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CHAPTER 1
Soil Fertility and Rice Production in West Africa in the Face of Food Insecurity

and Environmental Degradation: General Introduction

Sub-Saharan Africa is the only remaining region of the world where per capita food
production has remained stagnant over the past 40 years (Hirano 2001; Sanchez
2002). Sub-Saharan Africa is also the only region where hunger prevalence is over
30% and the number of malnourished people is still increasing (Sanchez and
Swaminathan 2005). In this area absolute poverty, which is characterized by an
income of less than US$1 per person per day, is coupled with an increasingly
damaged natural resource base (Sanchez 2002). For example, subsistence farmers
have removed large amount of nutrients from their soils without sufficient quantities
of manure and fertilizer to replenish the soil over decades. This has resulted in a
very high average annual depletion rate, i.e. 22 kg-of nitrogen, 2.5 kg of phosphorus
and 15 kg of potassium per hectare of cu'ifivated land over last 30 years in 37
African countries. This corresponds to an annual loss equivalent to US$4 billion in
fertilizer (Sanchez et al. 1997).

This dissertation focuses on the West African sub-region where rice is an important
staple food. Rice consumption in West Africa has rapidly increased science 1970s,
which has been caused by a rapid increase of the per capita consumption (Japan
International Cooperation Agency 2003). Any shortage of the domestic supply to
meet the increasing demand for rice has been supplemented by imports resulting in
a steady increase of imports to a record-breaking 3.4 million tons (milled basis) in
1998. This amount was equivalent to nearby US$1 billion (Japan International
Cooperation Agency 2003). One of the most possible reasons creating the problem
is the low land productivity of rice. For 20 years from the early 1960s to the early
1980s, the productivity of rice production in West Africa remained virtually
unchanged at 1.0-1.2 ton ha™ on a milled rice basis without recording a substantial
increase in yield (Wakatsuki 2002; Japan International Cooperation Agency 2003).



This is parallel to the fact that upland rice farming is common under traditional
shifting cultivation in West Africa (West Africa Rice Development Association 2004)
despite its lower yield and higher susceptibility to land degradation than lowland
paddy production (Wakatsuki 2002; Wakatsuki and Masunaga 2005). This is in a
strong contrast to rice cultivation in Monsoon Asia where lowland rice farming is
predominant and yields are usually higher than 3.0 ton ha™. On the other hand,
West Africa has a relatively long history of lowland rice cultivation. The African rice
(Oryza glaberrima Steud.) was domesticated in the central Niger delta at least more
than two thousand years ago (Carpenter 1978) although over 90% of the rice
cultivars have been replaced with the Asian rice (O. sativa L.) at the moment
(Wakatsuki 2002). Some traditional lowland rice farming systems have been
developed in the region, for instance in the Nupeland of central Nigeria (Ishida ef al.
1998; 2001). The land system of Nupe farrhérs can be described as rainfed or
irrigated quasi-paddy fields (Wakatsuki 2002). It is considered to be a rudimental
stage of the sawah " development, a High—productive and sustainable rice
production system in lowlands. However, the sawah system, originally developed in
Asia, has been neither developed nor introduced, except for the pioneer work of
Taiwanese teams (Hsieh 2003), in West Africa whereas many ecological and
cultural backgrounds are noticed in the region to accept the sawah technology
(Wakatsuki 1991; 1994; Wakatsuki and Masunaga 2005). In particular, inland
valleys and flood plains are considered to be suitable ecological environments to
introduce the sawah system (Wakatsuki 2002). Hereby, there is a need to
accumulate basic information on inland valleys and flood plains of West Africa in
order to examine the adaptability and feasibility of paddy farming system in the
region because ecological and economic sustainability of paddy rice system has
been well demonstrated in Asia (Kyuma and Wakatsuki 1995) but little in West
Africa (Wakatsuki et al. 1998; Wakatsuki and Masunaga 2005). From this viewpoint,
Issaka et al. (1996; 1997) and Buri ef al. (1999; 2000) investigated physicochemical

" The term refers to a leveled and bounded rice field with an inlet and outlet for the
irrigation and drainage.



properties of soils of inland valleys and flood plains in West Africa and highlighted
their very low fertility status as compared to paddy soils in tropical Asia (Kawaguchi
and Kyuma 1986). Most soils in West Africa derive from Pre-Cambrian Basement
Complex (igneous and metamorphic rocks) and showed very poor fertility
characteristics at advanced weathering stages (Moormann and Veldcamp 1978;
Udo 1978; Windmeijer and Andriesse 1993). These low fertility soils are assumed to
occupy also vast areas of other Sub-Saharan regions (Eswaran ef al. 1997). As
compared to physicochemical properties and thus fertility characteristics of the soils,
mineralogy of these soils, however, have been far less documented despite its
importance for better understanding of the soil genesis, general properties as well

as agricultural potential.

The objective of the present thesis is to assess soil characteristics to explore the
soil-forming processes and agricultural potential- of .lowlands (inland valleys and
flood plains) in West Africa in relation to the rice production. In this context, a
general introduction and necessary background have been provided in this chapter
to help understanding the objective of this dissertation. The second step will be
made to discuss mineralogical properties of lowland soils in the region providing a
couple of chapters, i.e. clay mineral composition and primary mineral characteristics
in Chapter 2 and 3, respectively. These chapters will be able to reinforce the
findings of Issaka ef al. (1996; 1997) and Buri et al. (1999; 2000). Based on the
results of these two chapters, further soil assessment was carried out intensively in
two inland valleys from Southeast Nigeria to delve into the research topics.
Physicochemical properties and morphological features (Chapter 4), as well as clay
mineralogy and parent material nature (Chapter 5) of the soils in these two sites will
be discussed in relation to soil-forming processes and agricultural potential. In
Chapter 6, all findings obtained in this study will be summarized. | will also provide

Japanese summary of this thesis in the final chapter (Chapter 7).
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CHAPTER 2
Clay Mineral Composition of Lowland Soils in West Africa

2.1. Introduction

Inland valleys, the upper reaches of river systems, display a widespread topography
within West Africa. Inland valleys offer a major potential for intensified and
sustainable land use (Andriesse and Fresco 1991; Andriesse et al. 1994;
International Institute of Tropical Agriculture 1990; West Africa Rice Development
Association 1997), especially for small-scale irrigated rice cultivation in the valley
bottoms (Association of International Cooperation of Agriculture and Forestry
(AICAF) 2003; Japan International Cooperation Agency 2003; Wakatsuki et al.
1998), because of higher water availability and soil fertility compared with adjacent
uplands (Inland Valley Consortium 1997; Windmeijer and Andriesse 1993).
Regardless of their potential, less than 15%'of the total area of inland valleys is
being cultivated because of a lack of appropriate land management techniques
(International Institute of Tropical Agriculture 1990; Inland Valley Consortium 1997,
West Africa Rice Development Association 1997). In addition to inland valleys, flood
plains display another typical geographical configuration suitable for rice cultivation
in West Africa. In general, flood plain soils are more fertile than inland valley soils
(Buri et al. 1999; 2000; Issaka et al. 1996; 1997) and flood plains are considered to
be relatively more suitable for medium- to large-scale irrigated rice cultivation with
higher investments (Wakatsuki 1998). The total area occupied by inland valleys and
flood plains in West Africa is estimated to be 22-52 and 12-25 miilion hectares,
respectively (Windmeijer and Andriesse 1993). Out of this area, 9 million hectares
each of inland valleys and flood plains are considered to have potential for irrigated
rice cultivation (Wakatsuki 2002). Sawah-based irrigated rice farming in the
lowlands can contribute to overcoming food insecurity and to restoring the
degraded watersheds in West Africa (Wakatsuki ef al. 1998; Wakatsuki and
Masunaga 2005).



