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Abstract—The Tyrrhenian Sea aerosol was sampled by both mesh and filter techniques. Geostrophic back
trajectories were used 1o identify potential aerosol catchment regions, and it was shown that the atmosphere
over the Tyrchenian Sea received incursions of Saharan dust during the colicction period in the autumn of
e 1979. Mineralogical and chemical parameters were used 1o characterize this desert-derived material and it
was shown that it exerts an important influence on the composition ot the local aerosol. On the basis of the
present data, it was concluded that the northward movement of Saharan dust across, the Mediterrancan can
result in the transport of relatively large amounts of crustal material to the southern European coast and so

should be included in estimates of Saharan dust production.

INTRODUCTION

Ganor and Mamane (1982) have recently pointed out

that although the movement of Saharan dust across
the west coast of Africa via the NE trades has been
extensively documented, its transport to other regions
is less well known. The authors concluded that such
transport should be ‘included in estimates of the
production of natural dust from the Sahara, and
provided evidence for the movement of Saharan-
derived colian material to the eastern Mediterranean.
Previously, Chester et al. (1977) had shown that soil-
sized acrosols over the castern Mediterranean consist
of at least two individual populations; one originating
on the European mainland and Mediterranean islands,
and onc in the desert regions of North Africa and the
Middle East. It is apparent, therefore, that the Sahara
Desert is an important source of aerosol components
over the eastern Mediterranean. There is also evidence
for the northward movement of Saharan dust across
the Central Mediterrancan. For example, the *Sirocco’
can transport desert-derived dust from North Africa
across the Mediterruncan to Malta and Sicily where,
on termination of the winds by the’passage of cold
fronts, the dust burden is deposited in the so-called ‘red
rains’. Examples of the northward movement of
Saharan dust have been identified (see e.g. Prodi and
Fea, 1979; and references therein; Arnold et al., 1982),
but the phenomenon has not been studied in nearly as
much detail as transport within the NE trades (sce e.g.
Ganor and Mamane, 1982; Fig. 4). Further, relatively
little compositional data is available which may be
used to characterize the desert-cérived componeats

and so identify actual incidents of the incursion of the .
dust over the southern European coast of the .

Mediterrancan. In an attempt to investigate such
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incursions of Saharan dust, a series of acrosol collec-
tions were made during the autum of 1979 over the
Tyrrhenian Sea. In the present paper geostrophic back
trajectories have been used to identify catchment
regions for the components in the Tyrrhenian Sea
aerosol, and a number of mineralogical, magnetic and
chemical parameters have been employed to charac-
terize the componerts with a view to identifying those
originating in the Saharan region.

SAMPLING AND ANALYSIS

Aerosol collection technigues

The acrosol was collected on board RRS  Shackleton

" during the autumn of 1979. One set of collections was made

on terylene meshes suspended above the bows of the ship,
Two meshes Were exposed for cach collection and were
immediately sealed in plastic bags on being taken down. The
acrosols were subsequently removed from the meshes by
washing in ‘metal-free’ water in the laboratories at Tiverpool,
A sccond set of collections was made using a high volume
tilter system posttioned ahead of the ship’s bows. The system
wis constructed at Liverpool and was based on a heavy duty
centrifugal pump connected to two plastic filter holders in
such & manner that no metal parts were in contact with the
sampled air prior 10 its passing through the filters (type:
Whatman 41). Air flow rates were measured using an ortlace
type flow meter. and typical sampling rates were ~ 2m 2 air
min ' through ‘clean’ filters, with a face velocity  of
~ &0cems ' The filters, two of which were exposed during
cach collection period. were scaled in plastic bags before and
after exposure. The locations of the samples used in the
present investigation are illustrated in Fig 1, and are hsted in
Table 1.

Clay mineral analy is

The determination of the clay minerals was carried out on
the  mesh-collected  samples using  X-ray  diflraction
Quantitative estimates were made by measuring arcas under
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Fig. 1. Location of the acrosol samples. Prefix F indicates
filter-collected samples and pretix M indicates mesh-
collected samples. Sample pairs F2/M2-F7/M7 were col-
lected within the general area of the square at the individual
locations given in Table 1. The remaining sample pairs were
taken along the tracks indicated.

the relevant peaks on the diflractograms, using oriented
samples.

