicon surface barrier (SSB) detectors (EG&G
Ortec) at the Physics Department of the Universitat Auton-
oma de Barcelona.

[17] Back trajectories were obtained with the NOAA
ARL HYSPLIT4 model [Draxler and Rolph, 2003]
(http://www.arl.noaa.gov/ready/hysplit4). HYSPLIT4 was
used with reanalysis meteorological data from the NCEP
archive of NOAA’s Climate Diagnostics Center (http://
www.cdc.noaa.gov/cdc/data.ncep.reanalysis.html). Meteo-
rological synoptic maps were obtained at the HYSPLIT
address for all rainy days for the sampled events from 1996
onward; for the previous years, meteorological maps were
consulted from the Europaischer Wetterbericht, at the Phys-
ics Department of the Universitat de Barcelona. Addition-
ally, in the pertinent cases, the synoptic situation for the
previous dry days was also analyzed to account for dry
plume transport before the occurrence of rain. Satellite
images (Seawifs project NASA [McClain et al., 1998)]),
TOMS [Herman et al., 1997] and dust models (SKIRON
[Kallos et al., 1997], http://forecast.uoa.gr/), DREAM
[Nickovic et al., 2001] (http://bscctO1.bsc.es/DREAM/)
and NAAPs (http://www.nrlmry.navy.mil/aerosol/) were
also consulted, if available, to determine source areas.
However, because of the length of the series, this type of
material was not available for most of the events.

3. Results

[18] The weekly samples analyzed here are listed in
Table 1, where the days of the rain are also shown. Mean
rain duration was 2.8 days per event, ranging from single
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rain days to events lasting up to the whole week. The
longest red-rain periods occurred in autumn.

3.1. Source Regions and Meteorological Setting

[19] The meteorological setting, the back trajectories
corresponding to the rain days (at 12.00 h UTC) responsible
of the African transport and satellite images (from 1999 on)
were used to indicate the provenance regions, which are
also listed in Table 1. Diagnostic back trajectories were
usually taken at 1500 m but in some cases other levels have
been also used.

[20] In a previous work, the meteorological scenarios
responsible for the transport of African suspended particu-
late matter and wet deposition to northeastern Spain have
been described [Escudero et al., 2005]. Four scenarios
emerged, two mostly associated to wet and two for dry
transport. Wet African events in northeastern Spain are
mostly produced by two major meteorological synoptic
situations involving the presence of depressions associated
to frontal situations. One is produced by an Atlantic
depression (named AD), with a relatively deep low pressure
situated west or southwest of Portugal and often associated
with a ridge over the central Mediterranean Sea. This
situation produces a southerly synoptic flow highly coherent
at all altitude levels. In our analyzed samples 9 events
(or 30% of the record) corresponded to this meteorological
pattern (Table 1). Source areas under these conditions are
usually from the west of the Sahara. A second frontal type
is defined by a depression over North Africa (thereafter
named NAD), where a ground level deep low is found over
Morocco, Algeria, Tunisia, or even over the western
Mediterranean. This situation favors the transport of
African air masses toward the Iberian Peninsula across
the Mediterranean. In this case the air mass transport is
mostly confined to the lower layers. The dust sources usually
are from the east (defined here as east of Greenwich), and
although they are mostly situated in northern latitudes
(northern Algeria and Tunisia), they also can proceed from
central Algeria; in our record, they comprised 11 (37%) of
the samples (Table 1). This NAD situation has been
described to be the main transport mechanism toward Italy
and central Europe [Borbély-Kiss et al., 2004; Barkan et al.,
2005]. The Iberian Peninsula, situated at the westernmost
extreme of south Europe, is subject to an Atlantic driven
transport besides the central Mediterranean transport. At our
site, the African transport linked to the AD scenario occurs
mainly in winter, peaking in March, while that from the
NAD is more frequent in May and November [Escudero
et al., 2005]. The mean synoptic situation for the eastern
and western events in our study (geopotential height for
850 and 700 hPa calculated from the NOAA daily data
for the days in each event) is given in Figure 1.

