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Abstract 

Extensive areasofthe Sahelarecoveredwith sandy acidsoilswith low bufferingcapacitiesand 

low activityclaysystems. Thisis in marked contrasttomost soils ofl. orthAmerica, developed 

in semi-aridconditions.Acidity in these soils is believed to be a consequence ofparentsands 

derived from acid continental terminal deposits, strongpaleoclimateand contemporaneous 

leaching,and base-cycling processes. Acidity ia these soils negatively affects land use, soil 

physicaland chemicalproperties,andplantand cropdiversification,anddisturbsthe balanceof 

pastoraland agrarianagricultureof the region. Finally,it makes agronomicresearchdifficult 

because random variabilitywithin plot treatmentsoften exceeds systematic variabilitydue to 

treatments. This is a significantpioblem worthy of continued efforts to determine the scale, 

magnitude, and extent of spatialsoil variabilitydirectly orindirectly due to soil acidity. 

Risumi 

6 
Causes et effets de I'aciditi des sols sahiliens: De vastes zones sah6liennessont caract6rises 

pardes sols sableux acidesayant de faibles pouvoirs tampon et dessyst~mrsargileuxd'activit6 

rhduite. Cette situationest en contrasteavec celle de ]a plupart des sois soumis aux mames 

conditionsde semi-aridit6en Ambrique du Nord.Dans le cas du Sahel,on penseg~n6ralement 

que l'acidit6est 1une des multipls consequences de sables d'originedbposisparle continental 

terminal, de palboclimats plus humides et plus lessivants et de processus contemporainsde 

a un effet n~gatif sur l'utilisation et les proFitslessivage et d 'change des bases. Elle 

physico-chimiques des sols, la diversificationdes planteset des cultureset les rendements. De 

plus, l'acidit6est prjudiciableh 16quilibreexistantentre les systbimespastora.n et agricolesde 

la rigion. Enfin, elle g6ne ]a recherche agronomiquedu fait que ]a variabilitit6al~atoireentre 

traitementsappliques surles parcellesest souvent plus grandeque Ia variabilit6syst~matique 

un problbme importantdont 11tude mrite detre
due aux traitements eux-m~mes. C'est ]A 

poursuivie en vue de d6terminer l'chelle, l'ordre de grandeuret la mesure dans laquelle la 

v.qriabilit6spatdaledes sols est due, directementou indirectement,Al'aciditMde ces sols. 

forms, and reflect both semi-arid tropiUai environ-Introduction 
ments and the more pluvial paleoclimat-:. Most of 
the soils are Ustalfs, Ustults, Tropepts, Pnd Psam-

Extensive areas of the Sahelian region in West 

Africa comprise red, sandy, strongly leached, acid 	 ments, indicative of their di',ersity in soil texture, 

acidity, and subsoil clay enrichment (Daniel and
soil resources utilized for pearl millet/cowpea pro-

West et al. 1984 and 1987, Wendt 
duction (Fig. I).The soils vary greatly in thickness, 	 Wilding 1983, 

1986, Bui 1986). Chemically and mineralogically,
associated geologic deposits, and geomorphic land-

1. Professors ofTexa, A&M University and Texas Agricultural Experiment Station, College Station, TX 77843. USA. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) 1989. Soil. Crop, Lnd Water Management Systems for 

Rainfed Agriculture in the Sudano-Saheli3n Zone: proceedings of an International Workshop, 7-11 Jan 1987. ICRISAT Sahelian 

Center, Niamey, Niger. Patancheru, A.P. 502324, India: ICRISAT. 
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Figure 1. l.ocation of sandy acid soils in the semi-arid tropics of WVest Africa. 

these sandy soils are uniquely different from theirfertile base-rich, neutral-to-alkaline North Amen-
can counterparts (Nettleton and Peterson 1983. 

Allen and Fanning 1983). The Sahelian soils are 
generally strongly acid, infertile, weakly buffered, 
kaolinitic systems with few weatherable mineral 
reserves. This fact is not well appreciated by many 
soil scientists and agronomists. 

Hence, the purpose of this paper is to prnpose: 
(1) multiple working hypotheses for the observed 
acidity in sandy soils of the Sahel, and (2) effects of 
such acidity to their use and management. Recent 

research conducted on sandy soils in Niger, whichare representative of many sods in the Sahel, serves 
as the basis for this report. 

and Soils 

Stratigrephy 

Surface deposits are a sequence of sandy materials 
that cover ironstone caps, which in turn cover 
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loamy Miocene (possibly as young as Eocene) 
deposits (Continental Ierminal). These units con-

trol the soils, geomorphology, and hydrology of 

thearea. The Continental Terminal sediments that 

are about 25 million years old are deeply weathered 
and exposed only in road cuts, seldom at the ur-
face (Sombroek and Zonieveld 1971, Gavaud 

1966, Greigert 1966). Ironstone caps the Continen-

tal Terminal in most parts of the landscape and is 

exposed at escarpments or breakaways along multi-

level pleateaus and ledges within the Miocene sed-

iments. The ironstone cap is a prominent pedo-

genic landscape feature formed during the late 

Pliocene or Early Quatenary periods (about 2 mil-

lion years ago), presumably under wetter paleo-

climates. It can be between 20 cm and I m or more 

thick, either as a continuous unit, as sesquioxide 

blocks, or as cemented ironstone gravels. The iron-

stone serves as an effective base for t',e mudern 

soils and as a root-and-water restrictive layer. 

