Wind-blown materials and W African soils: an explanation of the

“ferrallitic soil over loose sandy sediments’ profile

H. Vine

SUMMARY : Itissuggested that incorporation of dust from the hinterland during episodes
in the Pleistocene when the Sahara encroached far S of its present limits accounts for much
of the clay and Fe,O; content of soils of southern Nigeria. The amount of pelagic deposition
of clay reported for DSDP Site 366 on the Sierra Leone Rise in the last 1-3 million years is
shown to correspond to the anomalous accumulation of clay in deep uniform subsoils of the
‘red ferrallitic soils over loose sandy sediments’. Particle-size analyses of soils at seven sites
(showing 10% to 50% clay in the subsoil) are given, with determinations of Fe,Oj in the clay
fraction (5% to 9%). Silt-size quaélz in the dust is thought to have been lost through solution,

"~ and feldspars and clay mineralsybave weathered to kaolin. Wind systems displaced 600-

800 km to the S compared with” the situation today would have dcposited dust similar to
present-day Harmattan fall-out in the N of Nigeria, in the latitude of southern Nigeria and
of the Sierra Leone Rise. Crecp, mass-movement, faunal activity and eluviation of clay and

Fe,0; have
of sediments together.

A significant factor in the formation of lateritic
ironstone on old peneplain surfaces in W and E
Africa may have been deposition of clayey and
ferruginou®® dust (Vine 1949). The addition of
large amounts of such dust possibly contributed
to the formation of the ‘Acid Sands’ soils of
southern Nigeria (Vine [956)—soils included in
the more general classes of Red and Yellowish-
Brown Ferrallitic Soils on Loose Sandy Sediments
of the CCTA Soil Map of Africa (D’Hoore 1964).
These ideas arose from consideration of the very
sandy soils, termed the ‘Northern Drift’ type by
Doync ez al. (1938), which prevail in a wide zone
in the N of Nigeria and in adjoining territory.
The Northern Drift soils occur partly in the form
of fixed dunes, developed during arid periods in
the past; present-day mcan annual rainfall in this
zone is approximately 150 to 800 mm. The writer
regarded the sand as the residue lcft after the fine
fractions of soils had been blown away south-
wards, a process that would have been most
vigorous during episodes when the Sahara was
advancing over areas where there had been
sufficiently humid conditions for the formation
of red clayey soils.

A well-known feature of the interior of W
Africa at the present day is the very dry and dusty
Harmattan wind which blows by day from the
NE during the period October to March (Dubief
1979, pp. 29-31). The main source area of the
Harmattan dust and haze was considercd by
Hamilton & Archbold (1945) to be the desert
region around Faya Largeau 700 km NE of Lake
Chad which had a particularly ‘light and dusty’
soil. They showed that convective uplift and

Tected the incorporation of dust, in addition to mixing coarser and finer layers

gusty surfacc winds in this area are caused by
disturbances which penetrate across the desert
from the Mediterranean, and that there are severe
dust storms when the convection is most intense.
Kalu (1979) developed this explanation. He
regarded the whole of the “alluvial plain of Bilma
and Faya Largeau’ as the source of the dust
carried away southwestwards by winds at alti-
tudes of about 600 to 1200 m. The dust forms a
‘plume’, from which there is fall-out in progres-
sively decreasing amounts and with a decreasing
mean particle size. McTainsh & Walker (1982)
accounted for the replenishment of the alluvial
depositsin theregion of Faya Largeau, balancing
the loss of material by wind action, as the result
of fluvial transportation of material from the
high-rainfall regions S of Lake Chad, with
intermittent overspill from the present lake area
to the Bodele Depression further N. In 1976-77
they recorded 13 dust plumes with an average
duration of six days passing over northern
Nigeria. Most of the heavy deposition of dust
tended to occur between the source area and
Kano.

Clay content of Harmattan dust fall-out

Dust deposited at distances of 1000 to 1700 km
downwind from Faya Largeau has been found to
contain large quantities of clay and iron oxide.
Doyne er al. (1938) collected a sample at Samaru,
Zaria (not at Ibadan in southern Nigeria as
McTainsh & Walker supposed), and determined
the particle-size distribution by a sedimentation
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method, after thorough disaggregation. The re-
sults were: 64.7% clay (<2 pm), 24.5% ‘silt’ (2—
20 um), 10.8% ‘finc sand’ (20-200 um). The
reported ‘fine sand’ywas mostly coarse silt (20—
50 pum). There was about 10% CaCOj;, mainly in
the ‘silt’ size fraction. The clay fraction was
analysed for SiO», Al,O; and Fe,Oj; (see Table 4
below).

McTainsh & Walker (1982) carried out parti-
cle-size analyscs of 39 carefully collected samples
of dust fall-out, thoroughly disaggregated. The
results arc given on a weight basis. The amount
of clay fraction (<2 um)was found to range from
2.3% to 32%; in 31 of the 39 samples it was
between 109 and 30%,. In four samples collected
at Kano during periods of poor visibility the clay
fraction ranged from 219 to 28% (average 26%),
and in four ccllected when the visibility was
better the range was 7% to 15% (average 11%). In
these eight Kano samples fine sand (50-200 pm)
was 4% to 32% (average 10%), coarse silt (20—
50 um) was 289 to 42%; (average 35%) and fine
silt (2-20 um) was 20%; to 38%; (average 30%).

X-ray diffraction analysis of the clay fraction
from some of McTainsh & Walker's samples
collected at Kano showed about 609 kaolinite,
10% illite, and 259 smectite, with a small
percentage of Yjuartz. In the whole sediment,
quartz was dominant, with varying amounts of
feldspar and calcite as well as the clay minerals.
The percentage of clay size material in fall-out
samples collected in the same way at other places
was:

Maiduguri 12
Jos 16%
Zaria 249 (two samples)
Sokoto 28%

Wilke et af. (1984) analysed the minerals of the
clay fractions in fall-out collected at four stations
during the 1978-79 Harmattan scason, with the
following results:

Maiduguri Kaolinite (60%), Tllite

Jos Kaolinite (40%), Illite

Kano Kaolinite (40%), Mixed-layer
(Tllite-Smectite) (30%), Illite

Sokoto Kaolinite (40%), Mixed-layer

(Illite-=Smectite) (30%), Illite.