[21] Dry transport was linked to high-pressure systems
installed over North Africa. Although these situations
produced dry outbreaks over the Iberian Peninsula, in some
cases rain was also present, as described next. In one of
these types (named NAH-S), the high-pressure system was
located at surface level and produced dust fluxes into the
North Atlantic in an arch-like pattern. These were very
frequent at the end of winter (February and March) and
reached the Iberian Peninsula through the northwestern
corner. In our wet dust samples, only one event corre-
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Figure 1.

(a) NAD synoptic situation; mean maps of geopotential height (m) at 850 hPa. (b) AD

synoptic situation; mean maps of geopotential height at 700 hPa.

sponded to this situation (27 March 2000) when an eastward
Atlantic front probably impacted on the dust plume as it was
traveling over the Atlantic. The other scenario for dry
suspended matter transport was typical for summer (NAH-
H) when the intense heating over the Sahara induces the
development of the North African thermal low and the uplift
of dust up to around 5000 m. Then, the dust is transported to
the Iberian Peninsula by the western branch of the high
situated at upper levels. Four of our analyzed rain events
corresponded to this scenario (Table 1), usually occurring in
summer when orographic convective rains at the receptor
site scavenge the previously transported dust. Under this
meteorological setting, the dust source region as traced by
back trajectories, can either be from eastern or western
provenances.

[22] Because of the weekly length of sampling in some
events the synoptic situation evolved from one to another
type, mostly from AD to NAD or vice versa (Table 1). In
these cases the source area has been identified by taking into
account the predominance of the area hit by the back
trajectories.

[23] Some authors [Prospero et al., 2002; Stuut et al.,
2005; Escudero et al., 2006] have cautioned against the use
of back trajectories to identify source areas. Back trajecto-
ries do not necessarily show the region where the dust has
been uplifted because air masses can pick dust arisen from
different source areas as they cross with their path. It has

been suggested that satellite images or models may be
needed to more precisely point to the precise source areas.
Such a situation (satellite images showing a particular dust
flux but back trajectories not representing it) particularly
applied to events on 17 and 25 May and 7 June 1999. In
these cases, provenances have been decided upon satellite
observation. When we lacked satellite images we have made
use of back trajectories, but because of their imprecise
diagnostic nature, we have made a broad distinction between
western and eastern air mass fluxes pragmatically differen-
tiated with respect to 0° Greenwich (Figure 2). In the western
flux, the analysis of data has asked for a further division to
differentiate a northern (W-n) and a southern pathway from
west Sahara (W). For the eastern flux (E), 5-day back
trajectories hardly went further south than 30°N (Figure 2).
In Table 2 we show the average length of the trajectories
from western and eastern pathways for the 500, 1500 and
2500 m asl levels. It can be seen that eastern trajectories are
shorter than western ones at all altitudes, with maximum
difference (1634 km) at the 1500 m level.

[24] It has also to be noticed that most of the contributing
sources to our site, either coming from the west or the east,
are mostly from above the 25° latitude, as also described for
Corsica [Bergametti et al., 1989a]. This implies that only
the northern Sahara is involved in transport to the north-
western Iberian Peninsula, with some exceptions such as the
event on 27 March 2000 (not shown) when a dust plume

Figure 2. Back trajectories from (a) western and (b) eastern provenances at 1500 m asl. For a sampled
episode, several days of African flux are represented according to Table 1.
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Table 2. Mean Length of 5-Day Back Trajectories at Three
Altitude Levels (500, 1500, and 1500 m asl) Arriving at Montseny
(41°46'N, 2°21'E), With Provenances Classified as Coming From
West or East With Respect to 0° Greenwich®

Length, km 500 m 1500 m 2500 m
Western 3451 3995 4605
n= 15 18 24
Eastern 2559 2321 3231
n= 7 6 3

“The number of observations is different because not all back fluxes
came from the east-west direction but came from other quadrant
provenances.

moved over the Atlantic in an arch-like pathway probably
coming from more southern positions and the event on
11 March 1992, from southern and central Algeria.

