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Abstract

Africa is the great source of airborne dust, and a very large proportion of it blows out of the Lake Chad basin. There are various

types of dust, an initial simple division might be into large dust and small dust, but the small dust category is itself divided into

essentially monomineralic dust and clay mineral agglomerate (CMA) dust. The monomineralic dust populations are separated

by Tanner gaps. Long weathering times allow small CMA dust particles to be produced (the P1 process); the initial transportation

processes (T1) have led to the vast accumulation of dust material in the Lake Chad basin. These early processes are important in the

study of African dust. Ground material controls the nature of the dust cloud. Small dust is essentially old dust; large dust is young

dust, and the two form distinct populations. CMA dust derived directly from old lake basins is basically controlled by the nature of

the lake sediment. A simple Monte Carlo model shows how particle packing parameters control the size of small CMA dust, limiting

it to the very fine silt fraction.

� 2004 Published by Elsevier Ltd.

Keywords: Dust; Airborne dust; Silt; Large dust; Small dust; Africa; Event classification; Dust mineralogy; CMA dust; Monte Carlo packing model
1. Introduction

The Lake Chad basin in northern Africa is a great

source of airborne dust. Now that comprehensive satel-

lite studies of worldwide dust production are available,

it has become apparent that Africa is by far the most

abundant supplier of airborne dust (see Middleton and

Goudie, 2001; Goudie and Middleton, 2001 for back-
ground on the Saharan dust situation, and a discussion

on the use of the results from the total ozone mapping

spectrometer (TOMS) satellite). Other parts of the world

contribute to the global dust budget but Africa, and in

particular the Lake Chad basin region, contributes by
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far the greatest amount of dust material. In this paper

we focus on this dust material and consider its source,

i.e. the origin of the particles, and its transport into

the Lake Chad basin; we consider the dust before its

conversion into an airborne dust cloud.

In the SCOPE symposium on ‘‘Saharan Dust’’ held in

Gothenburg in 1977, it was suggested that this early his-

tory was an important topic of study and that a future
research programme would include ‘‘comprehensive

studies to understand the production of fine particulate

material by weathering and disintegration processes as a

first and important step in dust production’’.

It was also proposed that another need was ‘‘a thor-

ough documentation of arid soil composition in terms of

mineralogy, particle size distribution and chemical com-

position etc., for the whole Sahara area’’ (Morales,
1979, p. 17). These aims are discussed in this paper. It

is the very earliest events of the dust cycle which are
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of interest. Livingstone and Warren (1996, p. 40) have a

chapter on dust and can supply a few basic facts. They

suggest that coarse dusts are generally rich in quartz

or calcite. Fine dusts are mostly composed of the almost

equally common clay minerals. They also proposed that

studies of dust just after it has been raised give clues
about immediate proximal sources. Dust (they say) con-

sists of two modal sizes: coarse particles (somewhere be-

tween 10 and 200 lm) and fine particles (somewhere

between 1 and 20 lm); there are fewer particles of inter-

mediate size. This bimodality of the dust is a topic to be

considered; it appears to be a direct result of the early

events which control the production of dust particles.

The main control is not an aerial control, it is a ground
control.

Desert dust is also reviewed at some length in a com-

prehensive study by Middleton (1997); this can provide

an authoritative and relatively up-to-date statement on

dust material. He indicates that the dominant mineral

in most desert dust is quartz, and that feldspars, calcite,

dolomite, micas, chlorite, kaolinite, illite, smectite,

mixed-layer clays, palygorskite, heavy oxide and silicate
minerals, gypsum, halite, opal, amorphous inorganic

material and organic material are also found. He notes

that the processes responsible for silt formation in the

desert environment remain a matter for debate.
2. Size and mineralogy

We propose to focus on four types of particle, which

we can demarcate fairly accurately: quartz sand particles

with a mode size of around 200–600 lm; monomineralic

large dust particles- mostly quartz but other minerals

present, with a mode size of around 20–60 lm––prop-

erly called coarse or very coarse silt; monomineralic

small dust particles––again largely quartz but with other

minerals present, with a mode size of around 2–6 lm,
that is fine or very fine silt. And small dust consisting

of clay material agglomerates (CMA for short) which

are essentially composed of clay mineral materials but

clumped together into fine or very fine silt size units.