The very fine dust-haze material

Dubief (1979) described ‘dense dry haze’ as a
layer which persists over W Africa downwind of
the stations where samples of fall-out were
collected for the studies detailed above. After a
particular dust storm at Bilma in early March he
showed how the front of the dust haze progressed,
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taking 3% to 4 days to reach the coast between
Lagos and Monrovia.

The dust present in the atmospherc at Ibadan
during the 1955 56 dry scason was investigated
by McKeown (1958) by trapping air in a
settlement counter and examining the deposit
under a microscope at times corrcsponding to
settlement of certain sizes of particle (eg 53 min
for 1.0 um, 5 hfor 0.3 um, 97 h for 0.06 um). Air
was sampled at 1600 local time, when the lower
layers of the atmosphere were well mixed by
turbulence. Size analyses werc carried out on
eight occasions. Six samples showed about 80%;
of the particles in the 0.2-0.3 pm diameter range
and two showed about 75% in the 0.3-0.4 pm
range.

McKeown’s observations indicate that, at a
great enough distance from the source, deposition
can be entirely of clay-size mineral material. The
deposition of such finc material is achieved by
rainstorms (Dubief 1979) and may take place
over the ocean.

It may also be noted that, if the rates of fall of
particles 1 um or less in diameter are as slow as
indicated, then much of the clay fraction found
by McTainsh & Walker (1982) in dust fall-out
must have been carried as fragmented soil (silt-
size aggregates) and not as single particles,
because, in the three clay-fractions which they
analysed in more detail, 40% to 70% of the
material was less than 0.2 um in diamster.

How much wind-blown dust has been incorporated
in the ‘Acid Sands’ (ferrallitic soils over loose
sandy sediments) and how have the deep uniform
subsoils been formed”?

Thesc soils are extensive in Nigeria (scc Fig. 1).
In the southern part of the country all soils except
some in valley bottoms show an increase in clay
content with depth. The thickness of the ‘eluvial
horizons’ is generally between 20 and 80 cm. In
the Acid Sands thc total amount of clay in the
very thick subsoils (‘illuvial’ horizons) seemed to
the writer to be anomalous, as in many places
there was little clay in the parent material of
intensely weathered Tertiary and Upper Creta-
ceous sandstones (Vine 1949). It was envisaged
that there must have been a relative accumulation
of clay over a considerable time period. This clay
would be derived from the sporadic clay beds in
the sandstones by leaching and eluviation whilst
sandy surface soil was gradually lost by erosion.
Grove (1951, p. 12) also indicated that this could
be an effective process, though extremely slow
under forest. The idea that deposition of clayey
and ferruginous dust was a major factor (Vine
1956) offered a better explanation; but there was
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substantial evidence tha

tithere-was-esuthetent
guantity-of -dust-being deposited. Subsequently,
cores drilled in the sea bed in various parts of the
world have revealed the widespread presence of
considerable amounts of material finer than loess
that have been transported long distances and
deposited as fall-out or by rain-wash.

Even more clearly than in the case of the clay
content, there seems to be far more iron oxide in
the profile than could be derived from the
underlying sandstone and clay layers.

The clay and iron oxide may quite possibly,
therefore, have been contributed both by the
addition of wind-blown dust and by the break-up
and dispersal of the fine layers that occur in the
underlying sediments. Even so, it is remarkable
that there has been thorough mixing to such great
depths. Grove (1951) found that the red subsoil
of the Acid Sands in the rolling landscapes which
he was studying could be 12 to 18 m thick, but
was less on valley slopes (eg 8 to 10 m in the sides
of a particular gully).

Thereare several problems involved in explain-
ing the origin of these soils which will be
considered further in this paper:

(1) Whether the rate at which clay was deposited
by dust fall-out on the Sierra Leone Rise at
DSDP Site 366 during the Pleistocene can
explain the amounts of clay in Acid Sands
profiles at a number of sites—these sites being
at different elevations and thought to be of
differing age.

(2

~

Whether the ratio of Fe,Oj5 to clay in these
soils is similar to that in Harmattan dust and
could be accounted for by Pleistocene fall-
out.

(3) Whether ‘slope pedimentation’ (Rohdenburg
1969), ‘breakaway retreat’ (Moss 1965), and
other processes involving creep and mass
movement, which might explain the land-
scapes where these soils occur and the depths
of subsoil, can yet be fully defined.
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F1G. 1. Map showing occurrence of ferrallitic soils on loose sandy sediments (Tertiary and Upper Cretaceous) in

the southern half of Nigeria, Benin Republic, Togo and Ghana, as on CCTA Soil Map of Africa 1964. The region
of red soils includes three land form-related sub-types: areas almost wholly of ‘Acid Sands’, areas of mottled soils
and ‘Acid Sands’, and areas of ‘Acid Sands’ and soils with hardened layers.
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A further problem that arises is that neither
silt-size quartz nor clay minerals other than
kaolin yvhich should-accumulate in aeolian dust,
: E “Relati apid weathering
of thesc matenals in humid tropical conditions
appears to provide the explanation for their
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The soils in relation to geology

An easily accessibie section of ‘loose sandy
scdiments’ overlain by red ferrallitic soil is
provided by a large pit near Oba, 8 km trom
Onitsha on the modern highway to the S, on a
broad rolling summit about 138 m above sealevel
and 110 m above the nearby Niger flood plain
(Site 1, Fig. 1). An increased demand for sand
for use in concrete buildings meant that by 1980
there was an cxcavation 20 to 25m deep
exploitingthis extensive supply of unconsolidated
sandstone. The sediments in this locality arc
believed to be Oligocene-Miocene, and have
been regarded as part of the Lignite Scries or
Ogwashi-Asaba Formation (Grove 1951: Rey-
ment 1965). They could now be placed in the
diachronous Benin Formation as defined by Short
& Stiduble (1967) and Avbovbo (1978); the cross-
bedded (‘false bedded’) sand in the pit is typical
of what Parkinson (1907) first termed Benin
Sands.

Highly weathered unconsolidated sandstones
similar to those in the Oba pit are exposed in
gullies in several areas. The clay layers that occur
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sporadically are typically about 20 cm thick.
Where there are thicker clay beds they tend to
prevent drainage, and lignites immediately above
them are preserved. With this exception the
sediments are very much aitered, and in particu-
lar, originally plentiful plant remains have been
oxidized and disappeared (A. M. J. de Swardt
pers. comm.). It can be suggested that there
would probably have been pyrites in these deltaic
deposits, as a result of which acid-sulphate
weathering would occur upon exposure to oxygen
as the groundwater receded during uplift (in older
formations and in the northern part of the Benin
Formation), or during eustatic falls in sea level.
Information on the Benin Formation in the
unweathered state is scarce. Avbovbo (1978)
notes that this formation attains a thickness of
almost 2000 m at the middle of its area. He
describes the deposits as having been laid down
in braided streams on sandy alluvial plains and
as being highly porous and freshwater-bearing.
He stated: *Mineralogically the sandstones con-
sist dominantly of quartz and potash feldspar
with minor amounts of plagioclase’.