In general, the fertility status of the West African lowland soils is significantly low
(Kyuma et al. 1986; Windmeijer and Andriesse 1993). Comprehensive
investigations of the soil characteristics of infand valleys and flood plains conducted
by Issaka ef al. (1996, 1997) and Buri ef al. (1999, 2000) revealed lower soil fertility
than that of paddy soils in tropical Asia and Japan (Kawaguchi and Kyuma 1977).
As described in Moormann and Veldkamp (1978) and Kang et al. (1991), it is
generally recognized that poor mineralogical characteristics, dominated by 1:1 type
silicate minerals and Fe and Al oxides with variable charge, are probably
responsible for the low or very low fertility status of the soils of tropical Africa. This
has been corroborated by many studies of upland soils. However, there are few
scientific reports examining the lowlands and they are not well documented. Issaka
et al. (1997) and Buri et al. (1999) assumed a predominance of highly weathered
low-activity clays in inland valley and flood plain soils based on low values of clay
activity indices (i.e. effective cation exchange capacity (ECEC)/clay, cmol, kg™).
The clay activity indices of the inland valley and flood plain soils were 29.2 and 23.9
cmol. kg™', respectively, and were considerably lower than those recorded in paddy
soils in tropical Asia, 46.4 cmol. kg'1, and in Japan, 60.8 cmol. kg'1. In West Africa,
the soil constituents are derived from very old geological materials and may consist

of low-activity clays at an advanced weathering stage (Kosaki 2002).

Determination of the soil mineralogical characteristics is essential to gain
information about basic soil properties for suitable land management. To date, little
attention has been paid to the mineralogical characteristics of West African lowland
soils. Therefore, the objective of the present study was to determine
comprehensively the clay mineralogical composition of lowland (inland valley and

flood plain) soils of West Africa.

2.2. Materials and Methods



Study area

Based on the plant growth period and precipitation, the study region was divided
into four main agro-ecological zones: equatorial forest (EF), Guinea savanna (GuS),
Sudan savanna (SuS) and Sahel savanna (SaS) (Fig. 1) (Windmeijer and
Andriesse 1993). In general, the vegetation and soils were distributed according to
the climatic conditions and the latter also reflected the parent materials, relief and
plants and animals. The Pre- Cambrian Basement Complex rocks cover a wide
area over this region and consist of igneous rocks such as granite and basalt as
well as metamorphic rocks like quartzite, schist and slates. In the Chad Basin,
Benin lowlands and western Senegal, where wide stretches of sedimentary rocks
occur, the Basement Complex has merely been covered by these relatively younger
rocks at varying depths (Udo 1978). In contrast, the addition of seasonal aeolian
dust from the Sahara desert and relatively new volcanic materials from Mt
Cameroon, the only active volcano in this region, may possibly have affected the
soil formation process in the Sahel regi6h and eastern part of West Africa,
respectively (Delvaux et al. 1989; Mizota et al. 1996).

Field sampling

Major agro-ecological zones and sampling sites are illustrated in Fig. 1. The 87
topsoil samples were selected from the same soil ‘samples as those used by Issaka
et al. (1996; 1997) and Buri et al. (1999; 2000). These samples were collected from
47 locations of inland valleys and 40 locations of flood plains across the four
agro-ecological zones within seven West African countries, Cote d’lvoire, Ghana,
Guinea, Mali, Nigeria, Niger and Sierra Leone from 1983 to 1989. The soil samples
were air-dried, gently ground and passed through a 2-mm mesh sieve prior to
“analysis. The physicochemical properties of these soil samples were reported by
Issaka ef al. (1996; 1997) and Buri et al. (1999; 2000).

X-ray diffraction analysis
The clay (<2 ym) fraction was separated by gravity sedimentation and siphoning
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after ultrasonic dispersion (35 kHz, 200 W, 15 min) at pH 10. To remove the organic
matter, the fractions obtained were treated with 10% hydrogen peroxide (w/w) on a
hot plate. No iron removal treatment was carried out because the amounts of iron
soluble in the dithionite—citrate—bicarbonate and acid oxalate solution were
generally low in these samples (Buri 1999; lIssaka 1997). Clays saturated in
potassium (K) and magnesium (Mg) were prepared by repeated treatment with 1.0
mol L™ KCI and 0.5 mol L™ MgCl, solution, respectively, and mounted on a glass
plate as a parallel-oriented ,specimen, as described by Inoue (1993). The
K-saturated clay was analyzed at 20, 300 and 550°C and the Mg-saturated clay
was analyzed using air-dried and glycerol-solvated specimens. All the X-ray
diffraction (XRD) patterns were obtained using an X-ray diffractometer (Geiger flex
of Rigaku Company, Tokyo, Japan) with Co-filtered CuKa radiation at 30 kV and 20
mA. ldentification of the minerals was carried out in reference to the method
described by Brown and Brindley (1980).

Semi-quantitative analysis of clay minerals and soil material classification
system based on the relative abundance of 7, 10 and 14 A minerals

Kawaguchi and Kyuma (1974) proposed a soil material classification system based
on a triangular diagram for simplified clay mineralogical composition (Fig. 2) in
which the soils materials were categorized into 10 types based on the relative ratios
of 7, 10 and 14 A minerals (the name of these three minerals was adopted
conventionally in the system). The relative abundance of these three minerals was
semi-quantitatively determined by measuring the areas of the peak around 0.7, 1.0
and 1.4 (to 1.5) nm for the parallel-oriented specimens of airdried Mg-saturated clay
and by calculating the area of each peak as the percentage of the total area of the
three peaks. As chlorite and halloysite seldom occurred, the peak at 0.7 nm spacing
can be considered to correspond to 1:1 type clay minerals of the kaolin group,
particularly kaolinite. The 1.0 nm peak represented illite (hydrous mica) or clay
micas, while the 1.4 nm peak may be derived from smectite or vermiculite
(Kawaguchi and Kyuma 1977). This method could be appropriate for evaluating soil

11
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mineralogical characteristics over wide study areas.
2.3. Results and Discussion

Relative abundance of 7, 10 and 14 A minerals and soil classification

The clay mineralogical composition of the samples analyzed was plotted in a
triangular diagram based on the relative abundance of 7, 10 and 14 A minerals in
the XRD pattern of air-dried Mg-clay (Fig. 2). The 7 A minerals predominated and
the contents of the 14 A minerals were usually low in these soils. Approximately
90% of the samples contained less than 10% of 10 A minerals in relation to the total

content of crystalline minerals.