Ferrimagnetic mineral analysis

Measurements of magnetic susceptibility ( x ) were made on
the mesh-collected sumgles using a low-field susceplibility
bridge circuit similar to that described by Molyneux and
Thompson (1973). The technique has a reproducibility of
i 5 “’0‘

Elemental analysis

Elemental analysis was carried out on the filter-collected
samples. In the analytical procedure, the filters were dissolved
in redistilled HNO, and Aristar HF in PTFE beakers. and the
digests stored in polystyrene vials. The elements were then
determined in the digests by an atomic absorption technique
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using cither a flame or flameless mode, as necessary.
Appropriate correction was made for filter blanks and the
elemental concentrations for ecach individual collection were
calculated as the means of the two exposed filters. Replicate
determinations on a mesh-collected sample, for which suf-
ficient material was available 1o test the analytical procedure,
showed that the atomic absorption technique had the follow-
ing co-cficients of variation: Fe, 6", Mn, 7°,, Cd, 9" Pb,
5% Zn, 5%, Cu, 4% Cr, 5" Ni, 9" and Al 2",

AEROSOL TRANSPORT PATHS

In an attempt to identify the potential source arcas
of the aerosols, geostrophic back trajectories were
reconstructed for the air parcels from which the
samples were collected. For cach sampling period 12-h
geostrophic back trajectories were plotted, at surface
level only, from Northern Hemisphere synoptic charts
using the method outlined by Petterson (1956); the
times and locations of the deployment and retrival of
the mesh and the high-volume filters were essentially
the same, and the estimated trajectories apply to both
sample sets. The reconstructed geostrophic back traj-
ectories are illustrated in Fig. 2, and on the basis of
these wind tracks the sample pairs, i.e. mesh and high-
volume filters, can be placed into two general
populations.

Population A includes sample pairs F1/M1, F2/M2,
F3/M3, F4/M4 and F9/M9Y. These samples were
collected from winds having prédominantly casterly
trajectories which ran along the length of part of the
Mediterranean and which, for some samples, impinged
on southern Europe during the period of the re-
constructed trajectories. No back trajectory data was
available for Sample F9,M9Y; however, during the
collection the winds were predominantly casterly.

Population B includes sample pairs F5/MS, F6,Mé,
F7/M7 and F8/M8. Trajectories for these samples
were all- predominantly southerly and indicate that the
winds had crossed part of the North African mainland.

I is evident from the air parcel trajectory data,
therefore, that during the collection period some of the
samples, ie. those of Populastion B. were taken from
winds which had crossed part of the Sahara Desert.
Once ll{is had been established a number of para-

Table 1. Locations and times of atmospheric particulate collections

Collection Start Collection Finish
Mesh Filter
sample No.  sample No. Location Date Location Date
Mi ki 39 07N, 10 SYE 71079 394TN, 1] SYE R 1079
M2 F2 39 47N, 1l SYE 81079 3926'N, 12 19E 910 79
M3 F3 39 26'N, 12 1YE 9 10 79 40 9N, 12 S9F 10 10 79
M4 F4 40 0N, 12'S9°E 101079 39°26'N. 12 33E o179
M5 Fs 39 SIN, 12 44°E 131079 3942'N, 12 II'E 141079
Meé Fé J942N, 12 IVE 14 1079 39 41I'N, 12 44°F 1S 1079
M7 7 39 4I'N, 12 44°E 1S 10-79 39°48'N. 12 44F 16 10 79
M8 F8 39 48'N, 12 44E 16 10 79 40 3TN, 11 29'E 171079
M9 k9 38 OO'N, 14 IS'E 24.10-79

383N, 15 27TE 25 10 79
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Fig. 2. The identitication of sample catchment areas by geostrophic back trajectories. Marker points are at 12-h
intervals back-tracked from the end of each collection period. Maximum collection periods were ~ 24 h,

