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had is the largest single source of dust on Earth because of a combination of
strong near surface winds and a large reservoir of readily eroded and easily entrained, low density sediment.
During the Holocene and Late Pleistocene, the Bodélé Depression was host to a great lake–palaeolake
Megachad–that is now completely desiccated leaving the lake bed sediments exposed to deflation. Deflation
in the Bodélé Depression is revealed in erosional remnants of lake bed deposits exposed as yardangs on the
lake floor. Erosional remnants indicate that locally up to 4 m of sediment has been removed by deflation.
Optically-stimulated luminescence dating shows that this occurred in less than 2400 years, giving a rate of
deflation of at least 1.6 mm yr−1. A range of other geomorphological features indicate that in some areas rates
of deflation may be greater than or equal to 10 mm yr−1. Deflation appears to be greatest in an arc around the
northeastern margins of the lake basin where the diatomite deposits have been removed and revealed an
underlying network of distributary channels preserved as gravel capped ridges. The ridges, which are part of
an inverted topography, are interpreted as deltaic distributary channels from an inland delta similar to the
Okavango Delta. Examples of barchan dunes exist that were flooded by the palaeolake and which have now
been exhumed from beneath layers of diatomite. The distribution of extensive deflation around the
northeasterly, upwind end of the Bodélé Depression probably results from a combination of large wind
velocities, an upwind source of abrasive sand, and thinner diatomite deposits around the lake margin.
Satellite image analysis shows that outcropping diatomite covers 24,049 km2 of the Bodélé Depression.
Furthermore, the area from which diatomite has been removed by deflation is around 14,000 km2.
Combining this information with the ages and rates of deflation mentioned above indicates that some
61,000 km3 of diatomite has been eroded from the Bodélé Depression during the past 1000 years.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Bodélé Depression in northern Chad is an east–west elongated
palaeolake basin almost 500 km long, 150 kmwide and around 160 m
deep, with an area of 133,532 km2 enclosed by a prominent Holocene
shorelinewith an elevation of 329m (Fig.1). The edge of the lake basin
is marked by a series of prominent palaeoshorelines that have been
mapped from satellite images and digital elevation models (Schuster
et al., 2005; Leblanc et al., 2006; Drake and Bristow, 2006). Palaeolake
Megachad was once the largest lake in Africa (Schuster et al., 2005)
with an area of at least 350,000 km2 (Schuster et al., 2005; Drake and
Bristow, 2006), an area greater than all the Great Lakes of North
America combined, and possibly the largest Holocene freshwater lake
on Earth (Drake and Bristow, 2006). The lake bed is now dry with the
olloway, University of London,
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exception of Lake Chad in the southern basin. The centre of the Bodélé
Depression is largely covered by diatomite, which shows up on
satellite images as an area with very high reflectance. Most of the
diatomite is Holocene in age, having been deposited during early-mid
Holocene palaeolake highstands, although outcrops of older Pleisto-
cene diatomite are exposed in the Bahr el Ghazal (Servant, 1983).

A variety of satellite derived products, including the Infrared Dust
Differencing Index (IDDI) (Brooks and Legrand, 2000), Multi-angle
Imaging Spectroradiometer (MISR) (Zhang and Christopher, 2003),
MODIS (MODerate resolution Imaging Spectroradiometer) (Koren and
Kaufman, 2004) and the Total Ozone Mapping Spectometer (TOMS)
Aerosol Index (Herman et al., 1997), indicate that the Bodélé Depression
is the most important source of the African dust and potentially the
premier source in the world (Goudie and Middleton, 2001; Prospero et
al., 2002;Washington et al., 2003, 2006a,b;Washington andTodd, 2005;
Warren et al., 2007). Two factors account for this. First, the Bodélé
contains a very large exposure of diatomite depositedwithin palaeolake
Megachad, which, in present-day hyper-arid conditions and devoid of
vegetation, ensures extreme erodibility. Secondly, strong surface winds
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Fig. 1. Location of palaeolake Megachad in Africa and the Bodélé Depression.
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in the form of the Bodélé Low Level Jet (LLJ) (Washington and Todd,
2005; Washington et al., 2006a) are focussed onto the erodible
sediments (Washington et al., 2006b; Warren et al., 2007).