The mean abundance of the three minerals in the West African lowland soils is
presented in Table 1 according to the topography and agro-ecological zones and
was compared with the abundance in paddy- soils in tropical Asia (Kawaguchi and
Kyuma 1977). The mean ratios of 7, 10 and 14 A minerals in the soils of West Africa
were 68.4%, 5.1% and 26.6%, respectively, with a high variability in the abundance
of minerals. It was suggested that these samples comprised mainly low-activity
clays, such as 1:1 type kaolin minerals, and contained a small amount of hydrous
mica clay (i.e. illite) and relatively high-activity 2:1 type clays such as smectite and
vermiculite. Compared with the paddy soils of tropical Asia, the West African
lowland soils contained more 7 A minerals and less 10 A and 14 A minerals. The
content of the 7 A minerais was higher in the EF and GuS zones than in the drier
zones (i.e. SuS and Sa$S zones). In contrast, the content of the 14 A minerals was
highest in the SuS and SaS zones and lower in the humid EF and GuS zones. This
possibly resulted in the formation of more fertile soils in drier zones than in humid
zones, as reported by Issaka et al. (1997) and Buri et al. (2000). In particular, the
flood plain soils in the GuS zone were distinctively rich in 7 A minerals and poor in
14 A minerals. The inland valley soils in the GuS zone also showed a lower content

of 14 A minerals than those in the other climatic zones. These findings
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Table 1. Mean abundance of 7, 10 and 14 A minerals of lowland topsoils (0-15 cm) in West Africa compared with the abundance in paddy soils in

tropical Asia.

Region 7-A minerals (%) 10-A minerals (%) 14-A minerals (%)
Mean 8.D° Mean S.D. Mean S.D.
Lowland soils in West Africa (n=87) " 68.4 23.8 5.1 5.1 26.6 231
Inland valleys (n=47) 68.2 '25.8 5.6 6.0 26.2 24.8
Equatorial forest zone (n=26) 69.6 24.5 3.9 45 26.6 22.6
Guinea savanna zone (n=13) 69.3 25.3 8.5 7.6 22.2 243
Sudan and Sahel savanna zones (n=8) 62.2 32.9 6.4 59 31.5 33.8
Flood plains (n=40) 68.5 21.6 4.5 3.8 27.0 21.2
Equatorial forest zone (n=5) 68.9 201 50 09 26.1 19.3
Guinea savanna zone (n=9) 86.4 9.8 6.5 6.8 71 40
Sudan and Sahel savanna zones (n=26) 62.2 21.9 3.8 2.5 34.0 211
Paddy soils in tropical Asia (n=410)" 46.4 23.3 13.9 14.4 39.7 23.8

# Standard deviation
b Kawaguchi and Kyuma (1977)
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corresponded to the lowest base status of the soils in the GuS zone (Buri et al.
2000; Issaka et al. 1997). In contrast, 10 A minerals were relatively abundant in the
GuS zone, which may reflect the unique characteristic of aeolian dust deposits in
the GuS zone. According to Issaka et al. (1997) and Buri ef al. (2000), the value of
exchangeable K was the lowest in the EF zone and tended to rise toward a drier
zone. Despite the higher content of 10 A minerals, as revealed in the present study,
inland valley soils in the GuS showed a very low content of exchangeable K. In
contrast, soils in the SuS ,and SaS zones exhibited a higher content of
exchangeable K. Thus, the value of exchangeable K appears to be less related to

the amount of 10 A minerals.

No significant differences were observed in the clay mineralogical composition
between the inland valley and flood plain soil$ (Table 1). This result is in agreement
with the findings of Buri et al. (1999), who .expected that the mineralogical
characteristics of the inland valley and flood plain soils would be similar because of
the similarity in the value of ECEC/clay in both inland valley and flood plain soils,
although the flood plain soils were more fertile than the inland valley ones. Thus, the
lower clay content, rather than the clay mineralogy, may be responsible for the
lower fertility of the inland valley soils compared with the flood plain soils. The mean
clay content of the topsoil of the flood plains, which was 431 g kg™', was almost
threefold higher than that of the inland valley topsoils (145 g kg™"), as reported by
Buri et al. (1999).

Table 2 shows the distribution of the soil clay mineral types in the inland valley and
flood plain soils and among the agroecological zones according to the soil
classification system of Kawaguchi and Kyuma (1974). Type 7 accounted for
approximately 42.5%, while Types 7-14 and 7-10 accounted for 34.5% and 3.4% of
the whole samples in West Africa, respectively, indicating that more than 80% of the
total samples were classified into clay mineral types rich in the 7 A minerals (i.e.
Types 7, 7-14 and 7-10). This is similar to the results obtained by Kosaki (2002).
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Table 2. Distribution of soil clay mineral types in West African lowlands compared with the distribution in paddy soils in tropical Asia

Region

Clay mineral types® (%)

7 7-14 14-7 7-10 7-10-14 14 10 10-7 10-14 14-10

Lowland soils in West Africa (n=87) 425 345 17.2 3.4 1.1 1.1 0.0 0.0 0.0 0.0
Inland valleys (n=47) 46.8 29.8 17.0 2.1 2.1 21 0.0 0.0 0.0 0.0
Equatorial forest zone (n=26) 50.0 30.8 19.2. 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Guinea savanna zone (n=13) 38.5 46.2 0.0- 0.0 7.7 7.7 0.0 0.0 0.0 0.0
Sudan and Sahel savanna zones (n=8) 50.0 0.0 37.5 12.5 0.0 0.0 0.0 0.0 0.0 0.0
Flood plains (n=40) 37.5 40.0 17.5 5.0 0.0 0.0 0.0 0.0 0.0 0.0
Equatorial forest zone (n=5) 40.0 60.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Guinea savanna zone (n=9) 77.8 0.0 0.0 222 0.0 0.0 0.0 0.0 0.0 0.0
Sudan and Sahel savanna zones (n=26) 23.1 50.0 26.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Paddy soils in tropical Asia (n=41 0)° - 14.8 22.0 22.9 9.1 10.9 10.5 0.0 2.8 0.8 5.2

# See Fig. 2
® Kawaguchi and Kyuma (1977)
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Thus, we conclude that soils rich in 1:1 type clay minerals covered wide areas of the
lowlands in West Africa. In contrast, Type 14-7 soils accounted for 17.2% and only
occurred in Nigeria. Type 14 with a predominance of 14 A minerals was identified
only in a vertic soil in southeastern Ghana. The site numbers 1, 2, 3, 4, 7, 9 and 10
in Fig. 1, which were collected from Vertisols or vertic soils, predominantly
contained 14 A minerals and were classified into Type 14 or Type 14-7. An equal
amount of 7, 10 and 14 A minerals was observed in the samples at site number 39,
Nyanpkara in the northern part of Ghana. Hence, the clay mineral type of these
samples belonged to Type 7-10-14 in Table 3. Types 7-10 and 7-10-14, which
showed a relatively high content of 10 A minerals, accounted for only 4.5% of the
total samples because of the limited occurrence of 10 A minerals. The other clay
mineral types (i.e. Types 10, 10-7, 10-14 and 14-10) were not identified at all in the
present study. There was a predominance of Type 7 and Type 7-14, while other
clay mineral types were less predominant in the lowland soils of West Africa
compared with the paddy soils of tropical Asia (Kawaguchi and Kyuma 1977). With
respect to the agro-ecological zones, clay mineral types (i.e. Type 7, Type 7-14 and
Type 7-10) rich in 7 A minerals tended to be more abundant in the EF and GuS
zones than in the SuS and SaS zones, which may reflect a severe weathering
process under high rainfall. In contrast, Type 14-7 predominated in the drier zones,

namely SuS and SaS.

