
ARTICLE IN PRESS
1040-6182/$ - se

doi:10.1016/j.qu

�Correspond
fax: +49421 21

E-mail addr
Quaternary International 198 (2009) 234–245
Aeolian dust in Europe: African sources and European deposits

Jan-Berend Stuuta,�, Ian Smalleyb, Ken O’Hara-Dhandb

aMARUM—Center for Marine Environmental Sciences, University of Bremen, P.O. Box 330440, 28334 Bremen, Germany
bGiotto Group, Waverley Materials Project, Nottingham Trent University, Nottingham NG1 4BU, UK

Available online 30 October 2008

Dedicated to Prof. Dr. D.H. Yaalon

Recollecting Dust, Loess & Deserts
Abstract

A conceptual model is presented for the provenance and dispersal patterns of small dust that falls on Europe. Generally its sources are

in North Africa, and it is distributed across all Europe. Several key sources can be distinguished: ‘Sahelian’ dust comes largely from the

old Lake Chad region—this is a clay-rich unimodal material. ‘Saharan’ dust comes from the great sand sheets—it contains small

monomineralic particles and may have a bimodal size range. Three simple deposition zones can be recognised; a D1a zone where

sufficient dust is deposited to form a discrete soil layer (not well classified as a Rendoll), in the extreme south of Europe; a D1b zone

where the airborne dust simply provided a silty admixture to soil systems—across Middle Europe; and a northern zone D1c where the

dust is a fugitive cloud, but very occasionally forms noticeable deposits. Two particle formation methods can be noted. Particle control in

Sahelian dust is via the sedimentation in the original lake. This gives an open structure which can be modelled using a simple Monte

Carlo approach. The open structure ensures that only small particles are produced; size control is via particle packing. A chipping

mechanism can produce fine quartz particles from sandy deserts. The aeolian energy is, by and large, not sufficient to cause major impact

fracturing but small mineral chips can be produced in the small dust size (fine and very fine silt), which go into high-level suspension and

travel to Europe and beyond. The Saharan material can have a wider, more variable size distribution than the Sahelian material. The

Canary Islands ‘loess’ is largely Sahelian material; the Cape Verde Islands deposits, from the nearby sandy regions, are Saharan deposits.

Large dust has fallen on Europe, and produced widespread loess deposits. Large dust is essentially an ‘in-continent’ deposit; small dust

comes from outside—from Africa.

r 2008 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Europe is not a particularly dusty continent, compared
to Australia or Africa, but there is a dust history to be
considered and widespread loess to be examined and
explained. Furthermore, there is contemporary dust
activity, mostly involving dust from North Africa. A
continent wide study is mostly an exercise in simplification
and generalization and this review will concentrate on the
nature of dust materials associated with the European
environment, their sources and transportation routes, their
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zones of deposition, and various consequences and
palaeoclimatic implications.
Dust is defined as material transported in suspension in

the atmosphere, and this is material, which, predominantly,
falls into the silt category (2–63 mm). This study of airborne
silt, follows Friedman and Sanders (1978) in recognising
five silt categories, each separated by 1 phi (f) interval
(9–4f; 2–63 mm). Although the authors do not support the
phi (f) system of measurement, it provides a convenient
way of demarcating the silt range, and facilitating a
discussion on dust.
A major size distinction is observed in the world of dust;

crudely expressed as a division into large dust and small
dust (see Livingstone And Warren 1996). Failure to
appreciate this fundamental dichotomy has caused much
confusion in the study of dust and loess. Large dust is
served.

dx.doi.org/10.1016/j.quaint.2008.10.007
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coarse silt (16–31 mm) and very coarse silt (31–63 mm),
carried in suspension but usually only for relatively short
distances and forms loess deposits. Small dust is fine silt
(4–8 mm) and very fine silt (2 4 mm) that travels very
efficiently in suspension, is often washed out by rains,
and may form deposits and additions to soils far downwind
of the original particle source. Particle source distinguishes
large and small dust; the different particle sources establish
the two distinctive particle populations, and this point
needs to be continuously emphasized. In the European
scenario large dust is produced ‘in continent’, moved about
by rivers and deposited by aeolian action. At present dust
in Europe is only formed in significant quantities in the Po
valley in Italy (Husar et al., 2000). Small dust is produced
externally and blown into the continental region. It is
widely dispersed, and from particle production to deposi-
tion only one major event is involved. In Europe small dust
is mostly moving north towards deposition, but large dust
from northern Africa is moving essentially south and east,
but with minor amounts going north and west. The
B