Within the Bodélé Depression, the coincidence of strong surface
winds and a large source of suitable sediment contribute to deflation
and dust production.Washington et al. (2006b) argue that a long-term
link exists between topography, wind, deflation and dust, whereby
topography acts as the controlling agent. Specifically, the spatial co-
location of strong winds and dust is not simply fortuitous. They argue
that the Bodélé LLJ, focussed by the Tibesti and Ennedi mountains and
enhanced during drier phases such as the Last Glacial Maximum
(LGM), was probably sufficient to enhance the depression. Subse-
quently, during the Early Holocene African Humid Period, the Bodélé
Depression was filled by a large lake up to 170 m deep (Drake and
Bristow, 2006) allowing extensive diatomite deposition. Desiccation
during the Late Holocene exposed this extremely erodible sediment,
and left it prone to deflation by the Bodélé LLJ.

2. Aims

This paper describes field evidence for deflation within the Bodélé
Depression and makes estimates of the rates and amount of deflation
that has occurred since palaeolake Megachad evaporated. A combina-
tion of remote sensing and targeted fieldwork are used to define areas
where diatomite has been eroded, and in the process, has revealed
exhumed landscapes including an earlier palaeochannel system and
palaeo barchan dunes. These exhumed landforms provide new
information on the prexisting palaeogeography of the Bodélé Depres-
sion. The depositional age of sand sediments preserved in erosional
remnants on the floor of the palaeolake has been determined by
optically stimulated luminescence (OSL) dating. The area from which
diatomite deposits have been eroded is used in conjunction with an
estimation of the diatomite thickness and aerial coverage to calculate
the volume of diatomite that has been removed by deflation. This
estimate is compared with rates of deflation calculated from outcrop
observations and published estimates of dust production calculated
using satellite data and computer models.

3. Methods

Fieldwork, whichwas undertaken as part of the BoDEx expedition in
February and March 2005, included sample collection along a traverse
across the Bodélé Depression from the Angamma Delta, which is
exposed on the northern side of the basin, to Goz Kerki, a spit and
cuspate foreland preserved on the southeastern side of the palaeolake
(Fig. 1). Samples were also collected along the axis of the Bodélé
Depression and along theBahr el Ghazal. Sample localitieswere selected
from georeferenced satellite images, with additional locations of
opportunity discovered during the fieldwork. Locations were recorded
in the field with a hand-held GPS receiver. Samples for luminescence
dating were collected from hand-dug trenches using opaque black
plastic tubes and black polythene bags that were double wrapped in
black plastic to prevent light contamination. Samples of diatomite were
collected for geochemical analysis and identification of diatoms.

The areaof the different types of sediments identified in thefieldwas
mapped using remote sensing. A classification system was devised to
categorise the lake bed in terms of its potential for dust production. This
classification was then applied to Landsat Enhanced Thematic Mapper
(ETM) imagery. The boundaries of the classification are defined from
palaeolake shorelines that canbemapped around theBodéléDepression
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Fig. 3. SEM image of diatomite sample CH 17, magnification ×1800, the diatoms of the
genus Aulacoseira spp. are hollow perforated tubes, the crystals between the diatoms
are carbonates and include calcite and aragonite. The hollow tubes of the diatoms give
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at an elevation of around 329m (Drake and Bristow, 2006). The lake bed
consists of in situ diatomite, eroded diatomite sand, lacustrine sands
(commonly consisting of submerged and reworked coastal landforms
such as sand spits and strandlines), exhumed palaeochannels from
previous lake low-stands, and active aeolian sand consisting of dunes
and sand sheets. Six Landsat ETM scenes acquired in 2000 and 2001
were analysed. The images were combined into amosaic and converted
to Albers Equal Area projection. The in situ diatomite formed the
brightest feature in band 2 of the imagery and, thus, was mapped by
applying a threshold above which pixels were classified as diatomite.
The other sediment types were spectrallymore ambiguous but could be
identified and mapped by image interpretation of colour composites
employingbands 7, 4 and2on red, green andblue. The aeoliandiatomite
sandappears as a dark blue colour contrasting stronglywith thewhite in
situ diatomite. It was not possible to discriminate aeolian quartz sands
and lacustrine quartz sands spectrally because of the similar composi-
tion. They can be readily identified, however, from visual identification
of landforms. The lacustrine quartz sands include coastal landforms,
such as spits, cuspate forelands and beach ridges (Drake and Bristow,
2006). The aeolian quartz sands lack shoreline features but include
barchandunes and sand sheets. Thefluvial sedimentsweremuchdarker
Fig. 2. (A) Eroded surface of diatomite sediments in the Bodélé Depression. (B) Detail
showing small scale erosion features produced by saltation bombardment or
sandblasting.