The geographical distribution of the clay mineral types within West Africa is
illustrated in Fig. 3. Soils rich in 14 A and/or 10 A minerals were mainly distributed in
the eastern part of West Africa. All the samples from Guinea and Sierra Leone and
some of the samples from the western region of Mali were classified into Type 7.
This trend could be attributed to topographical and agroecological factors. The
highest rainfall and strongest weathering occurred in Guinea and Sierra Leone
(Windmeijer and Andriesse 1993). These weathered soil materials were deposited
in the inland deltas of Mali. However, the clay mineral types containing 14 A

minerals were scattered in high rainfall areas in the equatorial zones of Cote
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d’'lvoire, Ghana and Nigeria as well as in the SuS and SaS zones of Mali, Niger and
Nigeria. Thus, the mineralogical characteristics of the lowland soils of West Africa
reflected the nature of the parent materials and were also affected by the climatic
conditions and relief. The geological formation of recent alluvial deposits, and the
rejuvenation and presence of basic rocks may result in the genesis of relatively
fertile soils, characterized by the presence of 2:1 type clay minerals, while soils of
very old geological origin under prolonged weathering were less fertile and were
dominated by 1:1 type clay minerals. As described earlier, relatively fresh geological
materials derived from Mt Cameroon are deposited in the eastern region of West
Africa, which may contribute significantly to the rejuvenation of the soils in the

region (Delvaux ef al. 1989).

Clay mineralogical composition

Further information about the clay mineralogical- composition of the samples is
given in Table 3. Most 7 A minerals consisted of kaolinite, which implies that the
soils rich in 7 A minerals, namely Types 7, 7-10 and 7-14, were all kaolinitic. The 10
A minerals originated mostly from illite. Smectite accounted for a major part of the
14 A minerals in most samples and vermiculite seldom occurred in the lowlands of
West Africa. In contrast, some samples contained 2:1-2:1:1 intergrade minerals
such as hydroxy-Al interlayered 2:1 minerals to a various extent. The amounts of
these minerals were remarkably high in the samples of Abakaliki (site numbers 8,
11, 12 and 22) and Bende (No. 16 site) in Nigeria and Dahwenya (No. 1 site) in
Ghana. This may reflect the degradation process of 2:1 clay minerals under the
hydromorphic conditions of the lowlands, referred to as ferrolysis by Brinkman
(1970). Hydroxy-interlayered minerais that show a lower cation exchange capacity
than the noninterlayered end-members (Barnhisel and Bertsch 1989) led to a lower
soil fertility. Chlorite and halloysite were hardly identified in the present study. The 7
A minerals, mostly kaolinite, were present in the humid zone while the 14 A
minerals, mainly smectite, were found in drier zones, except in the region with

deposits of volcanic materials in West Africa. These results were in agreement with
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Table 3 Clay mineralogical composition of lowland topsoils (0-15 cm) in West Africa.

Site Site location Country Topo- Agro-eco Clay Clay mineralogical composition ed

No. graphy® zone® type Sm Vit HIC It Kt Qz Fds Gb Go Others
1 Dahwenya Ghana iVs Gus 14 +4+++ + 4+ - + + - - - -
2 Mongonu-1 Nigeria Vs SaS 147 ++++ tr + + ++ o+ tr - - -
3 Mongonu-2 Nigeria Vs SaS 147 ++++ - tr + 4+ o+ tr - - -
4 Lumda-1 Nigeria FPs SaS 147 +++ tr ++ + ++ + fr - - -
5 Dwam/Yola-2  Nigeria FPs SuS 14-7 +++ tr - + 4+ + tr - - -
6 Bende-2 Nigeria IVs EF 14-7 ++++ tr tr - +++ o+ - - - -
7  Mongonu-3 Nigeria Vs SaS 147 ++++ - -+  4++ o+ Hr - - -
8  Abakaliki-5 Nigeria Vs EF 147 tr - +++ tr H+ ++ - fr o+ -
9 Lumda-2 Nigeria FPs SaS 14-7 ++++ + fr + +++ + o+ - - -
10 Lumda-3 Nigeria FPs SaS 14-7 ++++ - fr  + +++ +  tr - - -
11 Abakaliki-3 Nigeria Vs + EF 14-7  tr - +H+ tr HH+ - - - -
12 Abakaliki-2 Nigeria Vs EF 14-7 ++ - ++ + - -+ -
13  Gashua-1 Nigeria FPs SuS 14-7 ++++ tr - +  #++ o+ - - - -
14 Dwam/Yola-1 Nigeria FPs SuS 14-7 +++ tr - + +++ H+ tr - - -
15 Kadawa Nigeria FPs SuS 147 +++ tr - fr #++ +  tr - - -
16 Bende-3 Nigeria Vs EF 714 + - 4+ - +e+ 4 - o - -
17 Gadza/Bida-3  Nigeria Vs GuS 7-14 +++ - -+ +++ - - - -
18 WARDA-4 Cbote d'lvoire IVs EF 7-14 +++ - 4+ - HHHE - - - - -
19 Dwinyama-1 Ghana IVs EF 7-14  +++ fr tr - e+ + - - - -
20 Gashua-2 Nigeria FPs SuS  7-14 +++ - -+ 44+ + - - - -
21  Koutoukale-3 Niger FPs SuS 714 +++ + -+ HHtd o+ - - - -
22 Abakaliki-1 Nigeria Vs EF 14-7 44+ -7 4 4 A -+ + -
23  WARDA-3 Cote d'ivoire  IVs EF  7-14 +4+ - - fr ++++ £ r - - -
24 Atani-1 Nigeria FPs EF 714 +++ fr + o+ HH+ o+ tr fr - -
25 Atani-2 Nigeria FPs EF 7-14 +++ - -+ H+++ + tr fr - -
26 Gao Mali FPs SaS 714 ++ o+ -+ 4+t - - - -
27 WARDA-2 Céted'lvoire Vs EF 714 +++ - tr  fr 4+ + tr fr - -
28 Touba Cote d'lvoire  IVs EF 7-14 +++ - - fr HHHE o+ - - - -
29 Atani-4 Nigeria FPs EF 7-14 +++ - 4+ 4+ ++++ + - Hr - -
30 Koutoukale-2 Niger FPs SUS 714 +++ - - fr 4+ + - - - -
31 Dwam/Yola-3  Nigeria FPs SuS 714 ++ - - ERE = L - - Chtr
32 Ayorou Niger FPs SaS 7-14 +++ + -+ - - - -
33  Koutoukale-1 Niger FPs SuS 7-14 +++ - -+ T - - - -
34 Seberi-1 Niger FPs SuS 7-14  +++ - - tr +++ tr - - - -
35 Korienza-2 Mali FPs SaS 7-14 ++ - tr + 4+ o+ - - - -
36 WARDA-1  Cote d'Ivoire IVs EF 7-14  +++ - - e - - - -
37 Oronaja Nigeria IVs EF 7-14  + - -+ +++ + o+ - - -
38 Sakawa-1 Niger FPs SuS 7-14 ++ tr - + A+ + - - - -
39  Nyanpkala-1 Ghana IVs GuS  7-10-1¢ ++ tr - A4+ A+ - - fr -
40 Seberi-2 Niger FPs SuS 7-14 ++ - - o A+ - - - -
41  Gadza/Bida-5 Nigeria IVs GuS 7-14 ++ + + o+ A+ - -+ -
42 Korienza-1 Mali FPs SaS 7-14 ++ - - + A+ - - - -
43 Nyanpkala-2 Ghana 1Vs GuS 7-14  + - - A A - - - -
44  Gadza/Bida-1 Nigeria IVs GuS 7-14  + o ot o+ A+ - - - Hmtr
45 Sakawa-2 Niger FPs SuS 7-14 4+ - -+ A+t - - - -
46 Sakawa-3 Niger FPs SuS 7 - -+ A+ - - -
47  Gadza/Bida-4 Nigeria IVs GuS 7-14 +=+ - + 4+ 4+ - - - -
48 Bende-5 Nigeria 1Vs EF 7 + -+t A+ - -t -
49  Gadza/Bida-6 Nigeria IVs GuS 7-14  ++ - - + A+t - - - -
50 Nupeko/Bida-4  Nigeria FPs GuS 7-10  + - - 4 A Tttt -
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Table 3 Continued.

