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[1] Atmospheric mineral dust plays a vital role in Earth’s
climate and biogeochemical cycles. The Bodélé Depression
in Chad has been identified as the single biggest source of
atmospheric mineral dust on Earth. Dust eroded from the
Bodélé is blown across the Atlantic Ocean towards South
America. The mineral dust contains micronutrients such as
Fe and P that have the potential to act as a fertilizer,
increasing primary productivity in the Amazon rain forest
as well as the equatorial Atlantic Ocean, and thus leading to
N2 fixation and CO2 drawdown. We present the results of
chemical analysis of 28 dust samples collected from the
source area, which indicate that up to 6.5 Tg of Fe and
0.12 Tg of P are exported from the Bodélé Depression
every year. This suggests that the Bodélé may be a more
significant micronutrient supplier than previously proposed.
Citation: Bristow, C. S., K. A. Hudson‐Edwards, and A. Chappell
(2010), Fertilizing the Amazon and equatorial Atlantic with West
African dust, Geophys. Res. Lett., 37, L14807, doi:10.1029/
2010GL043486.

1. Introduction

[2] Atmospheric mineral dusts, also known as soil dust or
desert dust, contributes significant amounts of micronutrients
such as iron (Fe) and phosphorus (P) to marine [Fasham,
2003], and terrestrial ecosystems [Okin et al., 2004]. These
micronutrients are required for the growth of oceanic phyto-
plankton and terrestrial ecosystems; processes that lead to N2

fixation and CO2 sequestration [Swap et al., 1992;Okin et al.,
2004; Jickells et al., 2005; Mahowald et al., 2005]. The
Bodélé Depression, which lies within the southern Sahara in
Chad, has been identified as the world’s largest single
source of atmospheric mineral dust [Prospero et al., 2002;
Washington et al., 2003], and has been proposed as a potential
tipping element in the radiative budget of Earth’s atmosphere
and biogeochemical cycles [Washington et al., 2009].
[3] Dust production in the Bodélé Depression is due to a

combination of an easily eroded, friable, low‐density sedi-
ment and a strong, frequent, surface wind, that can erode the
sediment [Washington and Todd, 2005]. The sediments of
the Bodélé depression include lake bed deposits, shoreline
sediments with beach ridges and a delta, as well as some
fluvial and Aeolian sediments [Bristow et al., 2009]. The
most outstanding feature is around 24,000 km2 of diatomite
rich sediments which have a high albedo and stand out on
satellite images. These sediments, which accumulated on the

bed of palaeolakeMegachad, are primarily authigenic, having
been formed within the lake, and are not the product of pre-
vious cycles of weathering, erosion, transport and deposi-
tion as has been implied in some reports [Prospero et al.,
2002; Mahowald et al., 2005]. The bulk of the sediments
are diatom frustules which are essentially hollow tubes of
biogenic silica, giving the sediments a very low bulk den-
sity (around 0.8 g cm−2). The diatom frustules are weakly
cemented with authigenic calcite, Mg‐calcite, aragonite and
gypsum cements (Figure S1 of the auxiliary material).3 The
poorly cemented sediments are friable and readily eroded
with at least 4 m of sediment eroded locally by the wind since
the lake dried out around 1000 years ago. The authigenic
minerals and detrital clay minerals including kaolinite con-
tribute to the geochemistry.
[4] The wind responsible for the deflation is the Bodélé

Low Level Jet, which is part of the northeasterly Harmattan
flow [Washington and Todd, 2005]. Satellite data indicate
that the dust‐emission peaks during the winter months
between December and March [Washington et al., 2006].
During this time of year, the northeasterly winds transport
dust southwest from the Bodélé across the Sahel towards a
more equatorial latitude where the dust plume turns west
across the Atlantic towards the Amazon (Figure 1c) [Tegen
et al., 2006; Ben‐Ami et al., 2010]. The transport of dust
from the Bodélé Depression across the Atlantic to the
Amazon takes around 10 days [Ben‐Ami et al., 2010] and
dust emissions from the Bodélé are associated with an order
of magnitude increase in atmospheric dust over the Amazon
Basin [Ben‐Ami et al., 2010] although not all dust episodes
reach the Amazon [Ansmann et al., 2009]. During the sum-
mer months when there is less dust emission from the
Bodélé, the transport path from the Bodélé is towards the
west over West Africa in the core of the African Easterly Jet
[Washington et al., 2009]. Sediment eroded from the Bodélé
at this time of year augments the other summer dust sources
from the western Sahara [Washington et al., 2009].
[5] The Bodélé Dust Experiment (BoDEx) in February and