the diatomite a very low bulk density; they are also fragile and easily broken.
than all the other sediment types because of the presence of pebbles
with iron staining and rock varnish. These classes were mapped by
image interpretation and on-screen digitization.

Two age determinations using optically stimulated luminescence
(OSL) are reported in this study, and they were produced using the
following method. The 180–150 µm quartz fraction was separated
from bulk samples using standard laboratory techniques. Equivalent
doses were measured using the single-aliquot regenerative-dose
(SAR) method of Murray and Wintle (2000), with the addition of an
infra-red wash prior to all OSL measurements (Olley et al., 2004).
Radioisotope concentrations were measured using inductively
coupled plasma mass spectrometry (U and Th) and inductively
coupled plasma atomic emission spectrometry (K). Dose rates were
calculated using the conversion factors of Adamiec and Aitken (1998).
Cosmic ray dose rates were calculated based on the altitude, latitude
and longitude, present-day burial depth and overburden density of
the sample (Prescott and Hutton, 1988).

4. Evidence for aeolian erosion in the Bodélé Depression and
estimation of rates of deflation

Field evidence for wind deflation includes yardangs, erosional
remnants, exhumed plant roots and exhumed landscapes where wind
erosion has removed layers of diatomite and exposed the underlying
sediments. Small outliers of diatomite indicate that deflation was
more extensive in the past. Diatomite sediments arewhite or pale grey
and moderately well lithified, with clear evidence for wind erosion
including irregular erosion surfaces and ballistic impact or sandblast-
ing (Fig. 2). The diatomite is composed of the remains of microscopic
silicate algae that once thrived in the fresh waters of the palaeolake
(Fig. 3). The diatomite is dominated by the remains of the planktonic
freshwater diatom Aulacoseira spp., which consist of perforated
hollow tubes giving the diatomite a small bulk density (0.8 g cm3)
and making it fragile, easily broken, and highly erodible.

4.1. Yardangs

Yardangs have been observed on the northern and southernmargins
of the Bodélé Depressionwhere fine grained lacustrine sediments were
removed by deflation, leaving isolated yardangs aligned with the
prevailing northeasterly winds. The largest yardangs are located along
the south-western margin of the Angamma Delta where erosion
remnants are around 10m high. These yardangs, however, are probably
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wind modified outcrops separated by waddis, where the erosion was
initiated by water. Because the erosion in this area cannot be
unequivocally attributed to wind erosion, these structures are not
included in the following analysis.Within the southern Bodélé, near the
mouth of the Bahr el Ghazal, yardangs carved from laminated diatomite
are locally up to 4 m high (Fig. 4) although most are smaller. The
yardangs are alignedwith the northeasterlywind and suggest that up to
4m of diatomite have been eroded from the desiccated lake bed since it
dried out. Assuming that the lake bed dried out between 1000 and
2000 years ago thiswould indicate rates of deflationof 0.4 to 0.2 cmyr−1.

4.2. Exhumed dunes

As diatomite is deflated from the lake bed, landforms buried
beneath the lacustrine sediments are exposed. These include exhumed
barchan dunes and an exhumed fluvio-deltaic channel system. Along
the southern edge of the diatomite outcrop, the moulds of barchan
dunes were discovered preserved within the lake sediments. These
dunes are preserved as slight depressions surrounded by a raised lip of
diatomite. The depressions formed because the diatomite drape has
been eroded from the surface of the dune and the dune sand has been
winnowed out leaving amould of the dune preserving the shape of the
dune beneath the bedded diatomite (Fig. 5). The orientation of the
Fig. 4. Four metre-high yardang composed of laminated diatomite graphically demonstr
northeasterly wind. The height of the yardang indicates that at least 4 m of diatomite has b