When on a sloping gradient, it is the interface along 

which interflow occurs. The sandy cover materials 

are between 2 and 8 cm or more in thickness, over 

an almost universal ironstone cap. The texture of 

this sandy cover is fine sand, fine loamy sand, and 

rarely, fine sandy loam. In the uplands, it is mostly 

of eolian origin while on low terraces, floodplains, 

and in the dallols, it may be a combination of 

fluvial and eolian processes. The age of these de-

posits range from a few thousand years i iallols to 

about 40 000 years in more stable uplands. 

Geomorphology 

The area can be divided into four geomorphic ele-

ments (Daniels and Wilding 1983). The landscape 

is dominated by broad, gently-sloping plateaus 

with discontinuous sand cover, sandy valley sys-

tems that slope gently from the ironstone-capped 

plateau toward a dry stream bed, broad (terrace-

like) sand plains, and dallols (dry fossil valleys), 

Major plateaus, sveral kilometers across, are 

220-, 240-, and 260-m elevationsrecognized at 
along the Niger River. They g.nerally have thin 

sand covers with or without low dune forms. The 

valley systems start just below the ironstone cap of 

hick sanG: nez : the escarpmentthe plateaus, hav. 
breakaway with discontinuou. paleosols in the 

lower sand unit, and slope smoothly to the valley 

floor. The sandy surfaces are apparently a combi-

nation of fluvial and colian processes. 

The sand plains consist of thick (2-6 m) eolian 
sands over "stepped" surfaces or levels of laterite 
gravels that slope gently toward adjacent river or 

stream systems. The sand has a well-exprcssed 
dune relief and some deflation depressionF occur. 

The sand cover on all "stepped" levels orly differs 
in color, texture, and pH. It abruptly overlies a 

cemented laterite gravel contact that probably 

represents a constructional floor of fluvial gravels. 

The sands were emplaced on these surfaces proba­

bly about 20 000 to 40 000 years ago; thus, the soils 

are more strongly developed than their dallol 

counterparts (Sombroek and Zonneveld 1971). 

The dallols are unique, sand-plugged fossil stream 

valleys. Construction of these nearly level land­

forms was apparently by both fluvial and eolian 

processes. Surfaces express marked dunal relief 

and activity; these sandy deposits are probably less 

than 1000 years old, and commonly have shallow 

water tables between I and 5 m below :he surface in 

southern Niger (Bui 1986). 

Soils 

Soils on the ICRISAT Sahelian Center (West et al. 

1984) are representative of extensive areas of major 

pearl millet/cowpea production centers in the vi­

cinity of Niamey, including the sand plains and 

upper reaches of valley sand systems. The Center is 

located on a sand plain. These areas comprised 

deep, red, sandy soils with weakly developed sub­

soils (Psammentic Paleustalfs, Psammentic Ha­

plustalfs, and Ustoxic Quartzipsamments). The 

Labucheri and Dayobu are extensive series in this 

area (Tables I and 2) and are deep arid soils on the 

sand plains. Dallols are also extensively used for 
arepearl millet/cowpea production but the soils 

coarser-textured, less red, and less acid than their 

upland counterparts (Bui 1986). Soils on nearly 

level, broad, laterite-capped plateaus are very acid, 

thin, and variable in texture and thickness of sub­

soils over laterite or !aterite gravels. Most of these 

soils are Ustoxic Dystropepts and Petroferric sub­

groups of Haplustults, Haplustalfs, and Dystro­

pepts (Daniels and Wilding 1983, Hagen et al. 

l1!6). The Gagani i' a representaive soil on pla­

teaus (Table 3). They are generally loamy in tex­

ture rather than sandy. These areas are not exten­

sively used for pearl millet/cowpea production but 

are important forest and pastoral grazing lands. 
dominated byTextures of soils in uplands are 
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Table I. Selected soil physical and chemical properties of the Labucheri soils in Niger (Psammentic Paleustalf; sandy, siliceous, isohyperthermic), sampled at the 
ICRISAT Sahelian Center, Sadore, Niger, Africa. 

KCLParticle size NH,0AC 

distribution (mm) extractable bases extract- NH 4 OACOrganic pH pH able Base Extr. 
Depth Sand Silt Clay C (H20) (0.1 N Ca Mg Na K Al CEC ECEC saturation Fe 
(cm) Horizons (%) (%) I:1 KU) meg (IOOg)-i ( ...... 