3.2. Dust Composition

[25] The amount of insoluble material in red rains
sampled at Montseny was highly variable: from a few
mgL™"' to a maximum 437 mgL~'. The corresponding
precipitation was also highly variable (<1 Lm™? to
256 Lm 2 Table 1). The particulate material deposition
fluxes varied in accordance, from less than 1 mg m™2 to a
maximum of 19.4 g¢ m 2. At Montseny, the total measured
insoluble material deposited with red rains from 1983 to
2000 was 82.0 g m™°, which gives an annual average of
4.6 g m °. This is a moderate deposition flux, compared
with recorded values in the central Mediterranean (12—
14 ¢ m 2 in Corsica [Loye-Pilot et al., 1986; Bergametti et
al., 1989a]) and the eastern Mediterranean coast (20—
40 g m? in Israel [Ganor and Mamane, 1982]).

[26] The African dust reaching Montseny with red rains is
made up of quartz, clay minerals (illite, smectite, kaolinite
and palygorskite), feldspars and calcite. Previous work at
this site has shown that smectite and kaolinite were higher
in dusts from the most distant source areas, while quartz and
calcite where higher in events from Morocco [Avila et al.,
1997].

[27] To interpret the dust chemical data we applied a
PCA to the elemental analysis of the 30 insoluble dust
samples, considering the concentrations of Al,O5;, CaO,
F6203, Kzo, MgO, Na20, P205, TiOz, Ba, Cr, Cu, Mn,
Ni, Pb, S, Sr, V, Zn, 2!°Pb and the dust amount. The results

Table 3. Varimax Rotated Factor Loadings Obtained With a
Principal Component Analysis for the Chemical Analysis of the
Insoluble Residue of 30 Dust Samples From Red Rains Arriving at
Montseny”

Variable Factor 1 Factor 2 Factor 3
Al,O3 —0.97

F6203 —0.88

\'% —0.79

CaO 0.97

Sr 0.93

S —-0.91

Zn —0.92

Cu —0.89

Ni —0.78

Mn 0.75
Variance 343 23.6 11.5

%Only factors >0.7 are shown.
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are shown in Table 3, where only the variables with factor
loads higher than 0.7 are shown. Three factors accounted for
69.4% of the variance. A strong opposition in crustal-derived
elements was found in factor 1: calcite and dolomite-derived
elements (Ca, Mg and Sr) were opposed to clay silicates-
derived elements (Al, V) and Fe. For V, while in atmospheric
aerosols it is mainly derived from fossil fuel emissions, V(III)
is also present in clay minerals substituting AI(III). Factor 2
presented high loadings (in the negative section) of S, Zn, Cu
and Ni. The enrichment in these trace metals and S would
indicate the influence of anthropogenic derived contamina-
tion. Factor three only included Mn, with only 11.5% of the
variance explained.

[28] In Figure 3, we have plotted the scores of the samples
for the two main factors. In this graph, three groups can be
distinguished. The samples from eastern sources (E, squares)
are situated at the positive side of factor 1, indicating higher
concentrations of the “carbonated lithology” defined by high
Ca, Mg, Sr concentrations. On the contrary, samples from the
western Sahara (W, solid circles and W-n, open circles) lie in
the “silicate lithology” side, defined by Al, Fe, K and V.

[20] It can be seen that some of the samples from the
western provenances tended to score to the negative side of
factor 2, indicating a contribution of anthropogenic-derived
elements. These samples corresponded to trajectories arriv-
ing from Morocco, the northern part of the western prov-
enance (W-n, in Table 1). Therefore, to account for these
chemical differences, we have split the western group
into 2 subgroups, one including the 4 Moroccan trajectories
(W-n, open circles in Figure 3), and the other with the rest
of the western samples (n = 13). In Table 4 we present the
mean crustal chemical composition by provenance groups.