Fig. 5. The kidney shaped depression in the sand is the mould of a barchan dune exhumed fr
allowing sand to be deflated out forming a barchan shaped mould in the sediment. Vehicle
dunes indicates that they weremigrating from northeast to southwest
(220°) driven by northeasterly wind. This corresponds with the
depositional dip of sets of cross-stratification observed within the
dune sands. The dune sand is fine grained, well sorted, yellow quartz
sand that can be traced in Landsat TM imagery from the Great Sand Sea
in Egypt and the Calanscio Sand Sea in Libya, transported into the
Bodélé Depression by the northeasterly jet.

4.3. Exhumed channels

Satellite images of the Bodélé depression show a contrast between
the bright high-reflectance diatomite and darker low-reflectance
fluvial sediments. Along the northern edge and at the eastern end of
the Bodélé Depression, the lake bed is crossed by a series of elongate
features with low reflectance. When mapped, these channel-like
features (Fig. 6A) reveal an irregular branching pattern (Fig. 6B). Field
observations show that the dark areas are gravel capped ridges and are
interpreted as ancient delta distributary channels flowing into the
basin from the north. These channels are now raised above the
surrounding sediments. The elevation and position could not have
been maintained when they were active. It is, thus, assumed that the
contemporary inter-channel (floodplain) sediments have been
removed byerosion to create the present-day inverted relief. Examples
ates the erosion of lake bed sediments leaving isolated remnants aligned with the
een eroded since the lake bed dried out around 1000 years ago.

om beneath layers of diatomite. Diatomite has been eroded over the top of the barchan
is parked on the stoss side of the dune and the figure is standing next to the lee side.



Fig. 6. (A) Satellite image of the Bodélé Depression. The darker areas of low reflectance
are gravel capped ridges interpreted as exhumed channel systems that now form an
inverted landscape on the former lake bed. (B) Sketch of distributary channels
interpreted from image in A showing location of OSL samples CH 13 and CH83. The
channels are interpreted as distributary channels from an inland delta like the
Okavango Delta in Botswana.
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of topographic inversion with raised channels have been described
from other desert areas, such as Oman (e.g., Maizels, 1987). In the
Bodélé, the raised channels are interpreted as deltaic distributary
channels because of the divergent channel pattern. It is proposed that
they could be analogous to the channels of the Okavango fan. In the
Okavango, the delta distributary channels are bounded by swamps
(Stanistreet et al.,1993), and these swamps constrain channel patterns,
resulting in an anastomosed channel pattern due to channel
abandonment and avulsion (McCarthy et al., 1992). When channels
are abandoned andwater supply to the surrounding swamps is cut off,
the swamps and associated peat deposits dry out. These peats often
catch fire (Ellery et al., 1989) andmay also be lost due to oxidation and
deflation, leaving raised distributary channels.

A shallow trench was cut into a raised channel deposit and revealed
sets of cross-stratifiedsandandgravelwith iron stainingon thegravels. An
OSL sample, taken from a sand unit (CH 83; 17° 03′ 00.9″N18° 19′ 07.2″E),
yielded a natural luminescence intensity greater than the saturation
intensity of the growth curve (e.g. Armitage et al., 2000, Fig. 5), indicating
that the sample is older than the applicable range of the OSL technique
used. Although no absolute age can be determined for CH 83, this result
suggests that the raised channel deposit is probably older than 200 ka.

4.4. Exhumed tree roots

Further evidence for deflation is observed where sediment has been
removed from the base of trees and tree roots are exposed (Fig. 7). It is
assumed thatwhen the tree started to grow, the soil surfacewould have
been at the level where the tree trunk and the roots are joined. In the
case of the tree shown in Fig. 7, almost 1 m of diatomite has been
removed from around the base by deflation. The age of the tree is
unknown, but based upon its size it is estimated to be less than 200 year
old and most probably 100 years or less. If the tree has been alive for
200 years, then the rate of deflationmust be around 0.5 cmyr−1, while if,
as suspected, the tree has been alive for 100 years or less, then the rate of
deflation would be at least 1 cm yr−1.