0-9 Al 90.7 6.2 3.2 0.31 4.9 3.7 0.3 0.1 0.0 0.1 0.3 !.6 0.8 30 0.4 
9-30 A2 90.6 5.6 3.8 0.18 4.9 3.8 0.1 0.1 0.0 0.1 0.4 1., 0.7 28 G.4 
30-58 Btl 88.3 5.7 6.1 0.13 4.9 3.9 0.2 0.1 0.0 0.1 0.3 1.2 0.8 36 0.5 
58-78 Bt2 88.7 5.5 5.9 0.11 5.0 4.2 0.4 0.2 0.0 0.1 1.1 0.! 0.8 60 0.4
 
78-98 Bt2 88.0 5.3 6.8 0.10 5.1 4.2 0.3 0.2 0.0 0.1 0.1 1.1 0.7 55 
 0.6 
98-122 Bt3 88.7 5.0 6.4 0.09 5.6 4.5 0.3 0.3 0.0 0.0 0.0 1.1 G.7 63 0.5 
122-146 Bt3 88.6 3.5 8.0 0.07 5.5 4.6 0.3 0.3 0.0 0.0 0.1 L.i 0.7 61 0.5
 
146-173 Bt4 89.1 4.2 6.8 0.10 5.5 4.5 0.3 0.3 0.0 0.0 0.1 0.9 
 0.6 66 0.5 
173-200 Bt4 89.0 4.1 7.0 0.07 5.8 4.6 0.3 0.3 0.0 0.0 0.1 0.9 0.7 68-0.6 
430-460 C 90.0 7.3 5.1 0.04 5.1 4.2 0.3 0.2 0.0 0.1 1.1 1.2 0.6 39 0.5 

Table 2. Seiected soil physical and chemical properties ofthe Dayobu soils in Niger (Ustoxic Quartz.psarnment. isohyperthermic, coated), sampled rat the ICRISAT 
Sahelian Center, Niamey, Niger, Africa. 

NH 4OAC KCl_ 

distribution (mm) extractable banes exta- NHOAC 
Particle size 

Organic pH pH able NH_OAC _ Base Extr 
Depth SarI Silt Clay C (H 20) (0.1 N Ca Mg Na K Al CEC ECEC saturation Fe 
(cm) Horizons -(%) (%) 1:1 KCI) - Meg (100g)-i (%) 

0-15 Al 92.5 3.0 4.5 0.25 5.1 4.0 0.2 0.1 0.0 0.1 0.6 1.5 0.9 22 0.3 
15-27 A2 91.7 3.2 5.1 0.15 4.9 3.9 0.1 0.0 0.0 0.1 0.7 1.5 0.9 10 0.3 
27-44 Btl 92.1 3.2 4.7 0.11 4.8 3.9 0.1 0.0 0.0 0.0 0.7 1.3 0.9 I1 0.2 
44-62 Bt2 92.7 3.0 4.3 C 1)8 4.8 3.9 0.0 0.0 0.0 0.0 0.6 1.1 0.7 11 0.3 
62-80 Bt3 93.0 2.5 4.5 0.08 4.8 4.0 0.1 0.0 0.0 0.0 0.6 1.0 0.7 12 0.3 
F,0- 03 BW 92.5 3.2 4.3 0.07 ,4.8 4.0 0.1 0.0 0.0 0.0 0.6 1.0 0.7 13 0.3 
t03-126 BW 93.4 2.5 4.1 0.09 4.9 4.0 0.1 0.0 0.0 0.0 0.5 0.9 0.7 20 0.3
 
126-150 BC 94.5 1.9 3.6 0.06 4.8 4.0 0.1 0.0 0.0 0.0 0.5 0.8 0.7 23 0.3
 
150-173 BC 95.0 2.0 3.0 0.05 4.5 4.0 0.1 0.1 0.0 0.1 0.4 0.7 0.7 39 0.3 
173-200 C 94.6 2.9 2.5 0.04 4.9 4.1 0.1 0.0 0.0 0.0 1.4 0.7 0.6 24 0.3 
200+ Laterite contact 



sands and loamy sands, but shallow ..oils asso­

, ' ciattd with plateaus are gravelly and finer textured 

E (loimy sands and sandy loams, Table 3). Most, but 
n. ll 1 cf the upland soils on stable landforms hIave 

-, 

o weakly expressed argilic horizons that slow the 
rate of saturater, flow, increase the rate of unsatu­

rated flow, and increase the sorptive capacity 

I 
(West et al. 1984 and 1987). Water retention is low 
anu plant-avai able water ranges from C.05 to 0.1 

- - -cm cm-. Infiltration and permeability are rapid 

<but 
<* 

upon high intensity, short-duration storm 
events runoff has been observed even on these 

-Z-, U 
U E" ,. 

sandy soils. 
Mineralogically, these soils are residual systems 

dominated by quartz kaolinite/ Fe-oxide(geothite) 

systems (West et al. 1984). Quartz comprises most 

U 2 of the skeleton grains interlinked together into a 

weakly cohesive soil matrix by kaolinite/ Fe-oxide 

Uooo 
< 

.. 

0 

qq 

0 

grain coatings. This matrix provides for large mac­

ropore conduits through which rapid water and 

solute transport occurs. The buffering capacity is 

low because of the low-activity clay system and low 

'ZU 
Eclay 

0 0 
contents. Hence, soluble and readily-exchange­

able components are rapidly transferred vertically 

to subsoils or restrictive layers via the wetting 

0 o front. The low water retention characteristics of 
these soils favor this process. 