Site . ; Topo- Agro-eco Clay Clay mineralogical composition * °

No. Site location  Country graphy® zone® type Sm WVt HIC It Kt Qz Fds Gb Go Others
51 Daloa-1 Cote d'lvoire  IVs EF 7 + - -t + o+ - - -
52 Niono Mali FPs Sus 7 + e T = = = S S -+ -
53  Makurdi-3 Nigeria FPs GuS 7 + - - fr e+ + ot - - -
54 Nupeko/Bida-1  Nigeria FPs GuS 710 + - -+ i+ A+ - - - -
55 Gadza/Bida-2  Nigeria Vs GuS 7 L T = = T e e S TR
56 Dogon Mali Vs SaS 7-10 + - - 4+ At 4 - - tr -
57 Sawulia-1  Sierra Leone Vs EF 7 tr tr - tr e+ + - - -
58 Massina-2 Mali Vs SuS 7 + - - + 4+ - - - -
59  Makurdi-1 Nigeria FPs GuS 7 e s o T = N S -
60 Baro-2 Guinea Vs GuS 7 tr tr -+ e+ + -t - -
61 Daloa-2 Cote d'lvoire IVs +« EF 7 + - - fr o+ T - - -
62 Sawulia-2 Sierra Leone Vs EF 7 - R TR S S + - -
63  Massina-1 Mali Vs SuS 7 - - 4+ o+t + - tr o+ -
64  Makurdi-2 Nigeria FPs GuS 7 T o = T S -
65 Dwinyama-3 Ghana Vs EF 7 + - -4t + - - - -
66 Baro-1 Guinea FPs GuS 7 tr -t A+ o+ - -
67 Falaba-1  Sierra Leone Vs EF 7 - -+t A+ + - + o+ -
68 San Mali IVs SuS 7 tr - -+ A+ - - - -
69 Kankan Guinea FPs EF 7 - -+t A+ - + - -
70 Niandanriver Guinea FPs EF 7 - -+ fr e+ tr - -
71 Gueckedou Guinea Vs EF 7 tr - - tr e+ fr - -
72 Makurdi-4 Nigeria FPs GuS 7 tr - - tr A+ T - - -
73 Mamou Guinea Vs GuS 7 - T = = = T R S S -
74 Djenne Mali Vs SuS 7 tr - -+ 4+ + - - - -
75 Kissidougou Guinea Vs EF 7 tr - - 4+ e+ M+ tr - - -
76  Nzerekore-1 Guinea Vs EF 7 - -t - A+ - trtr -
77 Siguire Guinea FPs GuS 7 tr - -+ e+ + -+ - -
78 Mopti Mali FPs SaS 7 tr - - 4+ - - - -
79 Falaba-2 Sierra Leone IVs EF 7 tr - - fr 4+ tr - + - -
80  Birinin Koni Niger FPs SaS 7 tr - - fr HHH+ + - - tr -
81 Heremakono-1 Guinea Vs GuS 7 - - tr - o+ - + - -
82 Heremakono-2 Guinea Vs GuS 7 tr - - tr e+ + - r - -
83 Dwinyama-2 Ghana Vs EF 7 - - tr tr e+ + o+ - -
84 Nzerekore-2 Guinea Vs EF 7 - - tr - o+ - + - -
85  Argungu-1 Nigeria FPs SuS 7 - - - -t - - tr -
86  Makurdi-5 Nigeria FPs GuS 7 - - -+ A At - fr -
87 Argungu-2 Nigeria FPs SuS 7 - T S = -

Vs, inland valleys; FPs, flood plains
® EF, equatorial forest zone; GuS, Guinea savanna zone; SuS, Sudan savanna zone; SaS, Sahel savanna zone
“See Fig. 2

4 Abbreviations: Ch, chlorite; Fds, feldspars; Gb, gibbsite; Go, goethite; HIC, hydroxy-interlayered clays; Hm,
hematite; It, illite; Kt, kaolinite; Qz, quartz; Sm, smectite; Vt, vermiculite

-, hone; tr, trace; +, scarce (<10.0%); ++, common (10.0-25.0%); +++, abundant (25.0-50.0%); ++++, predominant
(> 50.0%)
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the findings of Kang et al. (1991) and Windmeijer and Andriesse (1993), who
suggested that the granitic Basement Complex of the humid zones of West Africa
was dominated by low-activity 1:1 type clay minerals, whereas the metamorphic
Basement Complex of the drier northern zone mainly consisted of relatively

highactivity 2:1 type clay minerals.

In addition, most samples contained small to large amounts of quartz in the clay
fraction. A negligible amount of, feldspars was also found in some samples. It has
been reported that fine-sized primary minerals can usually be identified in the clay
fraction of various soils (Drees ef al. 1989; Huang 1989). Iron and aluminum
minerals, such as goethite and gibbsite, respectively, were observed in small
amounts in some samples. The sample at site number 55 (Gadza/Bida in Nigeria)
showed an exceptionally high content of goethite, while site numbers 57 (Sawulia in
Sierra Leone) and 71 (Gueckedou in Guinea) contained a relatively large amount of
gibbsite. These three sites were located in"the fringes of IVs and the soils were
probably formed under more aerobic conditions than the other sites. Gibbsite
particularly was found in the samples from Guinea and Sierra Leone where
precipitation is the highest (Windmeijer and Andriesse 1993), resulting in a severe
weathering process. There was more gibbsite than goethite because Fe tends to
occur in a reduced form under seasonally developing reduced conditions and can
rapidly be lost through leaching (Hsu 1989). Prolonged and intensive weathering
led to the formation of low-activity clays with free Fe and Al oxides in some parts of
West Africa (Juo et al. 1973; Okusami et al. 1986), although the contents of such
oxides in these samples were generally low (Buri 1999; Issaka 1997), presumably

because of the hydromorphic conditions prevailing in the lowlands.
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CHAPTER 3
Primary Mineral Characteristics of Lowland Soils in West Africa

3.1. Introduction

In Chapter 2, the clay mineral composition of 87 topsoil (0-15 cm) samples from
lowlands in West Africa was examined by X-ray diffraction (XRD) analysis, which
was characterized by a predominance of kaolinite and a small amount of 2:1 type
phyllosilicate minerals such as smectite and illite. These findings confirmed the low
fertility status of lowland soils in the region, as reported by Issaka et al. (1996; 1997)
and Buri ef al. (1998; 1999). ‘

Although highly weathered tropical soils generally showg?7 a relatively monotonous
mineralogy, these soils still reflect the nature of the parent material in general
(Schwertmann and Herbillon 1992). In "éddition, lowland soils are largely
underdeveloped in terms of pedogenesis and thus parent materials are particularly
important to evaluate the soil fertility (Kyuma ef al. 1986). Until today, only few
attempts have been made to assess the primary mineral properties of lowland soils
in West Africa.