4.5. Erosional remnants

A small mesa at locality CH 62, (16° 41′ 03.2″N 18° 01′ 42.0″E)
exposed pale pink fine grained sands capped by 20 cm of grey silty
clay (Fig. 8). These sediments are unlike those of the lake bed and they
outcrop at an elevation of 223 m, around 50 m above the lake bed.
They are interpreted as sediments deposited by a delta at the northern
end of the Bahr el Ghazal, an overflow channel from Lake Chad that
flowed into the Bodélé Depression. The clay layer represents a Late
Holocene flooding of the lake. The depositional age of the deltaic
sands has been determined by OSL dating of sample CH 62 yielding an
age of 2.4±0.1 ka. Sample CH 62 now stands 4 m above the
surrounding surface that is covered in aeolian megaripples (Fig. 8).
The deflation here must therefore have removed 4 m of sand since
2.4 ka, a rate of deflation of 0.167 cm yr−1. Allowing time for sediments
to desiccate before deflation was initiated would reduce the time
available for deflation and, therefore, this rate must be regarded as a
minimum value. In practice the deflation will have occurred over a
shorter period of time because, at the time of deposition, the sand was
part of a delta and the Bodélé Depression was partly filled by a lake. It
will have taken some time for the water to evaporate from the lake,
and a little longer for surrounding vegetation to die off before
deflation became established. Consequently, it is probable that large
scale deflation only started around 1000 years after the deposition of
the deltaic sands, in which case the rate of deflation would be nearer
to 0.3 or 0.4 cm yr−1.

In summary, observations of erosional landforms within the
Bodélé Depression indicate rates of deflation between 0.167 cm yr−1

and 0.4 cm yr−1 while the tree with its roots exposed by deflation
suggests that rates of deflation may locally reach 0.5 or 1 cm yr−1.

5. Mapping lacustrine, fluvial and aeolian landforms of the Bodélé
Depression

Dust fluxes can be estimated from the rates of deflation calculated
above only if the exposed area of erodible lake sediment is known.
Landsat TM imagery was processed to classify sediments according to
erodibility, allowing the exposed area of each sediment type to be
calculated (Fig. 9). It was found that areas where diatomite sediments
outcrop cover 7273 km2. Closely related are areas with reworked
diatomaceous sand sediments that cover an area of 16,776 km2. In
some areas where diatomite has been eroded, other sandy lake bed
sediments are exposed and cover an area of 20,467 km2. Darker areas
with low reflectance that have been interpreted as exhumed
palaeochannels capped by iron stained gravels (see above) cover an
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Fig 7. Ehumed tree roots indicate that 1 m of diatomite has been removed by deflation since the tree took root on a soil surface at the elevation of the bowl of the tree, where the tree
trunk and tree roots meet.
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area 2904 km2. Areas classified as aeolian sand cover much of the
basin. This class includes dune sand blown into the Bodélé from Egypt
and Libya, which lie within a NE–SW trending corridor on the
southern side of the depression and consist of sand streaks, barchan
dunes, transverse dunes and rare linear dunes. Where sufficient sand
accumulation occurs, these dunes cover the diatomite. The aeolian
sand class also includes older Pleistocene dunes of the Erg du Kanem,
which is located along the southern and western parts of the Bodélé
Depression. The Erg du Kanem is most likely composed of sands that
were deflated from the Bodélé Depression, probably during the last
glacial maximum when stronger palaeowinds occurred in this area
(Washington et al., 2006b). Together, the aeolian sands cover an area
of 86,112 km2.