A  

Fig. 1. Digital elevation model (DEM), illustrating the geomorphology of the

surrounded on practically all sides by mountain ranges, (B) Several basins in

Warren, 1996). DEM from USGS, Sioux Falls, South Dakota, USA.
movement of large dust, which is to become loess across
Europe, is a complex matter still requiring final elucidation.
Apart from exceptional cases where Chinese dust makes

it around the planet to the Alps (e.g., Grousset et al., 2003),
and some local coarse dust (e.g., Franzén and Hjelmroos,
1988; de Jong et al., 2006) the major source of small dust
material is in North Africa, in the old Lake Chad basin and
the great sand seas (e.g., Goudie and Middleton, 2006).
Most of this material is carried to the west and out over the
Atlantic. Fig. 1 shows the general setting and attempts to
indicate proposed source and deposition regions, and
related features.
Some dust falls on the Canary Islands and forms

the Canary Islands ‘loess’, which has a mode size of
around 5 mm (Coudé-Gaussen, 1991; Torres-Padrón et al.,
2002; Menéndez et al., 2007). Small dust material from
Africa has been noted and studied in many European
locations such as Crete (e.g., Nihlén and Mattsson, 1989),
Spain (e.g., Rodá et al., 1993), Italy (e.g., Bergametti et al.,
1989), UK, (e.g., Stevenson, 1969), the Alps (e.g., Ricq-de
Depressions covered by sand
seas

           Inland-draining Chad basin 

main dust sources in northern Africa. (A) The Bodélé Depression in Chad

northwest Africa are well-known sources of dust (e.g., Livingstone and
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Bouard and Thomas, 1972) Scandinavia (e.g., Franzén
et al., 1994) and there is no doubt that in some places
it has made a significant contribution to local soils.
The Rendzinas in southern Spain are almost certainly
the result of dust input from North Africa and the
classic A–C horizonation suggests that no other explana-
tion is likely (e.g., Danin et al., 1983), because the upper A-
horizon is detached from the lower materials since it is
made up of dust and the C-horizon contributes nothing
in effect.

Much of the small dust that is delivered from Africa is
old lake sediment particles, which are lifted as small
aggregates of clayey material (e.g., McTainsh, 1985). The
small dust size is controlled by the particle packing in the
original lake sediment (Smalley, 1970). The particular
geomorphology and recent geological history of the Lake
Chad region ensures a continuing supply of this small dust
material (e.g., Engelstaedter et al., 2006). Particle frag-
ments produced by sand grain impacts in sandy desert
regions contribute another set of small dust particles. It
appears that small dust consists mostly of clay mineral
aggregates and monomineral particle fragments. A dichot-
omy is suggested, into old dust; older lake-floor sediments,
and new dust; fine material that is delivered by the active
drainage systems. The new dust is small dust and the old
dust is large dust.

To describe a sediment and to examine any aspect of the
sedimentation process it is useful to look at the whole
sequence of events/processes, which go to determine the
position and nature of the eventual deposit. The PTD
scheme (Smalley, 1966, see also Wright, 2001; Smalley
et al., 2005) was an early attempt to define the events
forming a sediment; the events are divided into P—particle
formation events; T—transportation events, and
D—deposition events. First devised to describe loess
deposits there is inevitably some emphasis on clastic,
particulate sediments. Although the basic idea is
very simple, when applied to some complex loess deposits
a remarkably detailed sequence of events can be
revealed for study. It would appear that in the case of
aeolian dust moving from Africa to Europe a very simple
sequence is observed: P actions—particles are formed in
the arid regions of north Africa; T actions—a long high
transportation of fine particles in suspension, roughly
from south to north; and D actions—deposition in various
European environments. A PTD sequence for African
dust has been attempted (Evans et al., 2004) and this
will be developed in this paper. This study is mainly
concerned with P and D events; the T events have received
detailed attention—but the P and D events have been
somewhat neglected, even though Morales (1979) directed
specific attention to the importance of studying particle
formation events, he proposed: ‘‘comprehensive studies
to understand the production of fine particulate material
by weathering and disintegration processes as a first and

important (authors’ emphasis) step in dust production’’
(Morales, 1979).
2. Saharan dust in Europe