The problematic relationship between soil and
geology was very clearly seen in the pit at Oba
where a random sample of subsoil at about
120 cm depth was collected as well as a piece of
very weakly coherent cross-bedded sandstone
from about 20 m. The section deserves 4 fuller
study. Analyses of the two samples arc given in
Table 1 and X-ray difffractograms of the 0.2—
0.5 mm and 0.05-0.2 mm grain size fractions are
given in Fig. 2. The soil profile consists of a metre

%
IS
ISy
D
3
3

Apsugjul aesul|

Medium sand 0.2-0.5mm

N\

Ty L L i
Fine sand 0.05-0.2mm

40° 36° K 24 28° 24°
20

20° 16° 2 8® &

FI1G6. 2. X-ray diffractograms (CuKa radiation, Ni filter) of two sand fractions of weathered cross-bedded
sandstone of the Benin Formation, from approximately 28 m depth at Site 1, indicating quartz alone, with no

trace of feldspar or mica.



TABLE 1. Details and analyses of soil samples from Sites 1 to 7 and deep sample of weathered cross-bedded sandstone from Site |

Site Height Soil Material Depth Munsell colour (moist) Particle size Fe,03* XRDt
above series sampled (cm) of
sea Coarse Fine Coarse Medium & inclay inwhole clay
(m) Gravel sand  sand silt fine silt Clay  fraction specimen
<2.0 2.0-0.2 0.2-0.05 50-20 20-2 =2 (2) %)
mm mm mm pnm um pm
1 130 Kulfo Subsoil 120  10R 4/8 red nil 74.6 9.2 1.4 1.0 13.8 6.1 o (i)
v I55-ba dde @ False-bedded 2000 2.5Y 8/4 pale yellow nil 90.8 4.3 0.2 1.0 3.7 - 0.083 (1)
sandstone
2 40 Alagba  Soil 0-5 2.5YR 3/2duskyred 0.1 =1 14.1 1:3 2.6 10.9 8.1 - —
18-23 2.5YR 2/4 dark red 0.3 71.9 11.9 1.3 2.6 12.3 8.6 — ==
35-50 2.5YR 3/6 dark red 0.2 56.5 8.1 0.8 1.8 32.8 8.2 — -
Subsoil 150-180 2.5YR 4/6 red 0.4 354 8.3 1.0 2.2 53.1 6.4 - (ii)
3 40 Alagba  Soil 0-5 2.5YR 3/2duskyred nil 74.1 9.8 12 2.4 125 32 — C -
13-20 2.5YR 2/4 dark red nil 67.2 10.3 1.3 Sl 18.1 6.6 - —
35-48 2.5YR 4/6 red nil 55.2 7.8 0.8 2.1 34.1 7.3 o (i)
Subsoil 150-175 2.5YR 4/8 red nil 34.6 7.9 1.2 27 53.6 7.6 - —
4 120 Alagba- Soil 0-5 2.5YR 3/2 dusky red nil 38.6 34.0 4.8 8.0 14.6 8.2 — —
Owode 18-28 2.5YR3/4dark reddish-brown nil 52.6 11.7 28] 3.3 30.3 7.3 — —
28-50 2.5YR 3/6 dark red nil 39.9 8.9 1.7 2.9 46.6 783 - (i1)
Subsoil 140-175 2.5YR 3/6 dark red nil 33.0 10.0 2.1 3.1 S51.8 6.3 - (i1)
5 30?7 Kulfo Soil 45 SYR 4/8 yellowish-red nil 42.5 34.8 2.7 2.0 18.0 6.6 —
Subsoil 90  2.5YR 4/8 red nil 46.3 27.5 218 1.7 22 2 6.0 (iii)
6 20? Abhiara Soil 0-20 7.5YR 3/4 dark brown nil 86.7 4.7 0.2 1151 78 6.3 —
45 10YR 5/3 brown nil 93.1 2.8 0.7 0.8 247 6.6
Subsoil 200  SYR 5/8 yellowish-red nil 81.6 4.2 1.9 1.4 10.9 6.0 (11i)
i/ 20?7 Ahiara Soil 0-2  S5YR 2/3v.dark reddish-brown  nil 73.4 17.5 1.2 1.4 6.5 4.8 -
2-22 S5YR 3/3 dark reddish-brown nil 82.9 11.4 0] 0.6 4.6 5.2
Subsoil 82-135 5YR 5/8 yellowish-red nil 64.1 18.1 1Ly7 1.7 14.4 5.7 (iif)

* Expressed on oven-dry basis. Extraction with dithionite—citrate-bicarbonate (Mehra & Jackson 1960).

t (1) Very well ordered kaolinite with sharp intense peaks.
(11) Kaolin with fairly narrow 12.3* and 24.95° peaks (CuK« radiation) and low 19.9-20.4 —21.4° and 37.8-38.3-38.5° peaks.
(iii) Kaolin with broader 12.3° and 24.95° peaks and still lower bands at 19.9-21.4° and 37.8-38.5° than in (ii).
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of loose sandy brownish layers merging down-
wards intored coherent but friable subsoil to 5 m.
Pale yellow cross-bedded sandstone could be seen
in much of the pit face from 5 m downwards.
Some of it was obscured by rain-wash, but a
remarkabiy sharp uneven line could be seen
around the pit separating the red subsoil from the
sandstone. The sandstone is clearly the source of
the sand fractions in the soil profile. On the other
hand, the analyses show that it contains very
little clay, almost no Fe,O;, and no feldspar
which might decompose to form clay.

The type of soil at the Oba pit 1s commonly
known as the Kulfo Series. Similar soils with
higher percentages of clay material form the
Alagba Series (including soils that were termed
Orlu Series). Soils with the same type of profile
but lower clay percentages have been termed the
Ahiara Series.