The Landsat classificationwasdevised togroup sediments in termsof
the potential for dust production. The areas with the greatest potential
are the exposed diatomite (7273 km2) and the diatomaceous sands
Fig. 8.Mesa of fine sand capped by silty clay deposited on a delta at themouth of the Bahr El G
themesa indicates that up to 4mof sand have been locally deflated from the lake sediments si
(location 16° 41′ 03.2″N 18° 01′ 42.0″E). This indicates a rate of deflation of at least 0.167 cm
(16,776km2), both ofwhichare considered tobemodern sources ofdust.
Together, they have a combined area of 24,049 km2 or 18% of the Bodélé
Depression. In addition, areas fromwhich diatomite has been removed
by deflationwere identified, and these included sectionswithin the lake
shorelines where sandy lake sediments were exposed (20,467 km2) and
where older fluvial channel sediments have been exhumed (2904 km2).
Together, they cover an area of 23,371 km2 or 17.5% of the Bodélé
Depression. In these areas, where the diatomite has been eroded, the
potential for dust production is reduced because the fine grained
diatomite sediments are depleted. These areas would have been
prodigeous dust sources, however, soon after the lake dried up. Fig. 9
shows that the areas from which diatomite was removed are largely
confined to the northeastern quarter of the Bodélé Depression. The
concentration of deflationwithin this part of the basin is attributed to a
combination of stronger winds (analysis of palaeoclimate model
simulations by Washington et al. (2006b) shows that the potential
hazal, an overflowchannel between Lake Chad and the Bodélé Depression. The height of
nce theywere deposited 2400 years ago, BodEx sample number CH62, OSL age 2.4±0.1 ka
/yr and more likely closer to 0.4 cm yr−1.



Fig. 9. Map of sediment types in the Bodélé Depression compiled from LANDSAT satellite interpretation showing areas where diatomite outcrops, areas with diatomaceous
sediments, exposed lake bed and exhumed fluvial sands where diatomite has been removed by deflation and areas of wind blown sand. See text for additional explanation.
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sand flow is greatest at the upwind end of the depression) and the
supply of a suitable abrader in the form of quartz sand blown into the
basin from upwind.

In areas where an excess sand supply exists, the diatomite has been
covered by sand, protecting it from erosion. Where this occurs,
reserves of diatomite are preserved and the area does not actively
produce large amounts of dust. Thus, sand supply, which can be an
important factor in dust production where sand acts as an abrader
(Gillette, 1977), can also cause a decrease in dust production if sand
supply increases to the point where lacustrine sediments are covered
by sand sheets and sand dunes. This appears to be the case in part of
the Bodélé Depression. If less sand existed thenmore diatomite would
be exposed and rates of dust production would be higher. Sand
deposits that cover and preserve Holocene palaeolake sediments seem
to be relatively common in the Sahara. For example at Kharga Oasis in
Egypt, playa sediments are covered by recent aeolian sands (Wendorf
et al., 1987). In nearby Nabta Playa, lacustrine clays deposited in a
humid phase between 8100 and 7900 BP were partly eroded in the
following arid period before being covered by aeolian sand (Haynes,
1980). Presumably, the common juxtaposition of sands overlying lake
sediments occurs because both tend to accumulate at the base of
topographic depressions. The presence of sand cover over other lake
basins in the Sahara may explain why some basins do not produce
much dust, while others may be sealed by evaporates e.g. Chott Djerid.

5.1. Timing of lake bed desiccation

The timing of lake bed desiccation has not been determined with
confidence but estimates from Servant and Servant (1970), Servant
(1983), andGasse (2000) suggest that itmayonly havedried outwithin
the past 1000 years. This estimate is based upon reconstructions of the
palaeolake level, with a lake high-stand around 6000 years BP and a
later inflowat around 2500 years BP. Dating of the deltaic sediments at
the mouth of the Bahr el Ghazal in this study (CH 62, 2.4±0.1 ka)
corresponds almost exactly with earlier reports of the last lacustrine
phase in palaeolake Megachad around 2.5 ka. Since then, the lake bed
has dried out completely. The potential rate of evaporation in Chad is
around 1.8 m yr−1, which in principle means that a 160 m-deep lake
could have been evaporated in 100 years. This calculation, however,
fails to take account of recharge to the basin from surface runoff and
groundwater recharge, which is likely to have continued for much
longer. Beneath the diatomite sediments of palaeolake Megachad are
Pleistocene, Pliocene and Miocene sands and gravels that form an
extensive aquifer. This aquifer facilitates regional ground water flow
from the south, where present-day Lake Chad is found at an elevation
of 280 m, 110 m above the base of the Bodélé Depression. In addition
there is ground water flow towards the Bodélé Depression from the
Tibesti mountains in the North and East. At present, the water table is
still less than 1mbeneath the surface of the BodéléDepression in some
areas and potable water can be obtained from hand-dug wells. At the
eastern end of the depression (N 17° 13′ 56.8″ E 19° 02′ 24.6″) onewell
has an artesian head bubbling up and overflowing at the surface.
Evidence also exists from a few remaining trees and numerous dead
shrubs that the Bodélé Depression was recently partly vegetated. The
combination of ground water recharge and vegetation would have
prevented extensive deflation within the Bodélé for some time. It
seems reasonable, therefore, to conclude that the deflation of the
Bodélé sediments has occurred within the past 1000 years.