Mmeters were used in an attempt to characterize the
Saharan dust, and 1o investigate the effect it has on the
Tyrrhenian Sea aerosol. 2

THE CHARACTERIZATION OF SAHARAN DUST IN THE

TYRRHENIAN SEA AEROSOL
L]

(1) The clay mineralog y of the soil-sized aerosols

The collection characteristics of the meshes em-
ployed in the present investigation have been discussed
in detail by Delany et al. (1967), Goldberg (1971),
Parkin et al. {1972)and Chester and Stoner (1974), and
it may be concluded that mesh-collected particles are
primarily derived from the uplift of soils and so
represent the soil-sized fraction of the aerosol. The
meshes have only a low efliciency for the collection of
particles less than about 1um in size, but have the
advantage that they collect relatively large amounts of
sample which can be easily removed for subsequent
analysis. In the present works the meshes were there-
fore used to collect the volumes of sample required fcr
the mineralogical and magnetic analyses.

The clay mineralogy of eolian soil-sized: dusts has
been used as a parameter for the identification of
potential acrosol source areas by several authors (see
e.g. Delany et al, 1967; Chester et al, 1972). For
example, Chester et al, (1972) demonstrated that the
clay mineralogies of a series of aerosols from the

eastern Atlantic varied latitudinally, and reflected the
weathering characteristics of the source soils on the
adjacent land masses.

The concentrations of the four principal clay mi-
nerals, ie. illite, montmorillonite, chlorite and
kaolinite, in the soil-size Tyrrhenian Sea acrosols are
given in Table 2, in which the samples are classified into
the two populations deliniated on the basis of the
geostrophic back trajectories. These populations were
distinguished in terms of their aerosol calchment
regions, and it is evident from the data in Table 2 that
the differences between them are reflected in the gross
clay mineralogy of the soil-sized samples. Population
A samples, which originate on the northern boundary
of the Mcditerranean, are characterized by having
relatively high concentrations of illite (average; 67°))
and roughly similar proportions of kaolinite (average;
15°,) and chlorite (average: 18°). Population B
satmples, which contain material derived from the
Sahara also have relatively high concentrations of illite
(average; 56°,) but differ from thosc of Population A
in that their concentrations of kaolinite (average; 359,
considerably exceed those of chlorite {average; 7°,).
The higher concentrations of kaolinite in the
Population B samples are entirely consistent with their
proposed Saharan origin. Evidence for this has been
provided by Chesler et al. (1977) who investigated the
clay mineralogy of a series of soil-sized acrosols from
the eastern Mediterranean. On the basis of clay
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Table 2. Clay mineralogy of the soil-sized atmospheric particulate

Montmorillonite

Sample Sample Hlite Chlorite Kaolinite
populationt No. ) ") ) ()
A M2 64 18 18 N.D.
M3 72 19 9 N.D.
M4 70 15 15 ND
M9 61 20 19 N.D.
Average 67 18 15
B MS5 62 12 26 N.D
M6 69 4 25 .2
M7 59 8 3 ~2
M8 34 4 59 ~13
Average 56 7 3s ~2
Mediterrancan
‘southeastern’
coliuan
populationt 40 8 50 S

* The individual clay mineral °, ages are expressed i terms of a 100°, clay mineral sample: i c.

(illite + chlorite + kaolinite + montmorillonite) = 100",. N.D.. not detected.
T Sce text for population classification; no data for Sample M1,

1 Data from Chester ef al. (1977)..

mineralogy, these authors were able to distinguish a
‘southeastern’ colian assembledge which originated in
the deserts of'NorUl\ Africa and the Middle East. The
kaolinite content (average, ~ 50°,) of this population
was twice as high as that of« ‘northeastern’ eolian
assembledge, which contained material derived from
the soils of southern Europe.