Areas almost wholly composed of Acid Sands

There are large rolling to gently undulating areas
where only the non-mottled, non-gravelly Acid
Sands soilsoccur, with sandy hydromorphic soils
confined to incised valleys. The two main areas
of the Benin Formation fall into this category and
they form the immediate hinterland of the Niger
Delta. They include the sampling sites 1, 5, 6 and
7 and a, b, c and d shown in Fig. 1, E and W of
the Niger. Obscrvations in thesc areas suggest
that the amount of clay in the subsoil is related to
elevation and to the agc of the surface, but that
the proportion of clay beds intercalated in the
sands is also a factor.

At the Institute for Oil Palm Research near
Benin City a rolling upland surface is occupied
by soils of the Alagba and Kulfo Series, whilst
the northern part of the Institute land is on the
irregular slopes of an incised valley about 130 m
deep, where the soil changes to the very loose
sandy material of the Ahiara Series. Geomor-
phologically the valley slopes steeply down to an
uneven terrace or bench about | km wide, then
drops steeply again to a perennial stream.
Similarly, at Ahiara, where Site b (Fig. 1) ison a
rolling upland clothed with the Alagba Series
soil, thereis a steep drop toan uneven area where
a Government Farm Centre was established on
the Ahiara Series and then a further drop to a
stream.

Two surfaces are clearly scen on a broader
scale over the Benin Formation on the western
side of the Niger. The main road E of Benin City
is on an undulating surface at 150 to 250 mabove
sea level deeply incised by wide-spaced streams.
Approximately 12 km from the Niger it drops to
a lower surface which slopes down gradually to
the river. A continuous scarp (of smoothed form
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in the unconsolidated soil and sandstone) runs
many kilometres southwestwards. The upper
surface rises gradually to 450 m above sea level.
The soil is of the Alagba Series, in some parts
having more than the average amount of clay,
which is possibly due to thick beds of clay
associated with the lignite. The lower surface is
an undulating plain falling from about 90 m
above sea level to about 20 m, and soils identified
as Kulfo Series were found at several sites
examined in this area. Samples used in the
present study were collected in 1980 at the Oleh
junction on the Ughelli-Kwale highway (Site 5)
and Emakporo’s palm plot (Site 7), near the
lowest part of the undulating plain. The profiles
were identified as the Kulfo and Ahiara Series
respectively.

East of the Niger, Site 6 (Ahiara Series) ison a
low undulating surface interrupted by swampy
areas. The broad summit where Site I (Kulfo
Series) 1s located may be a continuation of an
intermediate surface which widens around and
beyond Owerri (Fig. 1). E and NE from the
locality of Site 1, Acid Sands soils occur over two
extensive uplands, with summit levels rising to
350 m (the Awka-Orlu Uplands, formed of
Eocene strata) and 450 m (the Udi Plateau,
formed of Upper Cretaceous strata). Of these,
the formerappears to have somewhat more clayey
soils and subsoils (Grove 1951), but a few figures
given by Obihara et al. (1964) for the main Acid
Sands soil of the Udi Plateau, termed the
Nkpologu Series, indicate even there, there is
considerably more clay in the soil than in the
examples from the Kulfo Series at Sites | and 5.

Areas of mottledsoils and Acid Sands

These are large areas immediately NE and NW
of Lagos, correlated stratigraphically with the
Benin Formation of the Niger Delta region, but
with a larger proportion of clay or sandy clay.
Profiles either show red or orange-brown non-
mottled soil (in the Owode and Agege Series)
over red-mottled sandy clay at approximately |
to 2.5m depth or are of the Acid Sands type
(mainly the Alagba Series) as at Sites 2 and 3. It
will be seen in Table | that the subsoils at these
two sites contained 53% clay-sized material. A
large proportion of this could have been derived
from the varicd sedimentary provenance but it is
suggested that deposition of dust, as elsewhere, is
a major source—in particular, it accounts for the
iron oxide. A borehole sunk 8 km WSW of here
recorded 10 m of ‘earthy red sandy clay’, under-
lain byalternating ‘variegated sand and clay’ and
‘brown fine-grained sand’, in equal amounts,
down to 30 m (Jones & Hockey 1964). The
altitude of about 40 m does not imply correlation
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in age with the low undulating plain described
above (ie with Site 5 at about 30 m). The Niger
Delta region is obviously one of relatively rapid
subsidence, with a gentle folding of surfaces.

Areas of Acid Sands and soils with hardened
layers

These are areas of broken topography where
short steep slopes are associated with resistant
layers in the subsoil. Moss (1965) depicted the
formation of soil profiles containing great
amounts of ferruginous gravel (Asaba Series) in
the talus below alateritic ironstone, which merged
laterally into deep non-gravelly Acid Sands soil
(typically, the Alagba Series). He envisaged that,
whilst the scarp retreated slowly, the ferruginous
gravel of the Asaba Serics dissolved away and
the fine (<2 mm) residue became Alagba Series.
In course of time this soil would become more
extensive and the hardened upper land surface
would eventually disappear. He suggested that
such a process might account generally for the
formation of Acid Sands soils involving the
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mixing togcther of materials from finer and
coarser layers. It can be objected that the
ferruginous rubble and gravel would not dissolve
away and-&hal-ibﬂclayey PMaterial wowld containes
dispersed iron oxide. The problem of the forma-
tion of the Alagba Series in this situation is
probably the same as it is in simpler landscapes—
the sand fractions are derived directly from more
or less unconsolidated scdiments, together with
some of the clay and a smaller proportion of the
Fe,0;. The suggestion that deposition of Pleis-
tocene wind-blown dust accounts for the rest of
the clay and Fe,Oyj also applies.

The problem of the great depth of the soils

An intensive pedological study of soils of this
group was made by Fauck (1972) (for localities
see Fig. 4). He considered the red subsoil to be a
very thick illuvial horizon (B horizon). He
mentioned that clay skins were reported in these
soils in Benin Republic (Dahomey). Ogunwale er
al. (1975) also reported thin clay coatings in root
channels from 80 cm downwards in a 3 m deep
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others are clay < 1.6 pm, with Mg-exchangeable cation, after clcaning with dithionite, from soil profiles at Sites 1
to 7. No trace ot any clay mincral other than kaolin can be seen.
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pitin Alagba Serics dug close to Site a (at the @il
Palm Research Institute, Fig. 1)..HeCited this as
evidence of the process of illuviation from the
upper layers.