5.2. Diatomite volume eroded

Assuming that the main areas of present-day production of dust
are the readily eroded diatomite sediments (7273 km2) and reworked
diatomaceous sands (16,776 km2), then the total area fromwhich dust
is produced is 24,049 km2. It is also possible to calculate the area
within the Bodélé Depression from which diatomite has been
removed by wind erosion, and this includes the exhumed fluvial
sediments (2904 km2) and the exposed lake bed (20,467 km2).
Together they cover an area of 23,371 km2. Knowing that the
diatomite reached thicknesses of at least 4 m within the Bodélé
Depression (a minimum value based upon the preserved thickness
exposed in yardangs) and assuming that the diatomite sediments
thinned to zero at the lake margins, it seem reasonable to assume a
mean diatomite thickness of 2 m across the area fromwhich diatomite
was eroded. Multiplying the average thickness (2 m) by the area from
which diatomite has been eroded (23,771 km2) yields an estimate of
46,742,000,000 m3 of eroded diatomite or 37,393.6 Tg of dust.
Diatomite has also been removed, however, from the areas where it
is still outcropping as evidenced by the presence of yardangs and the
exhumed dunes. This increases the area from which diatomite has
been eroded to 30,644 km2 which equates to a volume of around
61,288,000,000 m3 or 49,030 Tg of dust.

If we assume that this volume of sediment has been eroded during
the 1000 years since the lake bed dried out, the rate of deflation is on the
order of 4.7×108 m3 yr−1 or 374,000 Tonnes per annum. A number of
outstanding uncertainties surround the exact time of the lake bed
desiccation and the former thickness of diatomite deposits that impact
upon the estimates presented here. For example, production of dust
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Table 1
Dust production from the Bodélé Depression estimated from computer simulations
(Ginoux et al., 2001; Zender et al., 2003; Washington et al., 2006a,b) and field
observations of a dust event in the Bodélé (Todd et al., 2007)

Dust
production

Volume of
diatomite eroded

Surface lowering

Tg yr−1

(g×1012)
Mass/density Volume/area

(cm3×1012) (24,000 km2=240 cm2×1012)

GOCART 640–780 800–975 3.33–4.06 cm yr−1

Ginoux et al. (2001)
Tegen 120–200 150–250 0.63–1.04 cm yr−1

Washington et al.
(2006a,b)
Zender et al. (2003) 215–265 268.75–331.25 1.12–1.38 cm yr−1

BoDEx 180 225 0.94 cm yr−1

Todd et al. (2007)

The values of dust production have been recalculated as rates of erosion by dividing the
annual dust flux by the bulk density of diatomite (0.8 g cm3) to give an equivalent
volume of diatomite. The volume is then spread across the current area of diatomite and
diatomaceous sands which is considered to be the main dust source area (240,000 km2)
to give an estimate of the annual rate of surface lowering in cm yr−1.
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around the basin margins will have started soon after the lake high-
stand as the lake bed was exposed by receding lake waters. Therefore,
some areas of the lake bed will have been subject to deflation and will
have produced dust for longer than the basin floor. Thus, the rates of
deflation/dust production calculated above should be treated as first-
order estimates. It remains to be determined how much diatomite
remains to be deflated and consequently, the potential lifespan of the
diatomite reserves within the Bodélé Depression.