[ ]
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W-n
®e m]
1 0o 4 E_
* & mix
® —
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5] O
I
g
34
-4 : ! : : : !
2 R 0 1 2 3 4
factor 1

Figure 3. Principal component analysis applied to the
elemental composition of the insoluble dust delivered by red
rains at Montseny: scores of the individual samples,
distinguished by provenance region. Western (W) is
indicated by solid circles, western-north (W-n) is indicated
by open circles, eastern provenance (E) is indicated by open
squares, and mixed events are indicated by diamonds.
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Table 4. Mean and Standard Error of Crustal Elements in the Insoluble Residue of African Dust at Montseny by Provenance Groups®

Silicate-Derived

Carbonate-Derived

Provenance Al % Fe, % K, % P, % V, ppm Ca, % Mg, % Sr, ppm Na, % Ti, %
Western

Mean 10.3(a) 5.73(a) 3.07(a) 0.24(b) 137(b) 1.57(a) 2.13(a) 146(a) 0.30 0.58

Standard error 0.08 0.04 0.07 0.03 3.88 0.17 0.08 3.89 0.07 0.02
Western-north

Mean 10.0(a) 5.88(a) 3.20(a) 0.41(a) 155(a) 1.78(a) 1.84(a) 167(a) 0.77 0.70

Standard error 0.21 0.24 0.14 0.06 10.3 0.34 0.16 11.3 0.19 0.03
Eastern

Mean 8.25(b) 4.73(b) 2.67(b) 0.15(c) 110(c) 7.41(b) 2.41(b) 242(b) 0.54 0.55

Standard error 0.19 0.12 0.03 0.03 10.4 0.51 0.17 32.0 0.03 0.01

“Significant differences by ANOVA comparison between groups (p < 0.05) are indicated by letters a, b, and ¢ in parentheses. Two samples of mixed
origin (27 January 1997 and 31 May 1999) were excluded from the analysis. For western provenances n = 13, western-north n = 4, and eastern n = 10.

It can be seen the lack of significant differences in crustal
elements between the two western groups and their signif-
icant differences to the eastern events. Higher concentra-
tions of Al, Fe, K, P and V were found in western samples,
while the eastern ones were significantly richer in Ca, Sr,
and Mg (Table 4). This opposite behavior is best seen in the
highly significant relationship (r* = 0.98; n = 30) of CaO
versus Al,O; (Figure 4). In this graph, all western samples
concentrated to the right, with the highest Al and lowest Ca
insoluble concentrations. Eastern samples extended over a
wider range of values, but they were clearly differentiated
from the western ones. In between the two groups lay two
samples of mixed origin (27 January 1997 and 31 May
1999).

[30] The two western groups could not be distinguished
by the crustal elements but they were distinctly different
when looking at the trace metal content. Dust from Morocco
had significantly higher concentrations for S, Ni, Cu, and
Zn than the other provenances (Table 5). When comparing
their enrichment factors (enrichment factor defined as Ef
(x) = (X/ADgust/(X/AD st With (X/Al) with crustal values
taken from Taylor and McLennan [1985]), although our
highest values were much lower than those reported for
African aerosols collected in the northern border of the
Mediterranean [Chester et al., 1993; Guieu et al., 1997], the
Moroccan group showed higher values (except for Cr) than
the other provenances (Table 5). On the other hand, 21%pp
was significantly higher in western provenances compared
to those from Morocco and from eastern trajectories.

4. Discussion

[31] Higher concentrations for the anthropogenic-derived
elements in the Moroccan provenances are not unexpected
because of their more probable interaction with atmospheric
fluxes from the European continent. As an example, the
event collected on 14 June 1999 was produced by rain in
the previous day. Back trajectories in 13 June indicated that
the lower fluxes originated from Europe and the Iberian
Peninsula, while at higher altitudes, the flux proceeded from
Africa (Figure 5). Such combined European and African
fluxes may explain the high sulphate values often encoun-
tered in red rains [Avila and Roda, 1991]. This deserves
further attention but is beyond the scope of this paper.

[32] We will focus here on the variations shown by the
soluble-insoluble Ca depending on the provenance distinc-
tion. When considering the insoluble phase, eastern samples
were enriched in calcite-derived elements (Ca, Mg and Sr)

and depleted in silicate-derived elements (Al K, V, Fe). As
a consequence, the element ratios were also distinctly
different (Table 6) with X/Ca (X = Al, Fe, Mg, K, P)
ratios being significantly higher in western provenances.
However, when we consider bulk Ca (the soluble plus
insoluble fractions of Ca) normalized versus the other
elements, the above differences disappear (Table 6). This
has several implications: First, bulk Ca content is not an
appropriate tracer to distinguish for source areas as might be
insoluble Ca. However, at the emission point when dust is
uplifted, bulk Ca is the relevant variable to consider because
solubilization has not yet taken place. The lack of differ-
ences in bulk Ca between provenances point to a similar
lithology between both areas.