Fauck remarked that this red illuvial layer
could be over 6 m thick. He elaborated a very
interesting theory in which the whole profilec was
developed in situ from the parent rocks. He did
not envisage incorporation of wind-blown ma-
terial, but suggested accumulation of clay and
Fe,®; by dissolution of quartz and removal of
dissolved silica in drainage waters. He stressed
the importance of organic compounds (‘fulvic
acids’) as complexing agents, effecting the down-
ward movement of clay and Fe,Oj5, and reported
analyses showing some organic matte¢at the base
of the profile. Soil; microbes are particularly
important in the formation of such complexing
agents in the topsoil.

[t seems that the processes described by Fauck
could lead to as much as 12 to 18 m of soil in
southern Nigeria if the addition of wind-blown
material was sufficiently prolonged. Itis doubtful,
however, if the thorough incorporation of ma-
terial of the varying parent rock strata is brought
about without considerable mass-movement. The
‘slope pedimentation’ processwhich Rohdenburg
(1969) considered in relation to the sedimentary
rock region of southern Nigeria, involving alter-
nating stability and instability due to climatic
change, is mainly concerned with surface move-
ment and the accumulation of a gravelly layer.
Grove (1951) showed that collapse of the sides of
deep gullics tended to be brought about by sliding
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on fine-grained layers where water collects after
very heavy rains.

Soil analyses

Samples representing profiles of red ferrallitic
soils over loose sandy sediments at Sites | to 7
(see Fig. 1) were selected for the examination of
particles from differentsize fractions, Separation
had to be complete, but with a minimum of
mechanical attrition of sand. Because of the low
percentages ol fine sand and silt, the procedure
was first to remove the coarse sand, and then as
much as possible of the clay-sized fraction
including finely disseminatcd iron oxide. The
amount of clay-sized material obtained was
increased by heating with hydrogen peroxide to
decompose organic components. Clay in suspen-
sion in dilute alkali was repeatedly decanted,
after allowing a settling time of 24 hours. This
gave a separated clay fraction with a nominal
maximum diameter of 1.6 um.

The remaining sediment was treated with
citrate, bicarbonate and dithionite (Mehra &
Jackson 1960) to dissolve Fc,®;. The cleaned
finc sand (50-200 pm) was removed by sieving
and the coarse silt (20-50 um) and fine and
medium silt (2-20 pm) were separated by sedi-
mentation. ond Py (<‘“’*?"“)

Examination of clay fraction

In approximately 0.1 g subsamples of the
< 1.6 um clay fraction, Na was replaced by Mg
as the exchangeable cation. The specimen was
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then mixed to a paste with water on a glass slide,
smeared with a spatula and air-dried. Diffracto-
grams were obtained with CuK« radiation and
Ni filter.

Iron was determined colorimetrically by the
thiocyanate method.

All the clay specimens are dominated by
‘kaolin’ (Fig. 3). No other clay mineral is indi-
cated by any discernible peak or band. There is
notably no sign of illite. A trace of quartz is
present in three specimens. The clays from the
red subsoils at the Oba pit (Site 1) and the other
six sites all appear to consist of disordered kaolin
giving poorly-defined peaks. The sharpest peaks
are given by those from 28-50 and 140-175 cm at
Site 4, where the profilc is intermediate betwcen
the Alagba Series and the Owode Scrics. In
contrast, the diffractogram for the clay present in
small amounts in the weathered sandstone at
Site | is remarkable. It is almost identical in the
positions, sharpness and relative heights of peaks
to that reproduced in Brindley & Brown (1980)
for ‘the very well-ordered geode kaolinite from
Keokuk, Iowa’, which is regarded as well crystal-
lized.

Previously (Vine 1949), SiO,/A1,0; ratios
very close to the value 2.00 for pure kaolinite
were obtained in analyses of clay fractions of
samples from a depth of about 120 cm in Acid
Sands profiles at Sites a, b, c and d (Fig. 1). The
clay content was about 30% in all of these
samples. The results are shown in Table 2.

Jungerius & Levelt (1964) reported X-ray
diffraction studies of soils of southeastern
Nigeria, including five profiles which seem fairly
typicalof AcidSands soils. Kaolin was dominant,
but traces of mixed-layer clays were found in
three of the five profiles, and one also contained
more than a tracc of gibbsite. Ogunwale et al.
(1975) also found a trace of a mixed-layer clay
(mica-smectite) in their Alagba Series profile,
close to Site a.

Comparison between soils and deep-
sea sediments

The southeastern part of the Sierra Leone Rise,
where DSDP Site 366 waslocated,isa 15 000 km?
plateau under 2700-2900 m of water. It was
chosen to provide a complete record of pelagic
Tertiary and Upper Cretaceous deposits in the
eastern North Atlantic, away from turbidity
currents and above the Carbonate Compensation
Depth (Lancelot er al. 1977). Over 800 m of
sediment have accumulated since the Palaeocene.
The top 120 m were assigned to thc Pliocene and
Pleistocene, a period of 6 million years. Sediments
of this part of the column have between 64%; and
70%, porosity. The whole of *Unit I’ (the top
136 m) is mottled, the top 63 m are yellowish-
brown in colour (10YR 5/4-5/8), and the next
73 mare very light grey to light olive-grey (N8 to
5Y 6/1). The CaCOj; content incrcases from
around 60% in the top 63 m (marls and oozes), to
75% in the next 73 m (nanno-fossil oozes). Clay
interbeds 5 to 15 cm thick occur at places in the
top 136 m. These could represent very fine dust
material.

Méliéres (1977) carried out X-ray diffraction
studies on samples from Site 366. He stated that
quantitative estimates wcre made using an
internal standard so that absolute percentages
could be given, the crystalline components
summed, and a rough estimate made of amor-
phous material. The amount of amorphous
material was found to be correlated with terrigen-
ous quartz, feldspar and clays, and was therefore
thought to be terrigenous also. [ts chemical nature
is unknown, but presumably some part of it was
formed from siliceous microfossils. According to
fig. 2 in Méliére’s paper, the top 25 m of deposits
are Pleistocene, with Pliocene reaching down to
100 m. No date is indicated for the division
between these two. Three specimens taken within

TABLE 2. Clay-fraction analyses ( Vine 1949) and derived molar ratios

Site Rainfall Colour % in ignited clay Total Fe,O4 Si0,/  Fe,0/
(mm) %calculated  ALO;  AlLO;
SiO, Al,04 Total on oven-dry
Fe,04 basis
a 1800 Red 46.4 40.7 12.6 11.0 1.94 0.198
b 2200 Red 47.9 41.6 12.2 10.6 1.96 0.187
c 2500 Orange-yellow 48.5 41.6 10.0 8.7 1.98 0.152
d 3300 Yellow 48.4 41.8 10.1 8.8 1.97 0.154

Samples from depth of 150 cm, clay content of each approximately 30%.



the top 25 m contain 15.7% of clay on average
(Table 3). The 25m would become 17 m if
compressed from about 659 porosity to 45%,
whichis theaverage porositymeasured insubsoils
of Alagba Series. Thus there is a Pleistocene
accumulation of the equivalent of 3 m of 1009
clay at 45% porosity—l m each of kaolin,
smectite, and illite plus mixed-layer minerals.