A comprehensive study of early reports on dustfalls in
Europe was written by Free (1911) and followed by a very
complete bibliography on the older dust literature by
Stuntz and Free (1911), who report ancient descriptions of
dustfalls dating back almost 3000 years; to the times of
Homer, and Virgil and Livy. Fett (1958) described several
studies of Saharan dust reaching Europe in the mid 20th
century, and also how storm trajectories across the
Mediterranean brought dust from Libya to Italy and
occasionally across the Alps. Yaalon and Ganor (1973)
also briefly discussed dust heading for Europe: ‘‘Sahara
dust transported by cyclonic winds reaches Europe
occasionally’’. The major scientific contributions on
Saharan dust published in the seventies and eighties of
the 20th century were the results of a number of workshops
such as e.g., Morales (1979), Péwé (1984), Leinen and
Sarnthein, 1989) and Guerzoni and Chester (1996).
Essentially, it was concluded in these workshops that there
is still a need for a better understanding of the localized
factors, which influence dust generation and transport. In
addition, there is a strong need for models that can
simulate the dust generation and injection at the synoptic
scale that can be used in mesoscale and global circulation
models. The development of satellite imagery and the
recognition (by e.g., the IPCC) that aerosols do affect
global climate significantly have led to the appearance of a
vast amount of dust publications in the last decade (e.g.,
Husar et al., 1997; Guerzoni et al., 1999; Chiapello et al.,
2000; Husar, et al., 2000; Goudie and Middleton, 2001;
Chiapello and Moulin, 2002; Pérez-Marrero et al., 2002;
Ansmann et al., 2003; Chiapello et al., 2005; Mahowald
et al., 2005; Stuut et al., 2005; Engelstaedter et al., 2006;
Goudie and Middleton, 2006; Mona et al., 2006; Moreno
et al., 2006).

3. Small dust in Europe

Most Saharan dust is deposited over the Mediterranean
countries of southern Europe and has been reported since
ancient times (e.g., Bücher and Lucas, 1984). Dust clouds
originating from the Sahara are often observed in the
Mediterranean countries typically as yellowish-brown
clouds that are washed out by rains mostly against
topographic barriers, which cause uplift of the dust-
transporting air masses (e.g., Prodi and Fea, 1979; Nihlén
and Mattsson, 1989). Occasionally, the dust particles travel
further north; Pitty (1968) recorded the arrival of Saharan
dust in London in July 1968, coming from the western
Sahara along the east Atlantic coast, and small dust
particles were also occasionally observed in The Nether-
lands (e.g., Reiff et al., 1986), Germany (e.g., Littmann and
Steinrücke, 1989) and in Scandinavia (e.g., Franzén, 1989).
There can be substantial dustfalls such as the one in early
March 1991 that covered an area of at least 320,000 km2

stretching from Sicily in the south to Sweden and Finland
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Fig. 2. Present-day active dust sources in the Saharan Desert (modified

after Kellogg and Griffin, 2006, and incorporating d’Almeida, 1986;

Middleton and Goudie, 2001; Engelstaedter and Washington, 2007).
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in the north (Burt 1991; Bücher and Dessens, 1992;
Franzén et al 1995). Most of these small dust particles
were carried North by anticyclonic cells (Wheeler, 1986)
and washed out by rains, to be mostly seen as a thin veneer
covering e.g., cars and bikes. The Saharan provenance of
the material was supported by the exotic pollen that were
found in local wind-blown deposits in Sweden (Franzén
and Hjelmroos, 1988).

4. Large dust in Europe

Present-day large dust (16–62 mm) in Europe essentially
means Saharan and Sahelian material crossing the Medi-
terranean and then being dispersed by variable winds
across the continent and deposited by dry deposition
(Guerzoni, et al., 1999). Huge amounts of dust are blown
out of the Sahara towards the North, based on trace
metals. Martin et al. (1989) estimated the input of red dust
from the Sahara of the same order of magnitude as the
annual downstream flow of rivers discharging to the
western Mediterranean. Estimates of total Saharan dust
production vary widely ranging from 130–460 (Swap et al.,
1996) to 1400 million ton per year (Ginoux et al., 2004).
d’Almeida (1989) argued that only about 12% of the total
Saharan dust export is transported north, and calculated a
total amount of about 80–120 million tons per year, which,
considering the large spread of estimations (Goudie and
Middleton, 2006) may well be an underestimation.