Airborne dust clouds consist mostly of these fine single

mineral particles, in the silt size range, and even finer

clay particles, nominally below the 2 lm cut off at the

clay–silt boundary which often occur in agglomerates
of silt size. Assallay et al. (1998) in their study of silt sug-

gested that the terminology of Friedman and Sanders

(1978) might be used for the silt range, to introduce

more clarity and precision to the discussion. Five size

ranges were recognised: very coarse silt 4–5 phi, 62–31

lm; coarse silt 5–6 phi, 31–16 lm; medium silt 6–7

phi, 16–8 lm; fine silt 7–8 phi, 8–4 um; very fine silt

8–9 phi, 4–2 lm. By chance the silt range covers five
divisions on the phi scale and this offers a logical five-

fold division. Dust appears to be essentially bimodal
and can be divided into large dust and small dust. Small

dust is carried in high suspension, it will consist of very

fine, and perhaps fine silt, it will include the PM10 mate-

rial, and consist of clay mineral material and fine pri-

mary mineral particles, typically quartz and feldspar.

Large dust is coarse and very coarse silt and very largely
consists of quartz and feldspar particles––this is the

material of loess deposits. It is carried in low suspension

and tends to travel relatively short distances, 20–50–100

km. Small dust travels vast distances; it can cross oceans

and continents.

Assallay et al. (1998) put what they describe as a

‘‘Tanner gap’’ at around the medium silt size range.

The proposal (after Tanner, 1958) is that there exist gaps
in the range of clastic detrital sedimentary particles

which reflect the different mechanisms involved in the

making of the particles. Two Tanner gaps are particu-

larly relevant to the airborne dust discussion; one which

separates silt from sand, at around 100 lm (the gap is

put at 100 lm; most size scales have silt beginning at

around 60 lm), and one which separates fine silt from

coarse silt, at around 12 lm. This suggestion by Tanner
has never been properly explored (except perhaps by

Assallay et al., 1998) and yet it may turn out to have

been an important observation. Tanner was perhaps

one of the first people to suggest that the particle form-

ing mechanism is important within the study of detrital

sedimentology; that the particulate universe is not a sim-

ple continuum of particle sizes but that it consists of

demarcatable families of particles whose size and nature
are controlled by specific mechanisms. Where vast atten-

tion was paid to mechanisms of transportation and the

properties of subsequent deposits the important early

stages of sediment formation were neglected. For exam-

ple quartz sand and quartz silt have different formation

mechanisms, they are separated by a Tanner gap and, in

the midst of the noise of the particulate systems, are

indicated by certain mode sizes.
3. Formation

Fig. 1 is a very simple diagrammatic representation of

the early stages of dust formation in the region of north

Africa around the Lake Chad basin. Significant events

are labelled and identified following the PTD system
used by Pye (1989), and so effectively by Wright (2001)

to describe the formation of the Nigerian loess and asso-

ciated dust systems (see also Smalley, 1966). A P event is

a particle formation event, a provenance event; a T

event is a transportation event, and D refers to deposi-

tion, to deposit formation. A simple sequence for some

African dust is: P1-particles form by weathering in

mountain regions surrounding the Lake Chad basin;
T1––these particles are carried by rivers into the Lake

Chad basin; D1––formation of fine particle sediments,



Fig. 1. A major dust source in Africa. Particles formed (P1) in mountains, transported (T1) to Lake Chad basin (D1). Dust cloud (T2) leads to dust

deposition (D2). The main T2 direction indicated possibly delivers some material for the Canary Island ‘‘loess’’ deposits. T2, by and large, takes

material to the west.