In the Kulfo Series profile at the Oba pit (Site
1) 1t is estimated that there is the equivalent of
4.5m of soil with 22% clay, or 1.0 m of 100%,
clay. For a typical Alagba Series soil there ig’an
average clay content of 33% over a thickness of
15m. In this case the total clay accumulation
would be the equivalent of 5.0 m of 100% clay, at
45%; porosity. Ogunwale et al. (1975) recorded
339 clay between depthsof 1.5and 3.0 min their
pit near Sitea. The full thickness of the red
subsoil around that site has not been recorded
but only a few hundred metres away a pit was
dug to 9.5 m witheut change in the material for
which figures of about 31% of clay and 2-20 um
silt combined were recorded (Oil Palm Research
Station 1948).

There is therefore fair agreement between the
amount of clay (including kaolin, smectite, illite
and interstratified minerals) dcposited during the
Pleistocene at Site 366 and that in soils of the
Alagba Series. Clay accumulation probably oc-
curred during only about the last quarter of that
time around Site 1. The low surfaces, of Ahiara
Series soils, might be about one-tenth the age of
the older soils.

The simplifying assumption has been made
that clay minerals other than kaolin have been
altered to kaolin by weathering in hot moist and
seasonally moist conditions. This would be
consistent with the very high degree of disorder
indicated in the diffractograms.

There is a major discrepancy in silt-size quartz
between the Pleistocene deep-sea sediment and
the soils. The average figures in Tablc 3 show
almostasmuchquartzas kaoliniteinthe sediment
samples. Fitterer (1977) examined the silt-size
material in detail. Qualitatively there was no
doubt, from the fossil content and the size-range
of mineral particles, that the non-calcareous
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mineral part of the silt was wind-blown terrige-
nous material. Angular quartz grains appear in
SEM photographs of 2-20 um fractions, together
with various microfossils. Some flaky particles
were considered to be mica. Few quartz grains
cxceeded 20 pm. If an attempt is made to put
some of the data from chemical analysis and
grain counts together, it appears that the quartz
Bakes-up-ortverage- 7554 -thy-wetght) in seven |
samples from Pleistocene layers.«(%——-’—’)
Greenwood (1933) first reported analyses of
Acid Sands soils, and remarked that the figures
showed that the coarse sand and the clay fraction
were predominant, and the comparative absence
of fine sand and silt gave the wet soil a peculiar
gritty feel. For the Ogba Experimental Farm near
Benin City he found 1.5% 2-20 um silt at 0-
22 cm, 1.8% at 85 cm, and 2.29; at 120-210 cm.
For Site a (Fig. 1) an averagc of 1.3%] of 2-20 pm
silt was found from 5 to 180 cm, with 3.0%; in the
0-5 cm layer (Vinc 1949). Ogunwale er al. (1975)
gave very similar values for their pit close to
Site a. It must be noted that Ogunwale er af.
reported a small amount of feldspar (19 to 3%,)
in the silt from this profile, which appears to
contradict what has been said earlier about thc
complete decomposition of feldspar. However,
the writer has feund titanium minerals in the 2-
20 pm fraction of Acid Sands soils, with peaks in
diffractograms at 0.325 nm (rutile) and 0.352 nm
(anatase). Small peaks indistinguishable from
these can be seen in the diffractogram given by
Ogunwale et al., and it is virtually certain that
their identification of feldspar from the pcak
labelled 0.323 nm was mistaken.

Larger amounts of silt have been found in
numerous analyses of soils from adjoining areas
in Nigeria over Basement Complex recks, partic-
ularly gneisses. A number of soils of the Basement
Complex areas have also been fractionated by
the methods described in this paper and the silts
examined by X-ray diffraction. Surprisingly, the
greater amounts of silt proved not to be due to
much more quartz, but to silt-size particles of
kaolin and sometimes mica. This result has
removed an apparent obstaclc to explaining the
very low silt percentages, compared with those in

»

TABLE 3. X-ray mineralogy of Pleistocene samples from Site 366 ( Méliéres 1977)

Sample Depth Quartz Feldspar Calcite Halite Illite Mixed Smectite Kaolinite Amor-

(m) %) (%) %) @) (%) layer (%) (%) phous
%) (%)
366 1-2,6-7 129 3.0 = 53 2.0 1.8 1.0 25 42 32
366 2-2,19-20 INES) 7.1 9 1.8 4.8 2.0 6.3 7.3 40
366A 2-3,63-64 13.5 519, 0.8 51 1.6 2.0 215 6.6 6.5 23
Mean of three 51 03 44 2.0 210 1.8 5.0 6.0 32
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the sea-floor sediments, as due to the dissolution
of fine quartz in percolating rainwater.

Silt-size particles, identified by X-ray diffrac-
tion as almost entirely of quartz, generally make
up about 1% to 3% in the Acid Sands soils.
Table 1 shows one surface soil with 4.8% coarse
silt and 8.09% 2-20 um silt; there is also three
times as much fine sand as in the 18-28 cm depth
sample, and the explanation lies in the sifting of
particles by worms, ants, ezc. Some unpublished
SEM studies of fine sand, coarse silt and 2-20 um
silt of some of the Acid Sands soils show clearly
that, in the hot humid conditions of southern
Nigeria, solution weathering is producing silt by
disintegration and flaking of pitted and fissured
sand grains whilst smaller particles disappear.
This is in accordance with Fauck’s indications of
the dissolution of quartz taking place ata much
greater rate than hithertorecognized.