March 2005 resulted in the first‐ever surface‐based measure-
ments of aerosol optical thickness, wind regime [Washington
et al., 2006], collection of emitted dust samples [Chappell
et al., 2008], as well as field studies of deflation and the
source sediments [Bristow et al., 2009] within the Bodélé.
The source sediments are diatomites, lacustrine and fluvio‐
deltaic sediments covering an area of c. 10,800 km2, which
were deposited in palaeolake Megachad, a giant lake
(10,000 × 6,000 km) that was filled with fresh water to a
depth of around 150 m during the Holocene [Drake and
Bristow, 2006] (Figure 1b). We present in this paper
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analyses of 28 Bodélé dust samples, describe their bulk
major element geochemistry, and examine their implications
for the geochemical cycling of iron (Fe) and phosphorus (P)
in the Amazon and equatorial Atlantic.

2. Materials and Methods

[6] The samples were collected in modified Wilson and
Cooke dust traps at elevations of 1.4 m (mid) and 2.4 m
(top) above the surface during a dust storm on the 10th, 11th
and 12th of March 2005 (Figure S2). The dust traps were
arranged across three barchan dunes and the downwind
interdune areas [Chappell et al., 2008]. Samples from the
lower traps were not sampled in order to avoid saltation load,
but even so the material collected includes particles that are
too coarse to be emitted as aerosols.
[7] Dust samples were digested with HF and HNO3

according to US‐EPA Method 3052. Digestions were per-
formed in an Ethos Touch Control Microwave System.
Excess HF was neutralized with 5% w/v boric acid, and
samples were made up to 50 mL volume prior to analysis.
Analysis was carried out by ICP‐OES (JY‐Optima 2C).
Digestions of international referencematerials (NCSDC73322
and 73323), duplicates and blanks were prepared according
to the same procedure. Analytical errors and precisions are
both estimated at <10%.

3. Results

[8] Major element data (not corrected for grain size) for
Al, Fe, Mn, Mg, Ca, Na, K, P and Ti are given in Table 1
and plotted against average upper crustal concentrations

(UCC) [Wedepohl, 1995], in Figure 2. Median values of Fe,
Mn, P, and Ti lie close to the UCC averages, while median
values for Al, Mg, Ca, K and especially Na are depleted and
fall beneath the average UCC vales (Figure 2). The higher
end of the concentration ranges (Table 1) are similar to
chemical data for two samples of Chad Basin dust analysed
by Moreno et al. [2006].

4. Discussion and Conclusions

4.1. Bulk Major Element Geochemistry

[9] The major element chemistry of the Bodélé dusts
reflects their mineralogy and the weathering, depositional,
and diagentic processes that produced their source materials.
This includes authigenic opaline silica in diatom frustules as
well as detrital quartz sand grains which are not described
here. The presence of kaolinite, and lack of mobile elements
(Na, K, and to a lesser extent, Mg and Ca) suggest an origin
that has been intensely weathered. This was also suggested
by Moreno et al. [2006] for kaolinitic dusts from sub‐
Saharan Africa, including two from the Chad Basin. The low
concentrations of Na in our samples reflect the freshwater
character of palaeolake Megachad as evidenced by the
diatom flora [Servant and Servant‐Vildary, 1980; Gasse,
2002] relatively high Mg and Ca in our samples reflect the
presence of calcite, Mg‐calcite and aragonite cements in the
diatomite, and possibly, calcite and dolomite as detected in
other samples of Bodélé dusts by Millham et al. [2008].
Millham et al. [2008] also detected Ti‐bearing minerals,
which might explain the elevated Ti concentrations in some
of our samples. The moderate amounts of Al, Fe, Mg, Mn
and K in some samples likely reflect the presence of ferro-
magnesian and Al silicate minerals [Millham et al., 2008].
The Fe in the samples may also reflect the presence of
Fe oxides such as goethite and hematite, or Fe sulphate salts
that are detected in Saharan dusts [Schroth et al., 2009].
The P may be held in detrital phases such as apatite or
P‐sorbed Fe oxides, or in biogenic or organic P as found
in dusts elsewhere [Monbet et al., 2007]. Further work is
required to confirm these Fe and P hypotheses.

4.2. Fe and P Nutrient Supply

[10] The median Fe and P concentrations of Bodélé
dust (33,000 and 780 ppm, respectively) are close to upper
crustal Fe and P concentrations proposed by Taylor and

Figure 1. (a) Map of Africa with inset box (b) showing
extent of palaeolake Megachad, Lake Chad, and the Bodélé
Depression, (c) path of dust from Chad across the Atlantic to
South America during the winter months modified from
Tegen et al. [2006].