R.D. Evans et al. / Journal of African Earth Sciences 39 (2004) 81–87 83
over a long period. The T2 event is the carrying away of

particles in dust clouds, and at this point most studies of

African dust begin. D2 is the formation of downwind

deposits, and D3 might be the incorporation of these
materials into local soils (see Pye, 1989; and Fig. 3).

The P1 process is one of those picked out by Morales

for further study. How are the initial dust particles

formed? What processes are available in a long lasting

desert landscape which can cause the formation of a

range of detrital particles, for subsequent aeolian trans-

portation? And, of course, the region was not always the

arid zone it is today. Once the Lake Chad basin had a
large lake in it––for long enough for a large amount

of clay sized sediment to accumulate; so there is a long

history of P1 weathering and T1 transportation. T2

transportation becomes a significant process as the re-

gion becomes more arid.
4. Destinations

The most famous D2 dust fell on HMS Beagle as

Charles Darwin and shipmates set off on the great voy-

age (Darwin, 1846). The material tends to be moved to

the west. The TOMS imagery shows a succession of dust

pulses being emitted from the Chad basin region and

other parts of North Africa and carried out over the

North Atlantic. Dust from some parts of the Sahara also
goes to the north; occasional dust clouds reach the

UK, and there are extensive soils in Spain, and in

Greece, which are formed from dustfall (D2) material.
These are the Rendzinas, the A-C soils, called in the

USDA Soil Taxonomy system Rendolls. The pedologi-

cal horizons are totally distinct from the bedrock and

they provide evidence of the long continued D2 deposi-
tion of African dust.

The Canary Islands ‘‘loess’’ described by Gaussen

(1991) has a mode size of around 5 lm, it is very fine silt,

small dust. It hardly qualifies as loess if a traditional def-

inition of loess is used, but it is a significant airfall de-

posit, and it undoubtedly derived from North Africa.

The T2 direction in Fig. 1 is perhaps a bit speculative,

but it seems likely, given the style and nature and size
of the dust clouds moving to the west that some material

from the Lake Chad basin has ended up as ‘‘loess’’ in the

Canary Islands. This is a classic D2 deposit, much can

be learned from a study of this material (Zoeller,

2003). Much of the recent interest has been in long flight

destinations. The dust falling on the other side of the

Atlantic is believed to be responsible for coral deaths

in the Bahamas (see Smith et al., 1996). The ‘‘Harmat-
tan’’ dust in Nigeria is a T2/D2 event, but the great bulk

of the aeolian fine material is carried in a westerly

direction.
5. Old dust and new dust

The dust out of Africa is, by and large, old dust (T2
events may be contemporary but P1 events are largely

back in Tertiary time, or before). Old dust is small dust

and to make the small dust particles and allow for their
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accumulation in the Lake Chad basin a lot of time has

been required. Time is a key factor for the P1, T1 and

D1 stages of African dust. Loess, on the other hand, is

new dust; usually of late Quaternary age-and mostly

large dust. The energetic Quaternary processes which

produce loess material can make large dust. The low en-
ergy processes which produced African dust could not

produce much large dust, but, acting over long periods

(the Tertiary period and beyond), were able to produce

large amounts of small dust. It is the operation of

two sets of processes (those related to small old dust

and those related to large young dust) which have con-

fused the situation in the ‘‘desert’’ loess discussion

(which Wright, 2001 is making great steps towards
resolving).
6. Large dust and small dust

We define large dust as roughly in the 20–60 lm size

range, more or less the size of loess. Small dust is in

the <10 lm (the PM10) range, probably concentrated
into the 2–6 lm region (one order of magnitude smal-

ler). The large and small ranges are separated by a Tan-

ner gap at around the medium silt zone, 8–16 lm.