[33] In fact, both the Tunisia area and most of the western
Sahara lie upon carbonated lithology. In the occidental
Sahara, the Coastal Basin (also referred as El AAiun-
Tarfaya Basin) is composed of Mesozoic and Cenozoic
carbonatic sediments, dolomites and marls. By contrast,
Precambrian and Paleozoic massifs with low carbonate
content cover more southern parts comprising Chad, Sudan,
Mali, Mauritania and the coastal regions of Ghana, Cote
d’Ivore, Guinea. (Figure 6 [Moreno et al., 2006]). In
agreement, relatively high calcite (and consequently Ca)
contents have been reported for the dust of west Sahara

20 1 1
15 -
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X :
o)
O 10+ © L
mix
5 0 C
y= 42- 2.1x; r2=0,985
0 T T T T T T - T
10 12 14 16 18 20 22

Al203 %

Figure 4. Scattergram of CaO versus Al,Os, distinguished
by provenance region.

7 of 14



D05210

AVILA ET AL.: SOLUBLE AND INSOLUBLE CA IN RED RAINS

D05210

Table 5. Mean and Standard Error of Anthropogenic Elements in the Insoluble Phase of African Dust at Montseny by Provenance

Groups®
S, % Cu, ppm Ni, ppm Zn, ppm Pb, ppm Ba, ppm Mn, ppm Cr, ppm 219pp, kBq kg™

Western, n = 13
Mean 1.25(a) 113(a) 86.0(a) 939(a) 231 587 816 196 5.33(a)
Standard error 0.04 229 12.0 178 49.5 18.2 19.4 49.5 0.71
EF 4.1 35 34 10.3 9.0 0.8 1.1 44

Western-north, n = 4
Mean 4.00(b) 644(b) 372(b) 6394(b) 403 767 739 93.5 2.90
Standard error 0.17 266 83.3 103 10.3 112 41.4 31.2 1.29
EF 13.3 21.0 15.0 72.6 16.2 1.1 1.0 22

Tunisia, n = 10
Mean 1.07(a) 112(a) 110(a) 1011(a) 147 633 743 235 1.32(b)
Standard error 0.03 75.2 36.2 641 11.8 69.0 29.3 103 0.29
EF 44 44 5.4 13.9 7.2 1.1 1.2 6.6

“Significant differences by ANOVA comparison between groups (p < 0.05) are indicated by letters a, b, and ¢ in parentheses. Two samples of mixed
origin (27 January 1997 and 31 May 1999) were excluded from the analysis. Enrichment factors (EF) with respect to Taylor and McLennan [1985] values

are also given for each provenance group.

compared with that from the Bodele depression lying in a
more southern position [Paquet et al., 1984; Chiapello et
al., 1997].

[34] Many studies have aimed at fingerprinting the chem-
ical characteristics of source areas in North Africa. In
Table 7 we have compiled some elemental ratios from the
bibliography and compare them to our results. The com-
parison has been organized as to put together data from
broadly similar areas, distinguishing a western and eastern
provenance with respect to 0° Greenwich. Source areas
have been usually recognized by the authors through back
trajectory analysis, satellite imagery and meteorological
flow patterns so we can identify origin areas similar to
those defined in this work.

NOAAHYSPLIT MODEL
Backward trajectories ending at 12 UTC 13 Jun 99
CDC1 Meteorological Data

Source x at 4146N 221 E

Meters AGL

0 12 00 12 00 12 0 12 @ 12 0 12
08N, 0811 0810 080

kalﬁ:ml 36b ST P Sep 16 15 4938 GMT 2005

al:41.46 lon.:2.21 hgts: 500, 2000, 3000 m AGL

Tr: :Badkward Duration: 144 hre  Mateo Data’ reanalysis

Dinection: B;
oficn Calculalion Method: Model Vertical Velec!
Produced with HYSPUT from the NOAA ARL Website IEM.m.nengwm

Figure 5. HYSPLIT back trajectories (at the 500, 2000,
and 3000 m asl levels) for the red rain event on 13 June
1999 collected on 14 June 1999 at Montseny (northeastern
Spain).