Where Africa and Europe are close, e.g., southern Spain,
the contribution of African dust to soils is significant. In
Spain, most of the dust-laden winds presently carry great
numbers of large dust predominantly in the summer
months, leading to dust concentrations in the atmosphere
far exceeding the EU standards for air quality (e.g.,
Rodriguez et al., 2001). Large dust in the Mediterranean
realm is also deposited with rain, leading to the so-called
‘‘red rains’’ or ‘‘blood rains’’ (e.g., Passerini, 1902; Avila
et al., 1997; Avila and Peñuelas, 1999). Large dust has been
observed on other relatively proximal deposition areas for
Saharan dust such as Sicily (Corregiari et al., 1989),
southern Italy (Molinaroli et al., 1993; Guerzoni et al.,
1996), and Crete (di Sarra et al., 2002), although wet
deposition seems to be the predominant sedimentation
mechanism (e.g., d’Almeida, 1986; Rogora et al., 2004).

Fossil large-dust deposits present a fairly complex
picture. Large dust (in the classic loess range 10–50mm)
was produced in Europe at various times in the Quaternary
and has formed a range of loess deposits across the
continent (e.g., Frechen et al., 2003; Haase et al., 2007;
Rousseau et al., 2007). Of course for most of its history it is
simply coarse or very coarse silt (e.g., Markovic et al., 2006)
but it takes on the form of dust for the last deposition event,
and this gives it the nature, structure and properties of loess.
To find out why this silt/dust is concentrated in its
particular size range requires consideration of the source
of the material. The silt/dust itself largely consists of quartz
particles and it appears that there are crystallographically
controlled defects, possibly related to Moss defects (Moss
and Green, 1975), in quartz particles which predispose the
breakage product to be found in the ‘loess’ size range (e.g.,
Assallay et al., 1998). While the size control on small dust
particles appears to derive mostly from the deposition mode
in the early phase of wet deposition in the lake, the control
is exercised on most large dust particles at the transition
from sand to silt size. There are certain natural modes in the
clastic universe; one gives quartz sand, and one gives quartz
silt. Small dust largely escapes these controls.
5. Saharan dust in Europe; sources and distribution

Dobson (1781) was most likely the first to apply a simple
triangulation method to determine the major source of
Saharan dust and came very close to the Bodélé depression
in former lake Chad, which is presently recognised as the
single major source of Saharan dust (McTainsh and
Walker, 1982; Prospero et al., 2002; Engelstaedter, et al.,
2006; Koren et al., 2006). Since then, trajectory calcula-
tions helped many scientists to locate potential sources of
dust deposited in Europe (e.g., Ganor and Mamane, 1982;
Reiff, et al., 1986; Bergametti, et al., 1989; Franzén, et al.,
1994; Avila, et al., 1997).
A major source area for transport of dust to western

Europe was identified in southernmost Algeria, between
Hoggar and Adrar des Iforhas (d’Almeida, 1986). This is a
high region, south of Mt. Tahat (9850m). Another
source, where material is particularly rich in palygorskite
(Molinaroli, 1996) is in the region of Western Sahara
and southern Morocco. These sources have been essenti-
ally confirmed by back trajectory analysis for dust
deposited over northeastern Spain. Avila et al (1997)
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traced deposition events back to three main areas: Western
Sahara; Moroccan Atlas, and central Algeria. These source
areas have also been identified for transport of dust to the
British Isles (Tullet, 1978; Wheeler, 1986). A common
trajectory for transport to Britain is over the Bay of Biscay,
in mid-tropospheric winds skirting an anticyclone over
western Europe.

Less commonly, dust is transported from Algerian
sources over the Mediterranean and France in association
with a low-pressure system centred over the Bay of Biscay
(Wheeler 1986, Coudé-Gaussen et al., 1998).