.- -,R Chemically, these soils have several properties in 
common; they are acidic, low in cation exchange 

capacity (CEC), mineral reserves, and organic 

c. matter, and have low buffering capacity. The pHs 

are acidic to strongly acidic and base saturations 

. are generally less than 35% in the Lpper 50 cm 

0 0 0 (Tables 1to 3, and Figs. 2 to 4). Extractable Al (I N 

o. .est 
KCI and Al percentages are correspondingly high­

in superficial and upper subsoil zones (Figs. 2 to 

Z 
*E 4). Base saturations increase with depth in deep 

sandy soils with argilic horizons (Labucheri, Table 

"6 

o.~ 

co, 

, o 

o 

~ 

2 and Fig. 2) to more than 50% in lower Bt hori­

zons. Exchangeable Al percentage is greatest be­

tween 9 and 30 cm. Parent sandy C horizons, when 

observed at 44.5 m below the surface, remain very 

~ strongly acidic and contain small quantities of 

" -exchangeable 
-oE 

Al. Deep sandy soils without argilic 

horizons (Dayobu, Table 2 and Fig. 3) also increase 

M,- C 

Sgreater 

in base saturation with depth but never more than 

40%; exchangeable Al percentage in this soil is 
than 75% between 15 and 100 cm. The C 

,horizons in these soil: also remain extremely acidic 

with base saturation of about 25% and exchange­

able Al percentagc of about 65%. Shallow soils, 

representative of plateau surfaces (Gangani, Table 
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Figure 2. Depth distribution of pH. base saturation 

percentage, and aluminum saturation percentage in 

the Labucheri soils. 

3and Fig. 4), are extremely acidic in both A and Bt 

horizons of th: sand mantle and in the 2Bt gravelly 

sandy loam horizons just'above the laterite con-

reflect the weatheringtact. These gravelly s' 'soils 

profile into the Coni,nental Terminal sandstones 

from which the laterite was also formed. The base 

saturations are commonly <25% with correspond-

ing exchangeable-Al percentage values between 60 

and 80%. 
While degrees of soil acidity are associated with 

mappable diifeiences in morphological properties 

of soils in the Sahel. remarkable spatial variability 

in acidity also occurs at lateral intervals too small 

to be delineated by conventional semi-detailed %,-

surveys. Detailed research on these poorly-respon-

sive pearl millet areas are reported in this volume 

(Chase et al. 1989). Possible hypotheses to explain 

origin of acidity in these semi-arid tropicalthe 

environments are proposed in the following, 
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Origin of Soil Acidity 

Acidity in soils of the Sahel may be attributed to 

the (I) indigenous acidity of the parent sands, (2) 

in soils weatheredthe development of acidity in 

wetter paleoclimates, (3) leaching of bases from 

shallow soil systems in contemporaneous climates 

with concomitant development of acidity, and (4) 

vector dynamics between base renewal at surface 

horizons and base loss at lower subsoils by leach-

ing under contemporaneous climates. It is proba-

ble, however, that soil acidity in these soils reflects 
base rene-causes and counterbalancingmultiple 


wal vectors, 


Effect of Parent Material 

The parent sandy and fluvial sediments from which 


most of these acid soils developed, were apparcntly 


locally derived from polycycled and preweathered 


Continental Terminal sandstone bedrocks (Som-
incision and

broek and Zonneveld 1971). Valley 

dissection into the Continental Tern,. ial provided 

an ample source of skeletal sand grains of the size, 

in valleys and
shape. and mineralogy as found 

uplands of the surrounding soil landscapes. These 

parent sands are acidic, contain small quantities of 

Al, and have kaolinitic/Fe-oxideexchangeable 
grain coatings as found in sandy soils of the region; 

the coatings impart the color and acidity of these 

sediments. However, during the fluvial and eolian 

a large component of the easily
transport process, 

clay would be lost from the coatings
detachable 

The sands would then
about skeleton grains. 

less red, less clayey and less acidic; this
become 

closely approximates observed
condition more 

sandy parent materials (C horizons) of soils in the 

sand plains, and dallols. In 
valley sand system. 


summary, evidence for soil acidity being an inher-


(1) the present semi-aridited property includes 

conditions, (2) the strongly acidic nature of soils 

and geologic material associated with the Conti-

and (3) the acidity of
nental Terminal deposits, 


parent eolian and fluvial sandy C horizons of the
 

soils in question. 

From field morphology and laboratory analysis 

(Table I to 3), only part of the present clay, Fe-

oxides, and acidity of these soils could be explained 

by inheritance. Pedogenesis of preweathered par-

ent materials must also be taken into consideration 

to explain local regional patterns of soil. Following 

are several mechanisms by which this could occur. 

Effect of Paleoclimate 

a wealth of reviews of paleogeographicThere is 
studies in Africa that have been published (Fair­

bridge 1976, Williams and Faure 1980, Maley 

1981). Reconstruction of the climatic history has
 

on the basis of: (1) stratigraphic
been attempted 
studies of stream terraces in northern Niger (Rog­

non and Williams 1977, Morel 1983, Durand et al. 

1983); (2) correlations with lake- level fluctuations 

and paleoecologic (pollen and diatoms) indices in 

Chad basin (Servant and Servant-Vildarythe 

1980, Durant and Mathieu 1980, and Maley 1981);
 

sites (Hervieu 1977); geomorphic,
archeological 

sedimentologic, and pedologic correiations (Som­

broek and Zonneveld 1971, Gavaud 1977).
 