For comparison with the present samples the
average clay mineral composition of the ‘southeastern’
assembledge is given in Table 2. Of the various samples
in Population B, M8 has the highest associated Al
loading (sece Table 4) and so may be regarded as
representing the maximum influx of Saharan material
to the atmosphere over the Tyrrhenian Sea during the
present collection period, and it can be seen from Table
2,that its clay mineral composition is reasonably
similar to that of the average for the ‘southeastern’
assembledge.

It may be concluded, therefore, that there are
differences in the gross clay mincralogies of the soil-
sized aerosols . . . of Populations A and B.
Aerosols which origlnate from the soils of the
southern European landmass, and the northern
Mediterranean islands, have illite as their principal clay
mineral and roughly equal proportions of kaolinite
and chlorite. These aerosols probably form the normal
assembledge present over the Tyrrhenian Sea at most
times of the year. However, the present investigation
has shown that the clay mincral composition of the
total soil-sized aerosol can be modified by the injection
of relatively kaolinite-rich, soil-derived material from
the North African deserts. In the desert-derived ‘end
member’ samples, such as M8, kaolinite exceeds illite
and becomes the predominant clay mineral, and it may
be regarded as an indicator for soil-sized material
transported across the Mediterrancan towards the
European mainland. The proportion of kaolinite in the
soil-sized aerosols over the Tyrrhenian Sea depends on

the extent to which the local atmosphere has received
injections of Saharan dust, and this is discussed below
in terms of variations in the concentrations of atmos-
pheric Al

(2) The ferrimagnetic mineralogy of the soil-sized
aerosols

. According to Doyle et al. (1978) and Oldficld er al.
(1978) the dominant source of ferrimagnetic minerals
in the present-day atmospherc is magnetic spherules
generated in industrial and domestic combustion
processes. The concentration of ferrimagnetic minerals
in a sample can be estimated from measurements of
specific susceptibility ( x) and such measurements have
been used to assess the magnitude of industrial
pollution in such diverse materials as pcat bog deposits
(Oldfield er al., 1978) and coastal sediments (Scoullos
et al., 1979). In a recent paper, Chester ef al. (1984a)
gave data on the magnetic susceptibility () of a series
of soil-sized aerosols from the Mediterrancan atmos-
phere. They concluded that in addition 1o non-crustal
sources, natural soil-derived material yiclded ferrimag-
netic, i.e. y-contributing, material (o the atmosphere.
Their data showed that soil-sized components orig-
inating from the deserts of North Africa contained
ferrimagnetic minerals which have y values in the range

,~ 2510 ~65x107°GOe™'em™3g ', whereas acro-

sols from southern Europe were dominated by non-
soil ferrimagnetic components having y values which
are in the range of about 100 1o more than about
700x 107°GOe " 'em™2g™!. As part of a general
survey of the distribution of y values in soil-sized
aerosols from the atmosphere of the Mediterranean
Sea and surrounding regions, the authors gave data for
the samples from the Tyrrhenian Sca and these are
listed in Table 3.

On the basis of their x values, there is a very clear
distinction between the samples of Populations A




(3) The elemental chemisery
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Sample Sample
populationt No.

A Mi
M2
M3
M4
M9
Average
B M5
Meo
M7
M8
Average
e
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Table 3. ; values for the soil-sized atmospheric particulate®

£

10 *G Q¢ ' em? gh
631
651
445
3Ko
321
487
97
64
54
44
65

* 'Data from Chester et al. (1984).
t Sce text for Population classitication.

and B. The soil-sized aerosols of Population A
have y values ranging between 321 and 651 x j0-¢
GOe™'em™3g 1 . with an  average of 487
x107°GOe " '¢cip * 8 _'; values which are typical for
soil-derived materjal originating in southern Europe,
In contrast, samples in Population B have values in the
range 4497 x IO“"GOe"cm"g". with an
average of 65 x 10°*GQe "' ¢ *27". Three of the
four Population B samples have y values between 44
and 64 x.10"GOe "' ¢ - '8, these lie within the
range found for North African desert-derived material,
and so provide further evidence for the injection of
Saharan dust into the atmosphere over the Tyrrhenian
Sca. It should be noted that Sample M8, which had the
highest concentration of kaolinite, also had the lowest
4 value of any of the samples.

of the total aerosol samples

The high volume filter system collects the full
Spectrum: of particles in the atmosphere and (he
concentrations, and enrichment factors, for a number
of clements in the total aerosol samples are given in
Table 4.