A graphical summary of the major sources recognised by
d’Almeida (1986), Middleton and Goudie (2001), Blanco
et al. (2003) and Engelstaedter and Washington (2007) is
provided in Fig. 2. Goudie and Middleton (2006) state that
the problems with source identifications may have to do
with the fact that different methods and definitions are
used. Nevertheless, roughly four dust sources can be
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Fig. 3. North Africa and southern Europe. The three soil zones D1a, D1b an

Sahelian dust particle source is indicated. T, P and D zones, after Evans et al
identified (after d’Almeida, (1986) and Molinaroli
(1996)), from west to east: (1) Morocco to north
Mauritania, (2) south Algeria, (3) south Libya and Chad,
and (4) Egypt and north Sudan. By monitoring dust
observations on the island of Corsica for a year, Bergametti
et al., (1989) mapped out three different sources of Saharan
dust from 20 events, originating from eastern Algeria,
Tunisia, and western Lybia (sector 1), Morocco and
western Algeria (sector 2), and ‘‘south of 30 1N’’, called
the Sahelian source by Littmann (1991). Two additional
sources were proposed by Middleton and Goudie (2001) in
north Mali, after Kalu (1979) and central Chad. The use of
back trajectory models (e.g., Draxler and Rolph, 2003) and
satellite imagery (e.g., Prospero et al., 1970) has brought a
major step forward to the provenance of the dust
outbreaks.
A further complication of this observation is the fact that

the aerosol at any one point can be a complicated mixture
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Fig. 4. The packing structure for a lake sediment. Small particles detached

from this packing form CMA particles. The packing structure determines

particle size, no large aggregates are formed.
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of particles lifted at different times and different places
(Westphal et al., 1988). Westphal et al. (1988) observed
bimodal size distributions in their modelled aerosols that
developed when dust was mobilized within a dust plume
that was generated on a different consecutive days in the
source area.

Koopmann (1979), and based on his data Weltje and
Prins (2003) and Holz et al. (2004) demonstrated a gradual
downwind decrease in the size of Saharan dust deposited in
the north equatorial Atlantic Ocean. Similar size, flux- and
compositional-gradients exist in the Mediterranean Sea,
observed by a number of authors (e.g., Chester et al., 1984;
Tomadin et al., 1989; Guerzoni et al., 1997). Two main
geological processes were discerned: input of dust to the
Mediterranean deep-sea sediments, acting as nutrients for
marine life and as an archive for climate change (e.g., Loÿe-
Pilot et al., 1986; Bergametti, et al., 1989; Tomadin and
Lenaz, 1989), and as a source for the formation of the terra

rossa soils in southern Europe (e.g., Yaalon and Ganor,
1973; Macleod, 1980; Rapp, 1984; Nihlén and Mattsson,
1989; Rapp and Nihlén, 1991). These soils are the D1a
deposits in Fig. 3; the classic Rendzina or A–C soils where
the upper horizon is obviously detached from the lower
materials because, as we hypothesize, it is made up of dust.
No simple horizonation can be observed here, the upper
material is delivered from outside the immediate pedolo-
gical environment—in this case small dust is delivered from
African sources. The D1a deposits are the most obvious
manifestations of the delivery of small dust from Africa to
Europe. The D1b material, travelling further north is
incorporated seamlessly into the soil systems and serves
only to increase the fine silt content; there are no
horizonation effects.

Middleton and Goudie (2001) observe that dust trans-
port to southern Europe occurs frequently, as one would
expect. Their analysis of TOMS satellite data for 1999
shows that dust penetrated the troposphere over the
Mediterranean on more than 60% of days throughout
the months of March–September, with Mediterranean
dust outbreaks recorded on 100% of days in June and
August. In the western Mediterranean, there was an input
of Saharan material as far north as Sardinia on 43% of
days in June and 60% of days in August. The most
frequent source for dust reaching Sardinia was central
southern Tunisia and adjacent areas of eastern Algeria, an
area of salt pans shown by Dubief (1953) as generating
more than 40 sand-blowing events each year. Morocco/
western Algeria was an occasional source of dust reaching
Sardinia according to the 1999 TOMS data, as was
northeastern Libya—which was not mentioned by
Bergametti et al. (1989) in their Corsican work. Analysis
of meteorological station data by Middleton (1986)
shows a broad area across eastern Algeria and western
Libya with more than 15 dust storm days a year on
average and three stations in northeastern Libya with a
long-term (1956–1977) mean of more than 10 dust storm
days per year.
6. Particle formation (P) actions