The major cycles that are important to soil acid­

ity in sandy soils of thL Sahel are summarized in
 

Arid periods correspond to alluviation/
Table 4. 
fluvial aggradation and eolian activity, while more 

humid periods correspond to vegetative stabiliza­

tion of the land surface, intense soil leaching, and 

weathering regimes. More humid climates would 

also reflect major periods of downcutting and the 

formation of multilevel plateaus in adjustment to 

stream-base levels. 
In summary, the formation of laterite-capped 

plateaus (Sombroek and Zonneveldmultilevel 
1971), the deep weathering into Continental Ter­

minal sandstone, the very thick acid argillic hor­

zons in deep sandy upland soils (West et al. 1984), 

the presence of buried paleosols in thick eolian 

sandy deposits of the valley sand and sand plain 
1983, West et al. 

systems (Daniels and Wilding 

1984), and the evidence for climatic fluctuations 

from paleontological records are all indicative of at 

least a part of the soil acidity of these soils being a 

consequence of paleoclimatic leaching under more 

pluvial (wetter) conditions. 

Effect of Contemporaneous
 
Climate on Acidity
 

Shallow Soils 

Contemporaneous losses of bases from the solum 

on plateau surfaces, 
are probable (Figs. 5 and 6) 

upper segments of valley sandsystems, and on the 

sand plains where shallow sandy soils overlay root 

(laterite, ironstone
and water restrictive layers 

cemented gravels, and plinthic horizons). Restric­
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Table 4. Summary of climatic history of West Afr-ica (Bui 1986). 
EvidenceClimateYears B.P. 

Arid0-4000 

Humid4000-12000 
maximum 7000 

Arid12000-20000 

Humid20000-29000 
maximum 22010 

Arid29000-38000 

Humid38000-40000 

Arid
40000-50000 

tive layers that form a graded surface serve as the 

interface along which water and mobile solutes are 

of biocycling bytransferred beyond the limits 

plants in the immediate proximity (Fig 5A). 

During periods of moisture deficit and high sur-

water is lost by vaporface soil temperatures, 
transfer and thus any bases reinainirg in contact 

with the laterite are not moved back to the surface 

(Fig. 5B). Likewise, biocvcling is not an effective 

mechanism of base recharge to the surface because 

of the paucity of bases left in the system. The only 

effectivemeansofbaserenewalinthesesoilsisdust 
inputs. However, because of the sparse vegetation, 

crusted soil surface, and extreme desertification on 

these shallow acid sandy soils, little dust can be 
or if depos-entrapped; most will not be deposited, 

by wind deflation andited, are readily removed 

water erosion. 
Where shallow sandy soils directly overlie the 

or a plinthicContinental Termin,,al sandstone 
arehorizon (iron-par.) at the interface, the soils 

generally gravelly and strongly ;cidic. In this case, 

the impediment to vertical root-water movement is 

the plinthite horizon or the underlying sandstone. 
sur-When these restrictive layers form a graded 

face, losses of bases by interflow above the restric-

tive layers is the same as when laterite is the imped-

iment. Acidity in these soils is a combination of 

residual soil material coupledstrongly-weathered 
with contemporaneous base loss by leaching and 

!ateral interflow. 
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Pollen ard dictom assemblages: 
Lake Chad fluctuations 

Lake Chad high 

Lake Chad minimum, maximum 
17000 deposition of Erg 2 

Lake Chad mzximum 

Fluvio-lacustrine and interdivnal 
evaporitic deposits in Lake C'had area 

Southern margin of Lake Chad high 

Deposition of Erg I 

Deep Sandy Soils 

Development of soil acidity in deep sandy soils is 

shown in Figure 6. During the rainy season (Fig 

6A), bases and nutrients progressively move to 

deeier soil depths or to restrictive impermeable 

layers with the wetting front of successive rains. 

Marked soil acidity and Al saturation occurs at 

depths in the soil corresponding to those zones in 

which the greatest number and most frequent wet­

ting fronts have occurred. Because these soils are 

so coarse-textured and poorly buffered, develop­

ment of acidity may be closely correlated with 

leaching events and dynamically change seasonally 

with depth along the leaching front. Hydrological 

at the ICRISAT Sahelian Center,measurements 
Niger, indicate that during the rainy season, wet­

ting fronts up to 2 m or more are possible. Hence, 

during these periods, bases would be transferred 

progressively downward depending upon the fre­
events.quency and intensity of seasonal rainfall 

Where the laterite contact or other restrictive layer 

(Dayobu, Fig. 6A) is present within the wetting 

iront, bases would be transferred laterally along 

the slope gradient as interflow similar to the pro­

cess described for shallow soils. The Dayobu as an 

interdunal depression may also receive more intense 

because of runon water received fromleaching 
adjacent dunal crests. 

of moisture stressConversely, during periods 

between rainfall events of the wet season and dur­

ing the long dry season, base movement is upwards 



Wet season 

Plateau Valley sand system 

.Laterite. 

Residual soil •. , .. 
• •• • 

''. 
" 
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te 
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" .5m' 

Bedrock Miocene sandstone 
. . . ... . . . ... 

) *.. 
.' 

.. 

.. : 
. ........ 

. : .:.... 
. 