Figure 2. Maximum, median and minimum major element
concentrations of 28 Bodélé dusts normalized to average
upper crustal concentrations (UCC) [Wedepohl, 1995].
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McLennan [1995] (35,000 and 700 ppm, respectively) and
Wedepohl [1995] (30,890 and 665 ppm, respectively), con-
centrations used in global P models (720 ppm) [Mahowald
et al., 2008], and Mediterranean Sea‐deposited Saharan dust
(4,500 ± 4,900 and 820 ± 110 ppm, respectively) [Guieu
et al., 2002], the latter of which are regarded to be suffi-
cient to act as sources of nutrients for the Mediterranean
[Guieu et al., 2002].
[11] The Amazon basin is, like tropical rain forests

throughout the world, rich in animal and plant diversity and
as a result, is an important source and sink of atmospheric
CO2, N2O, CH4 and volatile organic C compounds [Keller
et al., 1997]. Terrestrial productivity in the Amazon is
phosphorus‐limited [Sanchez et al., 1982; Okin et al., 2004],
but is balanced in part by inputs from P‐bearing atmospheric
dust [Swap et al., 1992]. Koren et al. [2006] estimated that
emissions from the Bodélé contributed 56% (i.e., 22.4 ±
8 Tg, where 1 Tg = 1012 g = one million tons) of the total
annual burden of dust (40 ± 13 Tg) transported annually from
the Sahara to the Amazon basin between 20°S and 10°N. For
this range (14.4 to 30.4 Tg dust), our results suggest that
0.0085–0.029 Tg of P (and 0.33 to 1.52 Tg of Fe) reach the
Amazon annually from the Bodélé. Swap et al. [1992] esti-
mated that only 13 Tg of dust reached the Amazon from the
Sahara annually, and using geochemical data of Talbot et al.
[1986], suggested that this dust would contribute 0.011‐
0.047 P kg ha−1yr−1 (equivalent to 0.00075‐0.0032 Tg of
P for their 6.8 × 107 ha study area). Our estimates are up to
38 times greater than this, suggesting that Bodélé dust may
be a much more significant nutrient supplier to the Amazon

that previously thought. Our data do, however, support the
findings of Okin et al. [2004], who used the upper conti-
nental crustal P concentration (700 ppm), which is similar
to our Bodélé P median concentration, in their models.
Okin et al. [2004] suggested that the Amazon soil P reservoir
is continually replenished by dust‐borne P inputs, and that
these would lead to a long‐term increase in productivity,
and our results confirm this.
[12] In the tropical North Atlantic, nitrogen fixation is

co‐limited by Fe and P, but is stimulated by the addition of
Saharan dusts that supply these elements [Mills et al., 2004].
Kaufman et al. [2005] estimate that 140 ± 40 Tg of dust is
transported annually from Africa to the Atlantic between
20°S and 30°N. If the Bodélé contributions 56% of this
total, as it is proposed to do for the Sahara [Koren et al.,
2006], then this represents 78.4 ± 22 Tg of dust and, using
our range of Fe and P Bodélé dust concentrations, 2.3 to
5 Tg of Fe and 0.033 to 0.094 Tg of P deposited in the
equatorial Atlantic annually. For Fe, this represents 30 to
83% of the 6.0 to 7.7 Tg of Fe calculated to be deposited in
the North Atlantic annually [Duce and Tindale, 1991; Jickells
and Spokes, 2001]. Of this, however, only c. 2% (0.046 to
0.1 Tg Fe) is likely to be soluble in ocean water and thus
bioavailable [Jickells and Spokes, 2001] although solubility
of iron varies considerably from 0.1 to 80% [Mahowald
et al., 2005].
[13] Our results from the analysis of African dusts col-

lected from the Bodélé Depression improve estimates of the
amount of Fe exported from Africa to the Atlantic Ocean
and Amazon Basin, but not all of this will be bio‐available

Table 1. Major Element Concentrations of Bodélé Dusts

Sample
Easting
(m)

Northing
(m)

Al
(ppm)

Fe
(ppm)

Mn
(ppm)

Mg
(ppm)

Ca
(ppm)

Na
(ppm)

K
(ppm)

P
(ppm)

Ti
(ppm)