Large dust consists of quartz particles, and particles

of other primary minerals such as various feldspars, per-

haps some calcite and dolomite; quartz particles appear

to predominate. A typical large dust particle could be a

30 lm quartz particle, of Zingg 3 m shape (see Assallay
et al., 1998 for shape discussion). The large dust travels

in suspension, but usually for fairly short distances 20–

50–100 km, although very large storms can lift large dust

particles to great heights and sometimes produce vast

transportations.

A small dust particle could be a quartz chip but there

is abundant clay mineral material among the small dust.

Clayey ground is cohesive and it seems surprising that
clay minerals would participate in dust storms but under

certain conditions clay minerals can be mobilized. In

Australia the airborne parna/loess consists to a large ex-

tent of clay material, but it has been agglomerated into

silt sized particles which can readily be transported by

wind, and can in fact form clay dunes (McTainsh and

Hesse, 2001; Hesse and McTainsh, 2003). The loess sit-

uation in Australia and the loess situation in North Afri-
ca may yet turn out to be very similar. The requirements

for a clay mineral particle dust cloud are time and lakes.

Time is needed for weathering processes to produce clay

minerals from primary mineral lithologies, and for lakes

for the sedimentary system to accumulate clay mineral

particle rich sediments. A long duration T1 event deliv-

ers a voluminous D1 deposit––the raw material for sub-

stantial dust clouds.
The Lake Chad basin is ideally placed for small dust

accumulations. There is an old landscape, millions of
years of weathering activity, a vast drainage basin sup-

plying old Lake Chad, and a moderately mixed deposit.

The huge desert around the lake basin can supply a

range of sedimentary particles, including the sand parti-

cles to disrupt the surface and mobilize the dust. The

drying lake encourages agglomeration; silt sized clay
forms but the tensile strength of the surface remains

high and external forces are required for deformation

and particle mobilization. The tensile strength of the

ground surface is a key variable for aeolian particle

mobilization (Smalley, 1970) and saltating sand grains

are good surface disruptors. Fig. 1 shows, in outline,

the Lake Chad basin situation.

Attached to the large dust particles is a long history
of disputation. Large dust = coarse silt particles, which

form loess deposits; and the formation of loess has been

argued about for many years. A topic coming into view

in more recent years has been the question of how the

loess silt particles were formed (see Smalley, 1966;

Wright, 2001). Smith (1994) made an elegant review of

particle forming processes in a desert environment,

and he listed 13 possible ways of making particles, some
of which should contribute to the provision of large dust

in the Lake Chad basin. It looks as though (see Assallay

et al., 1998) that there is an intrinsic size control on large

dust quartz particles. Those produced by comminution

of quartz sand particles are influenced by the crystalline

defects in the sand quartz structure, and in fact it is these

defects that produce the Tanner gap effect, which ulti-

mately defines the monomineralic quartz types of arid
desert particles.

Loess, classic loess, is not generally associated with

the Sahara desert and North Africa; there are no great

deposits––as there are in China or Uzbekistan. Loess

is associated with the Central Asian deserts and the

North China deserts––but these deserts only act as stor-

age areas, the actual loess particles are produced in the

nearby cold mountains (Sun, 2002). Large dust is found
in the Sahara region, but this is essentially a small dust

zone (an old dust zone).
7. A simple Monte Carlo approach to CMA small dust

A very simple Monte Carlo model can be applied to

the lake sediment situation which leads to the formation
of small CMA dust particles. This model was actually

devised to be applied to loess deposition (see Dibben

et al., 1998) but it appears to fit this desert dust situation

(possibly rather better than it fitted the loess applica-

tion). Small CMA dust comes from old lake sediments,

which were formed over a long time by slow sedimenta-

tion of essentially fine-particle clayey material into old

Lake Chad. The sedimentation of these particles can
be modelled, and can generate a structure as shown in

Fig. 2.