. , ., .. : :. . . . . 

IKm ... Surface runoff or lateral interflow 

, Leaching front 

Dry season 

Plateau Valley sand system 

Sand 

Laterite 

Residual soil 

i ~ ~Cemented laterite ..,'/45 

gravels
Miocene sandstone

Bedrock 

' Vapor transfer 

Ikm a 
I Unsaturated liquid transfer 

a. Vectors for leaching front: 

Figure 5.Schematic illustration ofplateau and associated valley sand systems. 

b. vapor and unsaturated liquid transfer during the dry season. 

and runoff during wet season, and 
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(Fig. 6B). Base recharge by evaporative pumping is 
towards the soil surface via unsaturated liquid flow 

thus not likely to reach the soil surface. The depth 
(evaporative or capillary pumping, (Fig. 6B). How-

at which vapor loss of water is the primary mecha­
ever, capillary rise is limited by the coarse-textured 

but based on surface soil
nism is not known, 

natureofthesesoilsandbythedepthatwhichmost C and higher dur­
to vapor transport temperatures known to reach 60 

can be attributedwater loss 

Wet season 
a 

Dunal sand plains 

__Labucheri ­

overCemented laterite (ironstone) gravels 

miocene sandstone or fluvial gravelsl00m lateral interflowSurface runoff or 

Leaching front 

Dry seasonb Dunal sand plains 

over 
miocene sandstone or fluvial gravelsCemented laterite (ironstone) gravels 

loom 

VaporSurtransfer 

Unsaturated liquid transfer 
a. Vectors for soil runoffand leaching fronts during

Figure 6. Schematic illustration of dunal sand plains, 
season.

the wet season, and b. vapor and unsaturated liquid transfer during the dry 
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ing the dry season, the thermal gradient sustaining 

this process may be effective up to depths of 50-75 

cm. Upward movement of bases that had been 

leached to lower depths can then be expected to 

rise to upper layers. At the soil surface base, rer.e-

wal occurs in the form of biocycling by plants and 

animals (especially termites) and by dust inputs via 

harmattan winds from the Sahara Desert. 

The vector dynamics of base loss via leaching 

and base renewal via biocycling, dust inputs, and 


evaporative pumping may help explain the base-


saturation and Al-saturation depth functions ob-


served in deep sandy soils (Figs. 2 and 3). Soils 


without a restrictive layer within the wetting front 


(Labucheri, Fig. 2) have maximum Al saturation 


and minimum base saturation in a zone imme-


diately below the soil surface to a depth of about 60 


cm. Soils such as Dayobu(Fig. 3)and Gagani(Fig. 


4) with restrictive layers intercepting the wetting 


front have similar bases and Al-saturation depth 


functions but tend to remain more acidic through-

areout. This is explained by the fact that bases 

seasonally lost from these systems as interflow lea-

chates above the impediments to lower landscape 

positions. Evaporative pumping and biocycling of 

bases occur as in the Labucheri soils but there are 
to be recycledrelatively few bases in the system 

except for dust inputs. Hence the soils tend to 

remain strongly acidic throughout, contrast to 

deep sandy soils without restrictive layers. 

Considering the low buffering capacities of these 

soils and the proposed chemical dynamics, caution 

should be exercised in interpreting data sets col-

lected at only one point in time. Data reported here 

were collected on soils sampled during the 1982 

rainy season. One can only speculate on the nature 

of the chemical properties had these soils been 
season orsampled sequentially during the rainy 

season. This is an important agro-during the dry 

nomic question worthy of future research efforts. 


Such research is being planned within the SAT 


Tropsoils CRSP program. 


Effects of Soil Acidity 

Major Soil Constraint to Land Use 

Spatial variability in farmers fields occurs on a 

broad scale in the Sahel. A significant proportion 

of this variability is apparently associated with soil 
are

acidity, although it is recognized that there 

other factors that contribute to the observed varia­

bility, e.g. termite mounds, arid previous village 

sites. The exact land area where crops are affected 

by acid soils is unknown but preliminary observa­

tions indicate that it is substantial. 

The primary effects of acid soils on agriculture 

on the Sahel are threefold: (I) crops and cropping 

systems are limited by their tolerance to acid soils, 

(2) the full potential forsoil productivity cannot be 

realized 	until soil acidity problems are diagnosed 
devoid of vegetationand treated, and (3) areas 

hasten desertification in theowing to acid soils 

Sahel. 
Acid soils affect a number of soil chemical and 

biological properties. Decreasing soil pH is asso­

ciated with increasing aluminum (AI) and manga­

nese (Mn) availability. Below pH values of approx­

imately 5, concentrations of these elements may
 

increase to levels that are toxic to plant. Low soil
 

pH is also associated with lower concentrations of 

basic cations (calcium, magnesium, and potas­

sium, Tables 1-3) available to plants. Root growth 

and water-use efficiency of plants are both res­

tricted in acid soil systems with pH values low 

enough to have toxic levels of Al and/or Mn. 