It is intcresting to notc that approximately
equal amounts of quartz and clay minerals were
found by Parkin (1974) and Parkin & Padgham
(1975) in samples from a core of the top 12 m of
sea-bed deposits at Site V19-301. This sitc is
under 4724 m of water, close to the slope down
from the Sierra Leone Rise (see Fig. 4). There
appears to be a possibility of the deposits being
partly derived by downslope movement. The
average rate of accumulation at this site in the
last 700 000 years is clearly identified from the
magnetic reversal at 11.25 m depth in the core.
The average CaCOj; content was about 20%,. On
a carbonate-frec basis the accumulation rate was
9 min 0.7 million years. This is twicc the average
rate at Site 366 during the 6 million years of the
Plio-Pleistocene record; the apparent difference
in the rates of decposition could be real, and not
theresult of downslope movement. Samples taken
at close intervals in the core were studied by X-
ray diffraction. Ignoring the possible presence of
amorphous matter, the averages of carbonatc-
free material are: 52% quartz, 33% kaolin plus
chlorite, 13% illite, 3% smectite. From all the
evidence it seemslikely that these deposits consist
mainly of Harmattan dust washed out by rain in
the Doldrums.
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The source of dust at the present time
and during the Pleistocene

McTainsh & Walker (1982) presented the chem-
ical analyses of a *lake deposit’ncar Faya Largcau
and of two samples of Harmattan dust, pointing
to their similarity and supporting the idea of the
Faya Largeau area as a main source of the dust
material. Onc of the dust samples was collected
by McTainsh & Walker at Kano; this was one of
the three samples in which it was possible to
determine particle size fractions below 2 um,
showing 40-70% of the <2 um clay to be less
than0.2 um. The other dust sample was collected
by the Geological Survey, presumably at their
hcadquarters at Kaduna, and was examined
microscopically and analysed at the Imperial
Institute in London (Jones 1938). Table 4 shows
the percentages of Si0,, Al1,O; and Fe,O; in
these samples, together with those found by
Doyne er al. (1938) in the clay fraction of dust
fall-out at Samaru, Zaria. For comparison, the
percentages are on the basis of the ignited weight
(fe weight after heating to redness, driving off
H,0).

The iron content is best considered in terms of
the ratio of Fe,O; to Al1,0O; (Tables 2 and 4)
because this would not change in a material at
first containing feldspars, etc. which had become
weathered to clays after transportation or depo-
sition. Comparing the soils with Harmattan dust
it is rcmarkable that there is more than enough
iron in modern Harmattan dust to account for
the iron in the Red and Yellowish-brown Soils
over Loose Sandy Sediments. The total amounts
of Fe,Oj; in the clay fractions of soils from Sites
1-7 were not determined. The dithionite-extract-
able Fe,Oj; in the clay fractions of Alagba and
Alagba-Owode soils at Sites 2, 3 and 4 (Table 1)
was somewhat lower than the total Fe,O; for
Sitesa, b, cand d. This is probably because some
Fe,O; may not have dissolved in the buflered
dithionite extraction process.

McTainsh & Walker (1982) suggested that the
system of deposition of material into low ground

TABLE 4. Analytical data for three dust samples and a specimen of a suggested source deposit

Specimen

9 in specimen Molar ratios

(ignited weight basis)

Si0, Al,O; Fe 03  SiO,/Al,0; Fe,05/Al1,04
Harmattan dust—Kano (McTainsh & Walker) 75.7 12.7 S 4l 10.1 0.256
Harmattan dust— Geological Survey 66.5 139 5.6 7.9 0.256
Clay fraction of Harmattan dust—Zaria (Doyne et al.) 67.5 229 10.8 5.0 0.302
Lake deposit—Borkou, near Faya Largeau 52.5 8.4 5.0 10.6 0.381
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and removal from there in dust storms of the
Harmattan could be taken as a contemporary
model ‘against which to test hypotheses about
aeolian systems of the Quaternary’. It seems that
the same system may have functioned during
most of the Quaternary, when lake deposits were
being laid down in various parts of the Chad
Basin. Exposed to arid conditions, they would
supply the finer part of the dust mobilized by the
moving sand which also supplied the quartz in
the dust cloud.

The source area of the dust storms would
certainly bave shifted many times through several
degrees of latitude. The time scale of climatic
changes is indicated by the recognition in the
vicinity of Lake Chad of three periods of dune
activity during southward advances of theSahara
in the last 60 000 years, and a considerable
number before then, possibly as far back intime
as 2 or 3 Ma (Durand & Mathieu 1980 ; Servant
& Servant-Vildary 1980). Itis realistic to visualize
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that there were ‘Harmattan’ dust plumes across
the middle and southern parts of Nigeria when
there were source areas much further S than they
are now.

A wider question is how much dust may have
been produced in regions to the E and W of the
Chad Basin during the Pleistocene and been
deposited in soils, as wellas inmarine sediments.
For example, Prospero (1981) shows that even
nowadays the course taken by dust outbreaks
from the central Sahara can be as tar S as the
10° N line.

ACKNOWLEDGMENTS: I wish to thank the Geology
Department of Leicester University for allowing me
the use of the XRD apparatus and R. Wilson for his
guidance. [ was helped by many people in the past in
the field and the laboratory when I was employed in
Nigeria, first in the Government Agricultural Service
and later at the University of Ibadan

References

AvBovBo, A. A. 1978. Tertiary lithostratigraphy of
NigerDelta. The American Association of Petroleum
Geologists Bulletin 62, 295-306.

BRINDLEY, G. W. & BrowNn, G. (eds) 1980. Crystal
Structures of Clay Minerals and their X-ray Identifi-
cation. Mineralogical Society, London.

D'HOORE. J. L. 1964. Soil Map of Africa, Scale I to
5,000,000. Explanatory Monograph. Commission
for Technical Cooperation in Africa, Publication
No. 93, Lagos.

DOYNE, H. C., HARTLEY, K. T. & WATSON, W. A. 1938.
Soil types and manurial experiments in Nigeria.
Third West A fricanAgricultural Conference : Papers
{ Nigeria). Government Printer, Lagos, pp. 227-
298 and map.

DUBIEF, J. 1979. Review of the North African climate
with particular emphasis on the production of
eolian dust in the Sahel Zone and in the Sahara.
In: MORALES, C. (ed.) Saharan Dust— Mobilization,
Transport, Deposition. John Wiley & Sons, Chich-
ester, 27-48.

DURAND, A. & MATHIEU, P. 1980. Evolution paléogéo-
graphique et paléoclimatique du bassin tchadien
au Pléistocene supérieur. Revue de Géologie Dyna-
mique et de Géographie Physique 22, 329-341 .