[35] Because of the mentioned ratio differences whether
considering insoluble or bulk Ca, we present in Table 7 our
element ratios both to insoluble Ca and to bulk Ca. The
ratios to bulk Ca would approach the situation at the origin,
while the ratios to insoluble Ca would represent the disap-
pearance of Ca from the insoluble residue due to dissolution
and would indicate the interaction of the aerosols with a
dissolving wet phase during transport. It can bee seen that
the values from the literature are mostly comprised within
our range, in accordance with the fact that they come mostly
from aerosol studies with little dissolution because of a
scarce wet interaction with the mineral phase. However,
when looking in more detail, we observe that for the eastern
provenances, our ratios Fe/Ca and K/Ca are lower than the
values from the literature, both for the insoluble and the
total Ca. On the other hand, Fe/Al ratios of samples
collected at Montseny were equal for both provenances
(0.56) and within the range of values given in the literature
for both source regions (Table 7).

[36] Because of the ratio differences whether considering
insoluble or bulk Ca, we calculated the Ca mass balance, for
soluble Ca by multiplying rain Ca concentrations (sea salt
corrected) by the rain amount, and for insoluble Ca, by
multiplying the % Ca by the particle matter deposition for
the coincident events. Results (Table 8) indicate that the
major Ca differences between provenances are in the
insoluble-soluble partitioning, with soluble Ca accounting
for 91% of total Ca in western samples and only 31% in the
eastern ones.

4.1. Carbonate Dissolution

[37] To investigate whether differences in the soluble
fraction arose from a differential dissolution rate of carbo-

Table 6. Element Ratios in the Insoluble Phase by Provenance at
Montseny”

Ca/Al Fe/Ca K/Ca Ti/Ca Mg/Ca P/Ca Fe/Al Ti/Fe

Western
Mean 0.14 390 201 038 145 0.11 056 0.10
Standard deviation 0.07 0.12 1.08 0.26 0.51 0.16 0.01 0.01
Eastern
Mean 1.31 043 026 005 031 0.01 0.56 0.12
Standard deviation 0.28 0.48 0.08 0.02 0.06 0.01 0.04 0.01

“For western n = 13, and for eastern provenances n = 10.
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Figure 6. Map of northern Africa showing the distribution of large Precambrian and Paleozoic
basements with relatively low limestone sequences. Open areas are mostly carbonated lithologies.
Reprinted from Moreno et al. [2006] with permission from Elsevier.

nates in rain depending on the origins, we have used the
equilibrium equations of the carbonate dissolution [Stumm
and Morgan, 1981]. We will examine the hypothesis that
the lower insoluble CaO, MgO, and Sr content in western
Africa fluxes was due to higher dissolution of calcareous
particulates in rainwater from this provenance. If this was
the case, we would expect lower CaO and MgO in the solid
residue, which we observe (Table 4) and higher concen-
trations of the soluble products of carbonate dissolution in
rain (specifically, higher Ca*? and HCO5ions) in western
rainwater samples compared to the eastern ones. Therefore
the relationship between the solid phase and the soluble
products should be inverse and distinct for the two groups
of samples. In Figure 7, we present the scattergrams of the
soluble Ca™ and HCOj3 concentrations related to the solid
phase CaO concentrations. It can bee seen that the dusts
from the eastern provenance are distinguished by a higher
solid phase content but are not different from western
samples in the soluble concentrations: all the samples lie
in the range between 10 and 1000 peq L™' Ca™ or HCO3
soluble concentrations (in logarithmic scale in Figure 7),
and in any case, the Ca'? and HCO3 arithmetic mean is
lower in western samples, contrary to the initial assumption.