Fig. 2. A simple Monte Carlo packing representing the structure in a

lake sediment. This is formed by a free fell model and shows the

sediment situation which provides the CMA small dust particles. Clay

mineral units form an open packing, which facilitates the detachment

of small dust sized particles. This diagram shows a vertical section

through the hypothetical sedimentary deposit.
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A simple random number programme places the par-

ticles into the two-dimensional frame and they fall to

form an open-structured sediment with a very character-

istic pore shape. In fact it is apparent that this dominant

pore structure prevents the formation of large particle

units. The agglomerates which make up the CMA small

particles are restricted because of the nature of the lake

sediment packing. The particle size of the CMA dusts is
restricted to the small dust range simply because of the

way the particle packing is formed as a result of slow

sedimentation in the younger Lake Chad. There have

to be some other factors involved but it appears, at first

sight, that a major influence on particle size for the

CMA particles is simply geometry.
Fig. 3. Three important event sequences leading to the formation of

aeolian dust deposits. The outline version after Pye (1989).
8. Commentary

There are various aeolian activities occurring in and

around the Lake Chad basin. There are several modal

sizes of sedimentary particle in motion during transpor-

tation events, and these essentially represent four types

of particle––whose nature and origins should be ex-

plained. The sand particles, say 200–600 lm are travel-
ling in a saltation mode. They are easily lifted but too

heavy to go into suspension, so they travel close to the

ground in saltation, and their repeated impacts have a

key role to play in the larger aeolian system. The smaller

particles in the sand range, say around 100 lm may be

lifted by strong storms and travel reasonable distances,

these may in fact form loess-like deposits on the desert

fringes. This may be how the Libyan loess is formed
(Libyan loess still presents problems; see Assallay

et al., 1996). The large dust (coarse silt) particles are

more easily lifted, the best size for lift is about 80 lm,

as Bagnold showed so long ago (Bagnold, 1945), but

they are slightly too heavy to go readily into high sus-

pension. The silty ground surface is essentially cohesive

but can be disturbed by sand grain impact. The tensile

strength depends largely on grain size (Smalley, 1970)
but the energy input from impacting sand grains causes

large scale particle mobilization. The coarse silt particle

is at a compromise point; smaller particles are difficult to

lift because of the increase in cohesion, and larger parti-

cles are difficult to lift because of weight. The ideal lift,

once the surface is disturbed, is in the coarse silt particle
range. The smaller particles are more difficult to mobi-

lize but are easier to transport. They go into high sus-

pension and travel large distances. The flat, blade

shape of deformed particles aids in these long voyages.

The three key monomineralic particle populations

(sand, large dust, small dust), are separated into defina-

ble populations by Tanner gaps. Sand grain size and

nature is controlled by geochemical constraints in the
source igneous rocks (see Jefferson, 2001). Large dust

(coarse silt) particles are controlled by the Moss defects

in the quartz crystals in these same igneous rocks. Small

dust is produced by chipping and flaking among the aeo-

lian sand systems, where the impact energy is enough to

produce small breakage, but not enough to produce sig-

nificant fracture. And of course there is a clay mineral

part of the small dust; this is formed by initial weather-
ing but then by agglomeration into fine silt sized parti-

cles, whose size is controlled by the simple Monte

Carlo processes operating as the lake sediment is

formed.

The desert dust situation can be portrayed in very

simple terms, as by Pye (1989) in Fig. 3, which demon-

strates the basic events which need to be identified.

It can also be shown in a developed, more complex
way, as in Fig. 4 by Wright (2001). She manages to link

together the event processes and demonstrate in a con-

vincing way how material is formed, transported and

deposited in an African environment. And this diagram

(Fig. 4), not only shows how the long travel dust can be

treated but also demonstrates the formation of the



Fig. 4. A proposed sequence of events leading to dust deposits in Nigeria and other parts of African interaction of P, T and D events, after Wright

(2001).
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Nigerian loess. Underpinning this sort of treatment is

the realization that the nature of the ground materials
is critical, and that there are at least four basic major

types of particles whose formation and nature we need

to understand.
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