6. Estimates of dust production

Present-day production of dust in the Bodélé Depression has been
calculated to be between 640 and 780 Tg yr−1 from simulations with
GOCART (Ginoux et al., 2001) and between 215 and 265 Tg yr−1 by
Zender et al. (2003). Field observations and optical properties of the
mineral dust have been used by Todd et al. (2007) to calculate a flux
estimate of 180±40 Tg yr−1. These values of dust production from the
Bodélé Depression can be recalculated as estimates of erosion and
surface lowering by dividing the annual dust flux by the bulk density
of diatomite (0.8 g cm3) to give an equivalent volume of diatomite, and
then dividing the volume by the area from which the dust has been
eroded (Table 1). The rate of surface lowering is dependent upon the
area over which dust production occurs. If dust production occurs over
a wide area, the rate of surface lowering will be small, whereas an
equivalent volume of dust produced from a smaller area gives a larger
rate of surface lowering. Todd et al. (2007) and Washington et al.
(2006a,b) use widely different values for the area of dust production.
Todd et al. (2007) use an area of 10,800 km2 based on their estimate
for the area of diatomite, while Washington et al. (2006a,b) use an
area of 200,000 km2 as a representation of the whole of the Bodélé
Depression. In this paper we are assuming that the areas of exposed
diatomite and diatomaceous sediments are the predominant dust
source areas with a combined area of 24,000 km2. The volume of dust
produced is then spread evenly across the current area of diatomite
and diatomaceous sands, which are considered to be the main sources
of dust (24,000 km2) to give an estimate of the annual rate of surface
lowering. The results of these calculations (Table 1) give estimated
rates of surface lowering that range from 0.625 to 4.06 cm yr−1.

Based upon estimates of the volume of diatomite eroded from the
BodéléDepression,we have derived afigure for the average rate of surface
loweringof 0.2 cmyr−1 over thepast 1000years. This compares favourably
with the rates of surface lowering estimated from geomorphological
features in this study,which range from0.167 to1 cmyr−1. For comparison,
rates of surface lowering derived from modelling studies range from
0.625 cmyr−1 to 4.06 cmyr−1 (see above). The rates of surface lowering in
this study are based upon geomorphological data and range over the
timescale 102–103 years. The estimates for rates of surface lowering over
the timescale 102–103 years give lower values than most estimates from
computer simulations of the present-day situation. The differences
between the estimates from computer simulations and geomorphological
observations canbe explained in severalways. First, someof the computer
simulations possibly overestimate the rate of dust production. Secondly,
some of the uncertainties over the time available for deflation since
palaeolakeMegachad dried out and uncertainties over the original extent
and thickness of diatomite possibly lead to errors in the geomorphological
estimates. The rate of deflation, howeverhaspossibly been increasingover
time so that the model estimates accurately represent the present-day
situation while the geomorphological estimates consider past rates of
surface lowering with less dust production.

7. Conclusions

This paper presents the initial findings of field work on the
sediments of the Bodélé Depression in northern Chad. Understanding
the erosion of the diatomite sediments on the lake bed is important
because this region has been identified as the single biggest source of
atmospheric dust on Earth. This study shows that at least 4 m of
diatomite has been eroded locally. Initial estimates of the rate of
deflation are at least 0.167 cm yr−1 since the lake basin was last
flooded around 2400 BP, andmost likely 0.4 cmyr−1 since the lake bed
dried out around 1000 BP. Locally, rates of deflation may be as great as
1 cm yr−1. These results should be treated as a first-order estimate
because of the uncertainties surrounding the original diatomite
thickness. In addition, it is not entirely clear exactly when the lake
bed dried out, and further work is required to determine when the
lake bed became completely desiccated. The values of deflation
calculated from geomorphological features, show reasonable agree-
ment, however, with some of themore conservative estimates derived
from climate model simulations, although some simulation models
give higher values of dust flux.

The areas of diatomite outcrop and diatomaceous sands, which are
believed to be the pre-eminent dust sources, have a combined area of
24,049 km2 or 18% of the Bodélé Depression. Diatomite has been
completely removed by deflation from the upwind area of the Bodélé
Depression and revealed anunderlying landscapewith inverted channel
topographyand an exposed lake bed. The area fromwhichdiatomite has
been removed by deflation is around 14,000 km2 at the upwind end of
the depression because of a combination of strongwinds and a supply of
quartz sand abraded from upwind.While quartz sand acts as an abrader
in some areas aiding dust production, an excess sand supply can bury
lacustrine sediments and reduce dust production. We estimate that
some 61,000 km3 of diatomite has been eroded from the Bodélé
Depression during the past 1000 years. It remains to be determined how
much diatomite remains to be deflated and the potential lifespan of the
diatomite reserves within the Bodélé Depression.
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