[38] If calcite was dissolving in rainwater, the equation
defined by the solubility equilibrium of calcite should
govern the presence of the dissolved species Ca™, HCO3
and H'. Assuming that all HCO3 present in a solution
comes from CaCO;, the relationship between pH and
log(HCO3) is defined by the expression (in molar terms
[Stumm and Morgan, 1981]):

log(HCO3 ) = 0.5(log2 — p*K; — pH), (1)
where p*K, = —log (Kc./K>),
Alternatively, Ca'? concentrations can be expressed as a
function of HCO3:
log(Ca*?) = pKoy PK; pKyy pCO,/pK; log(HCO5 ),  (2)

where K, is the solubility product of calcite (10783%), Ky
(10~"%7) is the equilibrium constant of the CO, solubility in

water and K; and K, are the first and second constant of the
carbonic acid system (107%2°, 107'°3?  respectively, all
constants given at 25°C). pCO, is the CO, concentration,
here taken as the atmospheric (107>%); prefix p indicates
that the logarithm of the equilibrium constants is changed in
sign.

[39] In Figure 8 we plot the soluble concentrations (in
logarithms) of HCO3 versus pH in the events for which we
have analyzed the dust residue, classifying the samples by
provenance: we do not observe differences between either
provenance and the relationship between HCO3 and pH in
the samples seems to be governed by the equilibrium of
CO, dissolution and the carbonic acid system defined by
[Stumm and Morgan, 1981]:

log(HCO;3 ) = pH — pK, — pKy; + pCO,. (3)

[40] The distribution of the points goes in parallel for the
two subsets of samples and most of them are included in
two enclosing positive lines. These lines are defined by the
above relationship considering atmospheric pCO, (pCO, =
107>*; line b) and 10 times atmospheric pCO, (pCO2 =
1027; line c). The upper boundary line, with a negative
slope (line a) is defined by equation (1), and represents the
boundary where HCO3 concentrations governed by calcite
dissolution should lie. The fact that the points are far apart
from the calcite equilibrium boundary and that they do not
show any correlation with this line indicates that the soluble
phase is far from calcite saturation. On the other hand, the
parallel relationship of the points distribution with the lines
defined by the carbonic acid system would indicate that the
dissolution of CO, is the primary factor governing rainwater
HCO3, pH and soluble Ca®" in dust laden rainfall and that it
equally affects eastern and western events.

4.2. Fractionation and Dissolution During Transport
[41] On the other hand, another possibility to explain the
differences in the soluble-insoluble Ca fractions is related to
the occurrence of selective processes during transport.
Longer transport of dust would favor the deposition of the
coarsest particles, resulting in an enrichment of the finer
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Table 8. Calcium Budget and Percentages With Respect to Bulk
Ca (Soluble + Insoluble) by Provenances in Red Rains Collected at
Montseny”

Origin Insoluble Ca Soluble Ca Bulk Ca
WS (n = 13) 220 (9.1%) 2208 (91%) 2428
E (@m=10) 3143 (69%) 1420 (31%) 4563

Unit is mg m 2.

ones in the dust plume. It could be envisaged that finer
particles (containing also carbonate particles) would be
more prone to dissolution because of a higher surface to
volume ratio. Thus, for more distant source areas with
similar calcite content in origin, a higher soluble Ca
proportion compared to bulk Ca would be expected if there
was deposition of the coarser carbonates.

[42] Grain size analysis could only be performed on three
samples, two from eastern provenances and one from the
western one. The median particle diameter of eastern
samples was 11.1 ym and 13.0 pum for the events collected
on 11 and 28 March 1991, while the median diameter for
the two replicated grain analysis on the western sample
collected the 15 November 1999 was 7.6 pym: the eastern
samples had a median diameter 32—42% higher that that of
the western sample. While this result is far from conclusive
because of an excessively low number of measures, the
outcome is consistent with our hypothesis of coarser par-
ticles from eastern provenances.