Several monitoring projects have been carried out to
study dust moving to Europe (e.g., Littmann and
Steinrücke, 1989; Pye, 1992; Avila et al., 1997; Moulin
et al., 1997; Rodriguez, et al., 2001). During their
observational period from October 1987 to April 1989,
Littmann (1991) recorded nine depositional events of
African dust in Bochum, between Essen and Dortmund,
in Germany. He reported on the mineralogy and size
distribution of the dust. Two types of size distribution were
observed which he called a unimodal type and a bimodal
type. His unimodal distributions had median grain sizes in
the fine silt 2–4 mm size range and appear to represent
classic ‘small’ dust. His bimodal distributions had a mode
of 2–4 mm but also a peak at around 20 mm—a character-
istic particle size for ‘large’ dust. In his conclusions he
noted that dust from a single source shows a unimodal
grain size distribution and the dominance of either
Sahelian or Saharan diatom species. Dust from multiple
sources is most likely from a Sahelian dust plume
recharged over the Sahara; it shows a bimodal grain size
distribution and the presence of both Sahelian and Saharan
diatom species.
The Littmann mineralogy was not well defined but he

reported dominant quartz, with some carbonates; small
amounts of feldspars were present, with the clay mineral
fractions dominated by mixed-layer illite and chlorite.
Basically monomineral particles and clay mineral agglom-
erates are the products of the dominant P actions in arid
North African regions.
We consider these P actions at some length; a

satisfactory discussion of dust particle origins, transporta-
tion and deposition has to begin with a careful considera-
tion of the mechanisms of particle production (as Morales
required). Monomineralic fragments and clay mineral
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aggregates arise from different regions and are produced by
widely differing processes.
7. Clay mineral agglomerates (CMA)

An ideal example of a particle consisting of a clay
mineral agglomerate (CMA) might be a cluster of several
clay mineral particles with a nominal diameter of about
4 mm. It was formed somewhere within the extent of the old
Lake Chad, say in the Bodélé depression. It has been
picked up by the wind and moved north (with possible
digressions) and has found its way into a Littman sample.
He classifies it as a ‘Sahelian’ particle—and it does indeed
come from the borders of the Sahel. This will be the
archetypical Sahelian clay particle. It is possible to describe
a mechanism which accounts for its formation, and for the
size constraints that determine the particle size distribution
in Sahelian material.

Evans et al. (2004) described the formation of Sahelian
dust material and we essentially follow their approach
(Figs. 3 and 4). It is important to realise that the process of
sedimentation of clay particles in the old widespread Lake
Chad formed a sedimentary structure, which subsequently
determined the nature of the airborne dust particles which
the dried lake bed so abundantly supplied (and is
supplying). These are Littmann’s Sahelian particles.
‘Sahelian’ may not be an ideal term but it serves to
distinguish CMA particles from mineral fragments. The
sedimentation process can be modelled by a very simple
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Fig. 5. Sand seas in North Africa, based on the map by Livingstone
Monte Carlo model which produces an ideal lake sediment
structure (Fig. 4). Smalley et al., (2005) demonstrated that
by a simple modelling exercise that allows free falling
particles in a computer model, an ideal open random
structure is formed, which models a typical loess deposit,
and perhaps surprisingly, also a lake deposit of clay-size
particles. This structure shows immediately why CMA
particles are found in the fine and very fine silt ranges. The
Monte Carlo packing does not produce any large
aggregates, the obviously detachable particles are all
agglomerates of a small number, say 2–6, particles.
8. Monomineralic fragments

There are two major types of dust particle; the CMA
particle and the monomineralic fragment. A typical
fragment might be a quartz chip of about 4 mm in nominal
diameter, derived from the sandy areas of North Africa.
Fig. 5 shows the Livingstone and Warren (1996) map of
sand seas and it is these that provide much of the dust
material that blows out of North Africa. The TOMS data
(see Middleton and Goudie, 2001) seems to suggest that the
Lake Chad region is the most effective generator of dust
and this implies that most dust is of the CMA variety,
but records of dustfall indicate that mineral fragments
do form a significant contribution to dust clouds. The
location of sand seas in the western part of Africa suggests
that the material falling on the nearby Cape Verde Islands
(Rognon et al., 1996) might be largely fragment material.
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Its relatively large particle size (median perhaps at 20 mm)
contrasts with the 5 mm material which comprises the
Canary Islands loess (e.g., Coudé-Gaussen, 1991). The
Canary Islands material could be Sahelian clay particles
carried to the west.
Fig. 6. Fine quartz particle production by particle impact. Quartz sand

results from weathered granite; speculative impact breakages are shown.