The present study describes the primary mineral characteristics of topsoil samples
collected from 87 locations in inland valleys and flood plains in seven West African
countries (Céte d’lvoire, Ghana, Guinea, Mali, Nigeria, Niger and Sierra Leone)

using XRD analysis and petrographic measurement.
3.2. Materials and Methods
Brief description of the sampling sites and soils used for this study is shown in Table

1. The physicochemical properties of the samples are reported by Issaka et al.
(1996; 1997) and Buri et al. (1998; 1999), while the clay mineral composition is
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described in Chapter 2.

The fine-sand fraction (20-212 um) was obtained using sedimentation and sieving.
Organic matter was digested with 10% (w/w) hydrogen peroxide on a hot plate. No
iron removal treatment was applied as iron contents extracted under the DCB
system were generally low in these samples (Issaka 1997; Buri 1999). The fraction
obtained was ground and mounted on a non-reflectable silicon plate foliowing the
method of Marumo (1993). The operating condition of an X-ray diffractometer
(Geiger flex of Rigaku Co., Tokyo) was reported previously (see Chapter 2) except
for the used angle range (5-40° 20). In addition, petrographic measurement was
conducted after the gravity separation of fine-sand using bromoform solution (s.g.
2.89). Mineral grains were identified according to their optical properties (e.g. color,

shape, pleochroism, birefringence and extinction).
3.3. Results and Discussion

XRD patterns of the fine-sand fraction from some representative samples are
shown in Fig. 1, and primary mineral composition of the samples determined by the
XRD analysis has been summarized in Table 1. Quartz was predominant in all the
samples as indicated by diffractions at 0.427, 0.334, 0.246 and 0.228 nm (Fig. 1).
The XRD analysis differentiated two types of feldspars, i.e. potassium-feldspars
(K-Fds, diffractions between 0.332 and 0.318 nm but usually at 0.324 nm) and
calcium- or sodium-feldspars (Ca/Na-Fds, reflection around 0.319 nm), as
described by Shirozu (1988). Several diffractions between 0.42 and 0.34 nm were
also due to feldspars although the value of d-spacing varied significantly depending
on their structure. Feldspars were usually identified in these samples although their
contents were very limited in most samples. On the other hand, K-Fds are more
common in lowland soils of West Africa than Ca/Na-Fds, since K-Fds (orthoclase)
would be more stable against the weathering than Ca/Na-Fds (plagioclase) (Oba
and Nagatsuka 1988). However, other minerals could be hardly identified by the
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Table 1 General description of the sampling sites and primary mineral composition of the topsoil (0-15 cm) samples revealed by the

XRD analysis.

Site Location Country Topo- Agro-eso Soil Clay Primary minerals °

No. graphy * zone Taxonomy types© Qt K-Fds Pg Others
1 Dahwenya Ghana IVs GuS Typic Tropaquept 14 ++++  — ++ Ov tr?
2 Mongonu-1 Nigeria Vs Sas Typic Pellustert 14-7 ++++ 4+ + _
3 Mongonu-2 Nigeria Vs Sas Typic Chromustert 14-7 44+ ++ + _
4 Lumda-1 Nigeria FPs Sas Typic Pellustert 14-7 ++++ r — —_
5 Dwam/Yola-2 Nigeria FPs SuS Tropic Fiuvaquent 14-7 ++++ ++ —
6 Bende-2 Nigeria Vs EF Fluvaquentic Epiaquept  14-7 ++++ + — _
7 Mongonu-3 Nigeria Vs SasS Oxic Ustropept 14-7 ++++ r — —
8  Abakaliki-5 Nigeria IVs EF Typic Fragiudept 14-7  ++++ — — —
9 Lumda-2 Nigeria FPs Sas Typic Chromustert 14-7 ++++ Hr — —
10  Lumda-3 Nigeria FPs SaS Oxic Ustropept 14-7 ++4++  + — —
11 Abakaliki-3 Nigeria Vs EF Aeric Fragiaguept 14-7 ++++  — — _
12 Abakaliki-2 Nigeria Vs EF  :Fluvaquentic Epiaquept 14-7 ++++ — — —_
13  Gashua-1 Nigeria FPs SuS Tropic Fluvaquent 14-7  +4++ ++ tr —
14 Dwam/Yola-1 Nigeria FPs SuS Typic Tropaguent 14-7 ++++  +H+ HH+ -
15  Kadawa Nigeria FPs SuS Typic Tropaquent 14-7 ++++ + — —
16 Bende-3 Nigeria Vs EF  Fluvaquentic Humaquept 7-14 ++++ fr — —
17 Gadza/Bida-3 Nigeria Vs GuS Typic Tropaquept 7-14 | ++++ + — —
18 WARDA-4 Cote d'lvoire Vs EF Typic Tropaquept 7-14 ++H++  + + —
19 Dwinyama-1 Ghana Vs EF Typic Tropaquept 7-14 ++++ — tr —
20 Gashua-2 Nigeria FPs SuS Typic Tropaquept 7-14 ++++ tr _
21 Koutoukale-3 Niger FPs SuS Tropic Fluvaquent 7-14 ++H++ + —_ —
22  Abakaliki-1 Nigeria Vs EF Fluvaquentic Epiaquept 14-7 ++++ — — —
23 WARDA-3 Coéte d'lvoire  IVs EF Typic Tropaquept 7-14  ++H++  + + —
24 Atani-1 Nigeria FPs EF Typic Kandiuduit 7-14  ++H+ 4+ —
25 Atani-2 Nigeria FPs EF Tropic Fluvaquent. ... 7-14 ++++ ++  ++ —
26 Gao Mali FPs SaS Typic Tropaquent . 7-14 ++++ + tr —
27 WARDA-2 Coéte d'lvoire Vs EF Typic Tropaquept 7-14  ++t+ + Ca tr?
28 Touba  Céte d'lvoire IVs EF Typic Tropaquept 7-14 ++H++  +H+ ++ —
29 Atani-4 Nigeria FPs EF Typic Tropaquept 7-14  ++++ 4+ +F —
30 Koutoukale-2 Niger FPs SuS Tropic Fluvaquent 7-14 ++++  Ar ir —
31 Dwam/Yola-3 Nigeria FPs SuS Typic Kandiustalf 7-14  ++++ — — —
32 Ayorou Niger FPs SaS Tropic Fluvaquent 7-14  ++++ + + —
33 Koutoukale-1 Niger FPs Sus Tropic Fluvaquent 7-14 ++++ A — —
34  Seberi-1 Niger FPs Sus Typic Pellustert 7-14 e+ fr tr —
35 Korienza-2 Mali FPs SaS Typic Tropaquept 7-14 ++++  Ar —_ —
36 WARDA-1 Cote d'lvoire Vs EF Typic Tropaquept 7-14 ++++  + + —
37 Oronaja Nigeria Vs EF Typic Tropaquept 7-14  ++++ + tr —
38 Sakawa-1 Niger FPs SuS Typic Udifluvent 7-14 ++++ + tr —
39 Nyanpkala-1  Ghana Vs GuS Tropic Fluvaquept ~ 7-10-14 ++++ —  — —
40 Seberi-2 Niger FPs SuS Typic Pellustert 7-14  ++4++ Ar — —_
41 Gadza/Bida-5 Nigeria Vs GuS Typic Kandiustult 7-14 ++++  Ar — —
42 Korienza-1 Mali FPs SaS Typic Tropaquent 7-14  ++++ — — —
43 Nyanpkala-2  Ghana Vs GuS Typic Kandiustalf 7-14 ++++  — — —
44 Gadza/Bida-1 Nigeria Vs GuS Typic Tropaquept 7-14 ++H++ + tr _
45  Sakawa-2 Niger FPs SuS Typic Ustropept 7-14 +4+++ Ar — -
46  Sakawa-3 Niger FPs SuS Typic Udifluvent 7 P tr _
47 Gadza/Bida-4 Nigeria Vs GuS Aqutic Quartzipsamment 7-14 ++++  fr —_ —
48 Bende-5 Nigeria Vs EF Aqutic Kandiudult 7 bt — — —
49 Gadza/Bida-6 Nigeria Vs GuS Typic Kandiustult 7-14 ++++  tr — —
50 Nupeko/Bida-4 Nigeria FPs GuS Typic Kandiustalf 7-10 +++  ++ + Mv tr
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Table 1 Continued.