FAUCK, R. 1972. Les Sols Rouges sur Sables et sur Greés
d’A frique Occidentale. Memoires O.R.S.T.O.M,,
Paris, No. 61.

FUTTERER, D. 1977. Late Neogene silt at the Sierra
Leone Rise (Leg 41 Site 366): terrigenous and
biogenous components. /n: LANCELOT, Y., et al.
(eds) Initial Reportsof the Deep Sea Drilling Project,
Volume 41. US Government Printing Office,
Washington, 1049-1059.

GREENWOOD, M. 1933. Some cocoa soils of the eastern
plains in Nigeria. Tenth Annual Bulletin, Depart-
nent of Agriculture, Nigeria. Government Printer,
Lagos, 36-49: 221-223 and Tables.

GROVE, A. T. 1951. Land Use and Soil Conservationin
parts of Onitsha and Owerri Provinces. Bulletin
No. 21, Geological Survey, Nigeria.

—— 1958. The ancient erg of Hausaland, and similar
formations on the south side of the Sahara.
Geographical Journal 124, 528-533.

HaMiLTON, R. A. & ARCHBOLD, J. W. 1945. Meteorol-
ogy ol Nigeria and adjacent territory. Quarterly
Journalof the Royal Meteorological Society 71,231~
265.

JonEs, B. 1938. Desiccation and the West African
Colonies. Geographical Journal 91, 401-423.

JonEs, H. A. & HOCKEY, R. D. 1964. The Geology of
part of South-Western Nigeria. Bulletin No. 31,
Geological Survey, Nigeria.

JUNGERIUS, P. D. & LEVELT, T. W. M. 1964. Clay
mineralogy of soils over sedimentary rocks in
Eastern Nigeria. Soil Science 97, 89-95.

KaLu, A. E. 1979. The African dust plume: its
characteristics and propagation across West Africa
in winter. /n: MORALES, C. (ed.) Saharan Dust—
Mobilization, Transport, Deposition. John Wiley &
Sons, Chichester, 95-118.

LANCELOT, Y., SEIBOLD, E. & GARDNER, J. V. 1977.
Introduction. /n: LANCELOT, Y., et al. (eds) 1977.
Initial Reports of the Deep Sea Drilling Project,
Volume 41. US Government Printing Oflice,
Washington, 7-18.



Wind-blown materials and W African soils

McKowN, H. D. J. 1958. Dust concentrations in the
Harmaltan. Quarterly Journal of the Royal Meteor-
ological Society 84, 280-282.

McTainsH, G. H. & WALKER, P. H. 1982. Nature and
distribution of Harmattan dust. Zeitschrift fur
Geomorphologie N.F. 26, 41 7-435.

MEHRA, O. P. & JACKSON, M. L. 1960. lron oxidc
removal from soils and clays by a dithionite-citrate
system buffered with sodium bicarbonate. Clays
and Clay Minerals 7, 317-327.

MELIERES, F. 1977. X-ray mineralogy studies, Leg 41,
Deep Sea Drilling Project, eastern North Atlantic
Ocean. /n: LANCELOT, Y. et al. (eds) 1977. Jnitial
Reports of the Deep Sea Drilling Project, Volume 41.
US Government Printing Office, Washington,
1065-1086.

Mess, R. P. 1965. Slope development and soil morphol-
ogy in a part of South-West Nigeria. Jourral of Soil
Science 16, 192-209.

OsBIHARA, C. H., BAWDEN, M. G. & JUNGERiUS, P. D.
1964. Soil Survey Memoir No. 1. The Anambra-Do
Rivers Area. Government Printer, Enugu.

OGUNWALE, J. A, AsHavg, T. I, Opy, C. T. 1. &
FAYEMI, A. A. A. 1975. Characterization of
selected sandstone-derived soils in the ecological
zones of Nigeria. Geoderma 13, 331-347.

OIL PALM RESEARCH STATION, NIGERIA. 1948. Seventh
Annual Report 1946-47. Department of Agricul-
ture, Nigeria.

PARKIN, D. W. 1974, Trade-winds during the giacial
cycles. Proceedings of the Royal Society of London
A337, 73-100.

—— & PADGHAM, R. C. 1975. Further studies on tradc
winds during the glacial cycles. Proceedings of the
Royal Society of London A346, 245-260.

183

PARK1INSON, J. 1907. The post-Cretaceous stratigraphy
of Southern Nigeria. Quarierly Journal of the
Geological Society of London 63, 311-320.

PROSPERO, J. M. 1981. Arid regions as sources of
mineral aerosols in the marinc atmosphere. /n:
PEWE, T. L. (cd.) Desert Dust: Origin, Characieris-
tics, and Effect on Man. Geological Socicty of
Amcrica Special Paper 186, 71-86.

REYMENT, R. A. 1965. Aspects of the Geology of Nigeria :
The Stratigraphy of the Cretaceous and Cenozoic
Deposits. Ibadan University Press, Ibadan.

ROHDENBURG, H. 1969. Hangpedimentation und Kli-
mawechsel als wichtigste Faktoren der Flichen
—und Stufenbildung in den wechselfeuchtcn
Tropen an Beispielen aus Westafrika, besonders
aus dem Schichtstufenland Siidost-Nigerias. Got-
tinger Bodenkundliche Berichte 10, 57-152.

SERVANT, M. & SERVANT-VILDARY, S. 1980. L’environ-
ment quaternaire du bassin du Tchad. /n: WIL-
LIAMS, M. A J. & FAURE, H. 1980. The Sahara and
the Nile. Balkema, Rotterdam, 133-162.

SHeRT, K. C. & STAUBLE, A. J. 1967. Outline of geology
of Niger Delta. The American Association of
Petroleum Geologists Bulletin 51,761-779.

VINE, H. 1949. Nigerian soils in relation to parcnt
materials. Proceedings of the First Commonwealth
Conference on Tropical and Sub- Tropical Soils. [948.
Commonwealth Bureau of Soil Science, Technical
Communication No. 46, 22-29.

—— 1956. Studies of soil profiles at the W.A.1.F.O.R.
Main Station and at some other sites of oil palm
experiments. Journal of the West A frican Institute

Jor Oil Palm Research 1, 8-59.

WILKE, B. M_, DUKE, B. J. & Jimox, W. L. O. 1984.
Mineralogy and chemistry of Harmattan dust in
northcrn Nigeria. Catena 11,91 96.

H. VINE, 2 Swale Close, Oadby, Leicester LE2 4GF, UK.