Soil Acidity and Cropping Systems 

use of native and applied nutrients andEfficient 
water can never be realized until soil acidity prob­

lems have been resolved. The choice of crops and, 

therefore, cropping systems will be limited to crops 

and cultivars that are acid tolerant in areas where 

soil acidity is extensive (Sanchez 1976, 223-253 

pp.). 
The presence of acid soils in the semi-arid region 

of the tropics is noteworthy in itself. That signifi­

cant areas of the Sahel are negatively affected by 

soil acidity is particularly important. The introduc­

tion of higher-yielding cultivars of pearl millet, 

sorghum, or other crops that could be grown in the 

Sahel will be limited to acid-tolerant varieties. 

use of water resources is limited in
Efficient 

areas where crop growth is influenced by soil acid­
into the croppingity. Introduction of fertilizers 

system, particularly acid-forming ammonium-based 

materials, to the poorly buffered, sandy soils will 

tend to lower soil pH with time. Since the soil 

resource is very fragile. methods to correct acidity 

and chemical treatments to increase crop yields 

must be carefully considered. 
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Desertification of the Sahel 

in the Sahel are both
Causes of desertification 

made (Thatcher 1979, Thomas
natural and man 
1980). Surface or subsurface soil acidity that nega-

tively affects plant growth contributes to desertifi-

cation in the Sahel. Bare or partially vegetated soil 
water erosion

surfaces are subject to wind and 

(tiger bush plateau uplands), both of which may 

expose acid subsoils. Poorly-vegetated soil pro-

motes water runoff due to a lack of impedence of 

water to overland flow, and due to crusting from 

rainfall impact that can result in clay and silt dis-

persion and partial surface sealing. Crusting of the
 

sandy surface soils is expected to be minimal in the 


Sahel but exposure of the acid argilic subsoils 


could dramatically increase water runoff. Furthe-r, 


because such areas respond poorly to pearl millet/ 


cowpea production, the land is used for pastoral 


grazing of animals and harvesting wood for fuel 


and for construction. This increases animal traffic
 

and compaction, and intensifies the desertification 


process. 
Lack of vegetation and soil litter also enhances 

wind erosion and movement of surface soil. Prop-
as a deterrent to soil

erly vegetated lands act 


movement by wind erosion. 


Plant Response Variability 

Fields with very acidic soils show striking plant 

response and spatial variability over very short 

distances. Pearl millet growth often decreases from 

very productive regions to completely barren areas 
10 m. (Wendt

over distances varying from 2 to 

1986). The zones between these irregularly distrib-
are

uted productive and unproductive regions 

characterized by gradually declining pearl millet 
smaller plants, delayedgrowth, as defined by 


maturity, shorter and more poorly filled heads, 

and diminished yields. Pearl millet germinates uni-


formly in all areas of the field and growth appear. 


to be essentially uniform until one or two weeks 

after emergence. Differences in growth become 
at this time. The plants in the mostapparent 

unproductive regions eventually die, leaving places 

in the fields devoid of vegetation. Completely 

barren areas appear to be larger in regions of mar-

ginal rainfall. Poor stands also appear to be asso-

ciated, though not consistently, with micro-low 

regions in the field topography (Wendt 1986). 
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lost owing to soilPotential pearl millet yield, 

acidity problems in the Sahei have not yet been 

quantified. Extreme variability not only severely 

reduces yields, but is also a major obstacle to other 

field research efforts. Differences between treat­

ments are difficult to detect because of large varia. 

tion between replications within a given treatment 

Hence, soil acidity is not only a soil managemen 

problem for farmers but has a significantly nega 

tive impact on agronomic research endeavors it 

the Sudano-Sahelian zone of Africa. 

References 

Allen, B.L., and Fanning, D.S. 1983. Composition 

and soil genesis. Pages 141-192 in Pedogenesis and 

soil taxonomy. I. Concepts and interactions (Wild­

ing L.P., Smeck N. E., and Hall, G.F., eds.). 

Developments in Soil Science no. I1A. Amsterdam, 

Netherlands: Elsevier. 

pedology,Bui, E. 1986. Relationships between 
in the Dalloland stratigraphygeomorphology, 


Bosso of Niger, West Africa. Ph. D. thesis, Texas
 

A&M University, College Station, Texas, USA.
 

226 pp.
 

Chase, R., Wendt, J.W., and Hossner, L. 1989
 

A study of crop growth variability in sandy Sahe.
 

lian soils. Pages 229-240 in Soil,Crop, and Watei
 
Management Systems 	for Rainfed Agricultui it 

Zone: proceedings of a!the Sudano-Sahelian 
International Workshop, 11-16 Jan 1987, ICRI 

SAT Sahelian Center, Niamey, Niger. Patancheru 

A.P. 502 324, India: ICRISAT. 

Daniels, R. B., and Wilding, L. P. 1983. Report ol 

soil/geomorphological relationships in areas sur 

rounding ICRISAT Sahelian Center. College Sta 

tion, Texas, USA: Texas A&M University, Soi 

and Crop Sciences Departmet. 

Durand, A., and Mathieu, P. 19q. Evolution pal6 
que du bassin tcha 

ogographique et paloclimi 
au Plistocne superitur. (In Fr.) Revue d 

dien 

g~ologie dynamique et de T,ographie physique 2: 
'329-341. 