Site . Topo- Agro-eco Soil Clay Primary minerals °

No. Location Country graphy ® zone® Taxonomy types® Qt K-Fds Pg Others
51 Daloa-1 Céte d'lvoire Vs EF Typic Tropaquept 7 +H+ o+ tr .
52 Niono Mali FPs Sus Oxic Ustropept 7+t - —
53  Makurdi-3 Nigeria FPs Gus Tropic Fluvaguent 7 e+ 4+ — —
54 Nupeko/Bida-1 Nigeria FPs Gus Typic Tropaquept 7-10  ++++  ++ + —
55 Gadza/Bida-2 Nigeria Vs Gus Typic Tropaquept 7 A — —
56 Dogon Mali Vs Sas Typic Tropaquept 7-10  ++++  + — —
57 Sawulia-1 Sierraleone Vs EF Typic Tropaquept FAREE = & S — —
58 Massina-2 Mali Vs SuS Typic Tropaquept 7 o+ fr — —
59  Makurdi-1 Nigeria FPs GuS Typic Ustifluvent 7 4+ A — —
60 Baro-2 Guinea Vs GuS Typic Tropaquept 7 — — —
61 Daloa-2 Céte d'lvoire Vs EF Typic Tropaquept AR = 5 + —
62 Sawulia-2 SierralLeone Vs EF Typic Tropaquept 7+ o+ — —
63 Massina-1 Mali Vs Sus Typic Tropaquept 7 o+ — —
64  Makurdi-2 Nigeria FPs GuS Typic Udifluvent 7 4+ 4+ — —
65 Dwinyama-3  Ghana IVs EF Typic Kandiustalf 7 o+t — — —
66 Baro-1 Guinea FPs GuS Typic Tropaquept 7 ++++ — Ch +?
67  Falaba-1 Sierraleone IVs EF Typic Tropaquept 7 e+t + Chitr?
68 San Mali Vs Sus Tropic Fluvaguept 7 o+t fr tr —
69 Kankan Guinea FPs EF Typic Ustropept 7 AH 4 + Ch ++?
70 Niandan river Guinea FPs EF Tropic Fluvaquent AR = X — Gb tr
71 Gueckedou  Guinea IVs EF Typic Tropaquept 7 e+ + tr —
72  Makurdi-4 Nigeria FPs GuS Aqutic Kandiudult 7+ + —_ —
73 Mamou Guinea Vs GuS Typic Tropaquept 7+t —_
74 Djenne Mali Vs SuS Typic Tropaquept 7 et o+ — —
75 Kissidougou  Guinea Vs EF Typic Tropaquept 7+ o+ — —
76 Nzerekore-1  Guinea Vs EF Typic Tropaquept 7 ++++ A — -
77 Siguire Guinea FPs GuS Tropic Fluvaquent 7 i+ + — —
78 Mopti Mali FPs SaS Tropic Fluvaquent 7+ A — —
79 Falaba-2 Sierraleone Vs EF Typic Tropaquept VAR = 5 5 S tr —
80  Birinin Koni Niger FPs SaS Typic Ustifluvent 7ttt — —_ —
81 Heremakono-1 Guinea IVs Gus Typic Tropaquept 7+ — — —
82 Heremakono-z Guinea Vs GuS Typic Tropaquept 7+ — — —
83 Dwinyama-2 Ghana Vs EF Typic Tropaquept FARNEE 2 25 2 0 + Chtr?; Ca, tr?; Gb tr
84 Nzerekore-2  Guinea Vs EF Typic Tropaquept 7+ o+ - —
85 Argungu-1 Nigeria FPs SuS Tropic Fluvaguent 7 et — — —
86  Makurdi-5 Nigeria FPs GuS Typic Kandiustalf 7 4t Ar — —
87 Argungu-2 Nigeria FPs SuS Tropic Fluvaguent 7+t — — —

Vs, infand valleys; FPs, flood plains

b EF, equatorial forest zone; GuS, Guinea savanna zone; SuS, Sudan savanna zone; SaS, Sahel savanna zone

°Abe et al. (2006)

9 Abbreviations: Ca, calcite; Ca/Na-Fds, caicium- or sodium-feldspars; Ch, chlorite; Gb, gibbsite; Mv, Muscovite; K-Fds, potassium feldspars; Ov,
olivine; Qz, quartz; Zn, zircon

—, hone; tr, trace; +, scarce; ++, minor; +++, common; ++++, predominant; ?, suspected
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Figure 1 XRD patterns of the fine sand fraction (20-212 y m) of selected topsoil (0-15 cm)
samples from lowlands in West Africa.
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XRD analysis. For example, micas could be observed scarcely in the fine-sand
fraction even in the soils at the site Nos. 39, 50, 54 and 56, which had a relatively
high content of illite (see Chapter 2), because of the absence of diffraction at 1.0,
0.33 (biotite) or 0.31 nm (muscovite).

The petrographic investigation indicates that the mineral composition in the
fine-sand fraction of some representative samples was predominantly consisted of
quartz (84-93%) (Table 2), which ensured the results obtained by the XRD analysis
(Table 1). In addition, a small amount of zircon was observed in these samples
although the XRD analysis could not detect zircon since most intense peaks
originated from zircon (0.330, 0.443 and 0.252 nm) would be masked by other
minerals such as quartz and feldspars. Weatherable minerals such as feldspars and
muscovite were also found at very low amounts in these samples but some of them
were undetectable by the XRD analysis, as well. Accordingly, the XRD analysis was
considered to be limited in the detection of Very low contents of minerals, which
could be identified by the petrographic measurement. But, even if other
XRD-undetectable minerals existed in the fine-sand fraction, quartz and feldspars
occupied most parts of this fraction. The total elemental analysis of these samples
done by Buri et al. (2000) also supported these findings of this study as they
described low total basic oxides (K,O, CaO and MgO) levels but high contents of
SiO,, Al,O3 and Fe,O3 in addition to high Si/Al ratio.