Small dust particles produced, based on Smalley and Vita-Finzi (1968).
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Fig. 7. Aeolian dust in Europe. The chart shows the two basic typ
The proposed chip-forming mechanism is very simple; it
was outlined by Smalley and Vita-Finzi (1968) and requires
high energy impact between quartz sand particles. Enough
energy is available to produce chipping (Fig. 6)—not
enough energy is available to produce large-scale fracture.
The impact mechanism does not produce large dust
particles, which is why the Sahara lacks a surrounding
zone of typical loess. Impact does, however, produce small
dust and this contributes to the European dust clouds.
9. Particle deposition (D) actions

The airborne dust particles move north over Europe, and
some eventually settle. We hypothesize that close to Africa
there is a high concentration of deposited material and this
diminishes as distance increases. There is one boundary or
division that needs to be noted, and it is neither firm nor
distinct. Close to Africa the particle concentration is
hypothesized to be sufficient to cause an identifiable
deposit, an aeolian sediment, an airfall soil (the D1a
region). To the north of this area is the region where the silt
fall does not form a distinctive deposit but is simply
incorporated into existing soils, it becomes an admixture
rather than a deposit (the D1b zone).
Small dust
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Yaalon and Ganor (1973) produced a classification for
such deposits/soils; they proposed a fourfold grouping:

YG1—soils in which accession of atmospheric dust has
acted as a modifying agent;
YG2—soils in which accretion of atmospheric dust has
proceeded simultaneously with the process of soil
development, and where it has significantly affected
the nature of the soils;
YG3—soils which have received a thin surface aeolian
layer, which is thinner than the depth of the solum; and
YG4—soils formed from thick aeolian sediments.

Soils formed in loess would be expected to fall into the
YG4 category, the other three categories should apply to
small dust falling on Europe such as e.g., the terra rossa
that is found in Spain, Italy and Greece (Macleod, 1980;
Jackson et al., 1982; Bellanca et al., 1996; Durn et al.,
1999). YG1 might correspond to D1b but it is doubtful
whether the dust fall has significantly affected the nature of
the soils. YG2 will not apply to any real extent; most North
African dust arriving in Europe is relatively recent
material, arriving after main soil-forming activity has
occurred. YG3 might correspond with the obvious deposits
of D1a, but that depends to some extent on the definition
of ‘solum’. In simple classical terms the A, E and B
horizons are collectively known as the solum or ‘true soil’.
But E and B horizons could be lacking in a D1a soil;
however, we shall identify D1a as a YG3 soil. In real terms,
YG3 and YG4 are the significant aeolian soils.
10. Conclusions

There are conclusions relating to perception, and
conclusions relating to mechanism. We need to be aware
of the distinction between large dust and small dust; this is
a very crude distinction but it is absolutely necessary to
establish the division between loess (travelled over short
distances) and aerosolic (travelled over long distances)
dust. The table in Fig. 7 attempts to set out the participants
in the dust scenario. We would like to identify major
particle-forming mechanisms, in particular for small dust.
Particle formation for large dust also known as loess has
been extensively discussed elsewhere. We propose a simple
classification for small dust falling on Europe and
becoming involved in soil systems.

Middleton and Goudie (2001) wrote that one of the most
important needs in furthering our understanding of the
Saharan production of dust is to identify the major source
areas. If we can identify the various types of small dust and
determine the formation mechanisms for the particles this
may aid in identifying source areas. The simple dichotomy
of ‘Sahelian’ and ‘Saharan’ dust points to sources in old
lake beds and current sand seas. With sufficient knowledge
of the particle-formation mechanism, mineralogical com-
positions can be used to trace the provenance of the dust.
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