[43] To further explore if there is particle fractionation
during transport, we analyzed the relationship between CaO
as representing the grain size and *'°Pb (T, = 22.3 yr). The
comparison with *'°Pb is justified by the fact this earth
naturally produced radionuclide is adsorbed on dust particle
surfaces and can be used as a tracer of the distance traveled
by dust plumes [Marx et al., 2005]. Fine dust aerosols
transported by air currents from the Sahara desert to the
Mediterranean scavenge >'°Pb from the atmosphere, thus
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Figure 7. Relationship between the soluble products of
dissolution of calcite (the ions Ca®" and HCO; ™ in rain, in
peq L', logarithmic scale) with insoluble CaO concentra-
tions (in %) of the dust residue of red rains at Montseny.
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Figure 8. Relationship between HCO;  and pH in the
filtrated red rains at Montseny distinguished by prove-
nances. Lines show the solubility equilibrium of calcite
(line a), and the carbonic acid system with pCO, at
atmospheric concentrations (line b) and 10 times atmo-
spheric concentrations (line c).

increasing significantly their *'°Pb concentration [Garcia-
Orellana et al., 2006]. The *'°Pb is attached to aerosol
particles in the submicron size range (<1 um diameter
[Winkler et al., 1998; Marley et al., 2000]), thus in our
fractionation hypothesis, the longer the transport, the higher
the 2'°Pb concentration would be. In Figure 9 the ?'°Pb to
insoluble CaO is represented. Western Saharan samples,
with low insoluble CaO concentrations, have higher 219Pb
values (Table 5). A significant negative relationship relates
both variables (r = —0.62; p < 0.01). Eastern samples lie to
the high insoluble CaO side, as repeatedly observed, and
have the lowest 2'°Pb concentrations. The two variables
relationship for eastern samples is not significant at p <
0.05% level (r = —0.66, n = 5). However, if we include the
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Figure 9. Relationship between 2'°Pb concentrations and
insoluble CaO concentrations in the dust residue collected
in red rains at Montseny. WS and E indicate western and
eastern African provenances relative to 0° Greenwich.
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Table 9. Dust Deposition, Ca Content in Insoluble Phase, 210py,
Concentration, and Length of Back Trajectories Distinguished by
Provenances for Red Rains at Montseny in the Period 1987-2002

Dust Deposition,

mg m > Ca, % 219, kBq kg~ Length
Western 971 22 5.15 4000
Eastern 4434 10.4 1.32 2320

Moroccan samples with the eastern group regression (to
represent the relationship for events of closer provenance),
the regression becomes highly significant with r increasing
to —0.89 (p < 0.001).

[44] In Table 9 we have summarized some of the param-
eters that help to interpret the processes occurring during
transport. It is observed that the more lengthy western
trajectories deliver less insoluble material (total dust amount
and insoluble Ca) than the shorter eastern trajectories to
northeastern Spain during red rain episodes. Linked to this,
219pb, which is absorbed onto fine particles, is 4 times
higher in western trajectories compared to the eastern ones.
We propose that particle selection during transport from the
west would leave the finer particles in the dust plume.
These, upon interaction with the wet fronts from the
Atlantic, would solubilize to a higher degree than the
coarser eastern dusts because of higher surface to volume
ratio in the finer western material. Also, western fluxes
could have longer contact with wet fronts from the Atlantic
than eastern fluxes.

[45] In order to assess the fractionation-dissolution hy-
pothesis, more work must be done in measuring the particle
diameters in red rain samples and the chemical composition
by grain sizes distinguished by source areas.

5. Conclusions

[46] On the basis of back trajectories and satellite images,
a distinction was made between an eastern and western air
mass flux with respect to 0° Greenwich for red rain samples
arriving at Montseny (northeastern Spain). Principal com-
ponent and ANOVA analyses between the two provenance
groups showed Ca differences in the insoluble phase, with
eastern samples being significantly richer than western
samples. The ratios of various elements to insoluble Ca
were therefore significantly higher in western provenances.
However, these differences disappeared when considering
bulk Ca ratios (bulk Ca = insoluble + soluble Ca) indicating
a similar total Ca at the uplifting points and therefore similar
carbonated lithologies at both areas. The difference in
insoluble Ca with respect to total Ca between provenances
(Cajnsoluble/Catoral = 0.10 and 0.70 for western and eastern
trajectories, respectively) is interpreted as a difference in
calcite dissolution during transport. Evidence from 2'°Pb
data and from the length of the back trajectories indicate that
western trajectories covered a longer distance than the
eastern ones; their higher calcite soluble phase could be
due to (1) longer contact with wet fronts from the Atlantic
and (2) particle segregation during transport, with finer
particles more prone to dissolution due to a higher surface
to volume ratio.
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