Alin the Tyrrhenian samples ranges between 80
and 5072ngm-3 of air, with a distinet difference
between the two Populations; Poputation A having an
average of 112ng Alm -2 of air, and Population B an
average of 2000ng Alm =2 of 4ir. Within all samples
there is also 4 general tendency for the highest
concentrations of soil-sized kaolinite (an indicator for
Saharan dust) to be associated with the highest total
aerosol Al concentrations, Clearly, therefore, the elev-
ated Population B A| concentrations in the Tyrrhenian
Sea atmosphere are a resuly of the transport of crustal
material to the region from the Sahara. The range of
dtmospheric Al concentrations (-~ 250 o ~ 5000
of air) associated with the Sahara[l dust

. have enrichment factors

incursions of Population B ljes within the same orders
of magnitude of that usually found for the NE trades
off West Africa (see e.g. Chester ¢ al, 1979), and
although it may vary considerably on seasonal basis
itis apparent that the northward transport of desert-
derived material across the Mediterrancan represents
an important pathway in the dispersion of dust from
the Saharan reservoir,

The concentrations of the
aerosol also show considerable
and between, the two Populations, and in order o
interpret the compositional differences in terms of
crustal and non-crustal elemental sources, enrichment
factors have been used; for a discussion of the use of
enrichment factors—see Berg and Winchester (1978).
The enrichmeny factors given in Table 4 employ Alasa
crustal reference element and have been calculated
using the following equation; EF, = (Co/CaC o/
C. ) in which C,, and Capp are the concentrations
ofan elemeni y and Al, respectively in the acrosol, and
C,.and Cak are their concentrations in average crusal
malerial. Enrichmen factors close 1o unity arc taken as
an indication thay an element has g mainly crustal
origin, and those which are greater than about 10 are
considered to indicate that a substantial portion of an
element has a non-crustal source.

In terms of their entichment factors the elements in
the Tyrrhenian Sea acrosol can be divided into three
general groups: (1) the hon-cenriched elements, which
have enrichment factors Benerally less than abouy 10,
i.e. Fe, Mn and Cr; (2) the intermediate elements which
! between about 10 and 100, i.e.
Ni, Cu and (3) the enriched elements which have
enrichment factors which can exceed 100, je. Zn, Pb,
Cd. It can be seen from the data in Table 4 that (he
enriched and non-enriched clements behave ditferently
in the two populations. The hon-enriched elements
have gencrally low enrichmen factorsinall samples. In
contrast, there are considerable variations in the
enrichment factors of the enriched clements (Zn, Pb,
Cd) even between samples which have relatively small
variations in the concentrations of atmospheric Al