21‐mid Dune 1 228069 1874309 33,000 28,000 380 13,000 33,000 5,200 19,000 600 7,500
24‐mid Dune 1 227809 1874096 63,000 38,000 540 9,000 16,000 8,100 9,500 780 2,900
25‐mid Dune 1 227745 1874053 41,000 44,000 680 17,000 12,000 5,800 18,000 790 3,900
26‐mid Dune 1 227885 1874147 24,000 41,000 580 13,000 39,000 2,500 11,000 890 2,900
27‐mid Dune 1 227327 1874058 40,000 50,000 740 16,000 11,000 6,200 14,000 930 3,100
32‐mid Dune 2 230048 1871785 50,000 35,000 570 7,800 17,000 9,000 9,200 780 2,900
35‐mid Dune 2 230358 1872181 42,000 32,000 810 5,300 18,000 3,900 5,200 870 4,700
36‐mid Dune 2 230274 1872117 32,000 37,000 490 10,000 35,000 3,500 12,000 880 5,900
40‐mid Interdune 231204 1869290 21,000 25,000 370 7,600 17,000 1,500 7,300 660 6,500
44‐mid Interdune 231530 1869060 41,000 33,000 660 9,300 24,000 2,400 8,300 620 2,300
45‐mid Dune 3 231944 1869402 42,000 30,000 480 3,700 12,000 1,400 8,300 830 1,600
46‐mid Dune 3 231594 1869343 44,000 28,000 500 4,000 15,000 790 7,200 940 1,800
50‐mid Dune 3 231798 1869345 62,000 33,000 640 5,300 10,000 4,900 6,000 690 3,000
52‐mid Interdune 227362 1873544 25,000 38,000 600 8,900 17,000 5,900 8,900 720 3,000
57‐mid Interdune 227044 1873845 25,000 27,000 440 4,200 15,000 3,000 6,200 900 5,300
58‐mid Interdune 226883 1873725 39,000 29,000 430 6,600 26,000 1,500 12,000 870 3,300
59‐mid Interdune 226519 1873451 59,000 36,000 570 8,600 15,000 5,100 9,600 690 3,000
59‐top Interdune 226519 1873451 44,000 33,000 560 6,100 14,000 10,000 8,700 670 3,500
60‐mid Interdune 226236 1873239 38,000 32,000 550 6,000 14,000 5,900 7,100 680 2,700
66‐mid Interdune 229345 1871686 23,000 23,000 340 5,000 17,000 3,000 6,700 600 4,200
67‐mid Interdune 229134 1871530 34,000 33,000 560 5,500 17,000 9,600 6,700 630 2,700
69‐mid Interdune 229410 1870828 51,000 40,000 600 8,900 22,000 1,400 10,000 820 3,000
71‐mid Interdune 231033 1869175 39,000 26,000 410 3,800 13,000 1,600 7,500 760 2,100
73‐mid Interdune 230700 1868903 24,000 24,000 370 7,000 20,000 3,500 8,000 590 4,300
74‐mid Interdune 230476 1868631 42,000 33,000 610 5,400 18,000 13,000 7,100 710 2,700
76‐mid Interdune 231002 1868827 54,000 38,000 660 13,000 23,000 5,700 14,000 900 4,800
77‐mid Interdune 230800 1868735 59,000 38,000 650 9,700 19,000 9,700 9,600 770 3,100
80‐mid Interdune 228130 1870885 29,000 29,000 420 6,500 25,000 3,600 9,200 800 6,900
Median 40,000 33,000 560 7,300 17,000 4,400 8,800 780 3,100
Minimum 21,000 23,000 340 3,700 10,000 790 5,200 590 1,600
Maximum 63,000 50,000 810 17,000 39,000 13,000 19,000 940 7,500

BRISTOW ET AL.: AFRICAN FERTILIZER FOR AMAZON AND ATLANTIC L14807L14807

3 of 5

 19448007, 2010, 14, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2010G

L
043486 by C

ochrane C
zech R

epublic, W
iley O

nline L
ibrary on [01/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



due to the limited solubility of Fe in seawater [Jickells and
Spokes, 2001]. The solubility of iron in dust is influenced by
a variety of factors [Mahowald et al., 2005], the mineralogy
of the dust [Journet et al., 2008] and subsequent processing
within the atmosphere [Mahowald et al., 2005]. Atmo-
spheric processing appears to increase the solubility of iron
[Hand et al., 2004]. Fine mode aerosols show larger iron
solubilities than coarse mode aerosols [Siefert et al., 1999;
Baker and Jickells, 2006], and physical concentration of fine
modes during long distance transport will occur as coarse
particles are preferentially removed by gravitational settling.
In addition, solubility may also be increased by chemical
reactions within the atmosphere [Mahowald et al., 2005].
Furthermore, the increased surface area to volume ratio of
fine particles relative to coarser particles may increase
chemical processing and further enhance iron solubility
[Baker and Jickells, 2006]. All of the above factors will also
likely affect phosphorus bioavailability. Additional analysis
of the composition, size and solubility of iron and phosphorus
minerals is required in order to determine the efficacy of the
African dust as a fertilizer.

[14] Acknowledgments. We thank the Gilchrist Educational Trust
and the Royal Geographical Society for supporting the field work under-
taken as part of BoDEx, as well as S. Houghton for laboratory assistance.
Charlie S. Bristow and Karen A. Hudson‐Edwards contributed equally to
this work.
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