Durand, A., Lang, J., Morel, A., and Roset, J.1 
stratigr,1983. Evolution g~omorphologique, 


phique et palkoclimatologique au Pleisto~ene supi
 
(Sahairieur et A l'Holobene de l'Air oriental 

Revue de g~ologmeridional, Niger). (In Fr.) 


dynamique et de g~ographie physique 24: 47-59.
 



Fairbridge, R.W. 1976. Effects of Holocene cli-

matic change on some tropical geomorphic pro-

cesses. Quarternary Research 6: 521-556. 

Gavaud, M. 1966. Etude p~dologique du Niger 

occidental-rapport g~n~ral. Vols. 2and 3.(In Fr.) 

Dakar, S~n~gal: ORSTOM (Office de la recherche 
scientifique et technique d'outre-mer). 

Gavaud, M. 1977. Les grands traits de la pdog6-

nse au Niger meridional, Travaux et documents 

de I'ORSTOM. (In Fr.) Paris, France: ORSTOM 

(Office de la recherche scientifique et technique 

d'outre-mer.) 


Greigert, J. 1966. Descriptions des formations cr&-


et tertiaires du Bassin des lullemmeden
tac~es 

(Afrique Occidentale). (In Fr.) Paris, France: 


Bureau de recherches g~ologiques et miniires. 


Hagen, R.J., Brown, J., and Sowers, F. 1986. 
of the NiameyAgro-ecological zonation study 


Department, Niger. Prepared for USAID IQC No. 


PDC-1406-1-03-409300. 
 Placerville, California, 

USA: Resources Development Association. 257 pp. 

Hervieu, J. 1977. T~moins palkoclimatiques et 
massif deenvironnement prihistorique dans le 

Termit (Niger Oriental). (In Fr.) Cahiers 

ORSTOM, S~rie G~ologie 9: 3-14. 

Maley, J. 1981. Etude palynologique dans le bassin 

du lac Tchad et palkoclimatologie de l'Afrique 
h l'6poque actuelle.nord-tropicale de 30 000 ans 

(In Fr.)Travaux et documents de I'ORSTOM. 
Paris, France: ORSTOM (Office de la recherche 

scientifique et technique d'outre-mer). 

Morel, A. 1983. Erosion et sedimentation dans le 

massif de l'Air (Sahara meridional): essai d'inter-

proration palkoclimatique de la moyenne terrasse. 
S~rie G~ologie 13:(In Fr.) Cahiers ORSTOM, 

111-118. 
Nettleton, W.D., and Peterson, F. F. 1983. Ani-

disols. Pages 165-215 in Pedogenesis and soil tax­

onomy. II. The soil orders (Wilding, L.P., Smeck, 

N.E., and Hall, G.F. eds.). Developments in Soil 

Science no. 1IB. Amsterdam, Netherlands: Elsevier. 

Rognon, P., and Williams, M.A.J. 1977. Late 

quaternary climatic change in Australia and North 

Africa: preliminary interpretation. Palaeogeogra­

phy, Palaeoclimatology, Palaeoecology 21: 285­

327. 

Sanchez, P.A. 1976. Properties and management
 
of soils in the tropics. New York, USA: John
 

Wiley.
 

Servant, M., and Servant-Vildary, S. 1980. L'envi­

ronnement quaternaire du lac Tchad. (In Fr.)
 

Pages 133-162 in The Sahara and the Nile (Willi­

ams, M.A.J. and Faure, H., eds.). Rotterdam,
 

Netherlands: A.A. Balkema.
 

Sombroek, W.G., and Zonneveld, I.M. 1971.
 

Ancient dune fields and fluviatile deposits in the
 

Rima-Sokoto river basin (N.W. Nigeria). Soil
 

Survey Paper no. 5. Wageningen, Netherlands:
 
109 pp.
Netherlands Soil Survey Institute. 

Thatcher, P.S. 1979. Desertification: the greatest
 
threat. UNEP Desertifica­single environmental 


tion Control Bulletin 2(l).
 

Thomas, G. 1980. The Sahelian/Sudanian zones 

of Africa: profile of a fragile environment. Interna­

tional Publication Series. Technical Information 

Publication no. 0001- 8 1.Las Cruces, New Mexico, 

USA: New Mexico State University. 

Pearl millet (PennisetumWendt, J.W. 1986. 

typhoides) response to soil variability in sandy
 

Ustalfs near Niamey, Niger, West Africa. M.S.
 

thesis, Texas A&M University, College Station,
 

Texas, USA.
 

West, L.T., Wilding, L.P., Landeck, J.K., and
 

Calhoun, F.G. 1984. Soil survey of the ICRISAT
 

Sahelian Center, Niamey, Niger. College Station,
 

Texas, USA: Texas A&M University.
 

West, L.T., Wilding, L.P., and Calhoun, F.G. 

1987. Argillic horizons in sandy soils of the Sahel, 

West Africa. Pages 221-225 in Micromorphologie 
of the 8th Internationaldes sols: proceedings 

Working Meeting on Soil Micromorphology (Fe­

deroff, N.. Bresson, L.M., and Courty, M.A., 

eds.). Plaisir, France: Association franqaise pourl'uedus. 

Williams, M.A.J., and Faure, H. (eds.) 1980. The 

Sahara and the Nile. Rotterdam, Netherlands: A. 

A. Balkema. 607 pp. 

227 