other elements in the
variation both within,
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However, on average, the enrichment lactors for these
elements are considerably higher in Population A
particulates; thus allowing a clear distinction to be
made between the two sample populations. Sample I8
G| 38FS8RZS223R was collected from winds which had crossed parts of
] 538 ga=== rom winds which had crossed parts o
i 2 the Sahara and its equivalent mesh-collected sample
Olgl e —~ote Isq2sa has the highest concentration of kaolinitc and the
8| m—=3vwdommngm . .
O|coco~cococcco lowest x value of any soil-sized aerosol. This sample
’ also has the highest total acrosol atmospheric Al
o | B8g8cE8vee i
inll B=i-SAR N S : concentration and may therefore be regarded as
2 containing the greatest proportion of Saharan dust of
§ tno rOMQ all the Tyrrhenian Sca acrosols, and itis significant that
G | TS e e e e it also has the lowest enrichment factors for the
= T enriched elements Pb and Cd. 1t may be concluded
£ G| A8RRLErraY«n therefore that Saharan dust injected into the atmos-
; S phere over the Tyrrhenian Sca has relatively low
2 § =) nwo— enrichment factors for all clements, and that as its
2 o Vi e -— O . . § 5 3 g
Qo AR TR ~R*® concentration increases it has the diluting effect of
3 . ‘ -
‘g —— reducing the enrichment factors within the total acro-
o n -t .
5 Bl nqepege—=-—v sol. However, for some clements, eg Pb, Cd, the
2|3 enrichment factors in the desert-derived acrosols are
g o N . 3 .
5 E|emxavooxn Lo~ still, on average, > 10, suggesting that there is an
& (5} —_ - QAN - O TN . .
g independent, non-crustal, concentration of the en-
= a riched clements over the Mediterrancan Sea and
] o] i i D= e . ; i S
z golecnsdmal=a surroundingareas (see also; Chester et al. 1981). This is
o | Z probably analogous to the minimum concentration
= (3] W < s
= g | S i et Oy o o (C,,) concept which has been developed by several
e~ O NOo o ———— ) NV A
@ authors (see e.g. Rahn, 1976; Adams and Van Crean,
] - v H > TPy ata et 1e
3 o iy iy i i B 1980; Chester 'el.ul.,‘ If)84b. The pu.\cn‘l data set is too
& WOID I, (£ Uk aoke v S small to permit individual elemental €, values to be
51O established with any degree of certainty and although
g EluweSaneso—owa : : :
— o > o e e
£ S| 283222503 wT such values shogld be taken into au‘ou'n( in asscssing
= . total concentrations, the actual variations in the cl-
LF) R « .
o clnonganaRBRY emental composition of the acrosol can be deseribed in
S MrAcNvAiMm—-CoSoo terms of two principal components. These are: (h)a
w . . B ~
=Sy ‘southern European’ component, consisting of crustal
= = ; : 2 ; "
3 S pifrhog s e bl SR 9 - material which is enriched in some non-crustal el-
§ ! ements, e.g. Pb, Cd, Zn, supplicd mainly from anthropo-
& S| 2ees o ® %o genic sources on the European mainland. and (2) a
o - - —— : % s "
_: & = e *Saharan' component consisting of crustal material
€ b vlgnzornes § 53 which has not been significantly enriched in non-
& S it R o 4~ S et crustal elements. Over the Tyrrheniun Seu; the com-
w . position of the acrosol is controlled by the mixing of
e [~3 4
= 5| 2c2oaacacaac| g these two components, superimposed on the presence
T _ % g of any C,,,, concentrations present in the atmosphere.
“© . &
- | < ¢l goegenggnn § 23 The varying proportions of the two components are
-— . oo I~ .
S a-anags| 4 dependent on the aerosol catchment regions crossed
c ihi 1 1 - a2l e v

. § 5 by the prevailing winds. Air parcels which have

A - & 1 . . s 1 mr cate . 9

Sl glcmmre wor = 2 mcludc@ part of soul.hcrn [.umpc m‘lhur m.uhmg'ms..

5 |2 | Bl Riini a; or which have reccived material from this region,

[=1 o . .
§'A9_ transport material with enhanced concentrations of
&g the enriched, non-crustal, elements which therefore

L4 b . - . " 5

£ 5 g have relatively high enrichment factors. In contrast, air

E ;;;, % &8 parcels which have impiqgcd on the Nur!h African

2 5 5 deserts transport material impoverished m non-crustal

3 < = g » + e . :

a < < elements, and this is reflected in their generaily low
enrichment factors for ail elements. However, the
distinction between the two components will ob-
viously not always be clear cut since the acrosols are
mixed assembledges.
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CONCLUSIONS

The present investigation has identified incidents of
4 northward transport of Sahuaran dust 1o the
European Mediterranean coast, and it has been clearly
established that this dust €xerts an important influence

northward transport should be tncluded in estimates
of Saharan dug, production. On the basis of the data

should be made o establish (he magnitude of the
northward transported Saharan dust flux,
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