XRD analysis and petrographic measurement revealed that the mineralogical
composition of the fine-sand fraction was much more monotonous compared to the
clay (Chapter 2). It was assumed in Chapter 2 that clay mineral composition of
these soils reflected nature of parent materials rather than effects of climate and
topography due to geographical distribution of soil clay mineral types. However,
there was no oriented trends in primary mineral composition between soils had
contrasting clay mineral types nor between soils in inland valleys and flood plains

under different climate (Table 1). This result suggested that strong weathering over
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Table 2 Primary mineral composition of the representative
samples revealed by the petrographic measurement.

Site Primary mineral composition (%)

_No. Quartz Muscovite Feldspars  Zircon Opaque

5 84 — 5 7 4

9 84 — 8 8 —
10 90 — 7 3 —
31 88 — 6 3 —_
44 92 2 4 2 —
47 90 — 4 -6 —
49 87 — -5, 5 3
59 920 4 4 2 —
72 93 — 3 4 —_
85 92 — 4 4 —

The composition was calculated as percentage of individual
mineral grain to total grains counted.
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long periods caused substantial destruction of weatherable minerals in the
fine-sand fraction and shaded the inherent feature of parent rock regardless of the

difference in clay mineral composition.
3.4. Conclusions

The present study demonstrated that prolonged and intensive weathering resulted
in substantial destruction of weatherable minerals and endurance of resistant
minerals like quartz in the lowland soils of West Africa. These findings reinforce the
general understanding of the prevalence of-siliceous soils in the region (e.g.,
Moormann and Veldcamp 1978) which had been without sufficient scientific

corroboration.
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CHAPTER 4
Physicochemical Properties and Morphological Features of Inland Valley

Soils in Southeast Nigeria
4.1. Introduction

It was estimated that 62% of the total rice production in West Africa was from the
wetlands (West Africa Rice Development Association 2004), which highlighted a
significant role of the lowland ecosystems in the rice production. In particular, inland
valleys have been recognized to have great potentials for the production of swamp
rice (Windmeijer and Andriesse 1993; West Africa Rice Development Association
2002; Wakatsuki and Masunaga 2005). Only 15% or less of total area of inland
valleys in the region have been so far under cultivation despite their agricultural
potentials (International Institute of Tropical Agriculture 1990; West Africa Rice
Development Association 1997) because of the lack of knowledge of inland valley
ecosystems. Andriesse and Fresco (1991) described rice growing environments in
inland valleys based on agro-ecological characterization. Issaka et al. (1997), Buri
et al. (1999) as well as Chapter 2 and 3 of this thesis reported general fertility status
and material nature of inland valley soils over West Africa. These literatures have
improved comprehensions to utilize inland valley ecosystems. However, intensive
assessment on soil properties and thus agricultural potentials in specific locations
has been still scanty. The inland valleys under the rain forest climate in Southeast
Nigeria are a typical case. The soils in this area have formed in shale materials and
thus are assumed to have distinctive properties although most soils in West Africa
derive from igneous and metamorphic rocks (Windmeijer and Andriesse 1993).
Therefore, we investigated physicochemical and morphological properties of the
soils in two inland valleys of Abakaliki and Bende, Southeast Nigeria to evaluate the

agricultural potential as well as soil-forming processes.

4.2. Materials and Methods
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Two inland valley systems, one near Abakaliki (N6°15’, E8°8’) and the other in
Bende (N5°30’, E7°40’), were selected for this study (Fig. 1). Both sites are located
in the southeastern part of Nigeria and are characterized by a tropical humid climate
with an average annual precipitation of approximately 2000 mm in a bimodal
distribution and a mean annual daily temperature of about 27°C. The Abakaliki site
lies on a gently undulating peneplain, while the Bende site has a rolling topography.
The soils of Abakaliki derive from Cretaceous black shale and siltstone, or shale
and limestone while the geological materials of Bende are Tertiary clays, clayey
sands and shale, clays and shale with limestone (Federal Survey 1992).
Nevertheless, our field survey indicated that the inland valley of Bende showed a
segregation of geological materials, i.e., sandstone in the upland but shale in the
wetland. The Abakaliki site has been under swamp rice cultivation over hundreds of
years, while the Bende site was just for decades. The overview of the sampling
points at each site is given in Fig. 2. The profiles-were described according to the
recommended procedure by Food and Agricu'lture Organization (1977) using
horizon designations of Soil Survey Staff (1981). Furthermore, U.S. Soil Taxonomy
(Soil Survey staff 2006) was applied to classify the soils.

Soil samples obtained were air-dried and crushed to pass a 2 mm sieve. Bulk
density was determined by the clod method (Blake 1965) using paraffin wax melted
at 60-70°C. Particle size analysis was done using the hydrometer method
(Bouyoucos 1962). Soil pH was measured potentiometrically in distilled water and
1.0 M KCI (1:1 soil liquid ratio) using a pH meter after equilibration for 30 min.
Exchangeable bases (Ca, Mg, K and Na) were extracted with 1.0 M neutral
NH4OAc. Calcium and Mg were determined using an atomic absorption
spectrometer (AAS), and K and Na were examined on a flame photometer.
Exchangeable acidity (Al and H) were extracted with 1.0 M KCI and titrated
according to Yuan’s method (Yuan 1959). Effective cation exchange capacity
(ECEC) is the summation of exchangeable bases and exchangeable acidity.
Organic C was obtained by the chromic acid digestion method (Allison 1965). Total
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Figure 2 Brief description of the sampling points in the inland valleys.
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N was examined by the macro-Kjeldahl method in a Tecator digester system, with
N-estimation by a Technicon’s auto-analyzer. Available P was obtained by the
Bray-1 method followed by the colorimetric examination with molybdate. Free Fe
(Feq) was extracted by the dithionite-citrate-bicarbonate (DCB) method according to
Mehra and Jackson (1960). Amorphous Fe (Fe,) soluble in acidified NH4-oxalate
was extracted twice from 1.0 g soil sample by 30 mL of Tamm-A reagent (Tamm
1922) after 1 hr shaking in the darkness. The concentration of Fe in the extractants
was determined by AAS. The ratio of Fe,/Feq was calculated as an index for activity

of iron oxides (Nagatsuka 1973).
4.3. Results and Discussion

Morphological features

Field observations described morphological properties of the soils in Abakaliki and
Bende (Table 1). All the pedons examined Ha‘d some mottled horizons either at the
epipedon or at the subsoil horizons, which reflected an annual cycle of a wet/dry soil
moisture regime, i.e. hydromorphism. Grayish matrix color with low chroma of the
pedons also indicated that these soils had developed under the influence of
reduced conditions. However, AK-5, BD-3 and BD-4 located on the fringe had
relatively brownish color regardless of the presence of mottles. The increasing
redness of soils on the upslope would be ascribed to decreasing hydration of iron
oxides, as described by Torrent ef al. (1984). The preponderance of Fe/Mn
concretions were observed at some subsoil horizons of all the pedons in Abakaliki
in collaboration with fragipan at the horizon A2feg and 2Bwfeg in the pedons AK-3
and AK-5, respectively, while the soils in Bende had pedons free of concretions with
exception of the pedon BD-1 (Table 1). This indicated rapid changes in aeration and
concordant fluctuation of redox potentials in the soils of Abakaliki. Formation of
horizons with Fe and Mn accumulation was commonly observed in seasonally
flooded soils, which reflected the redistribution of Fe and Mn in the flooded profiles

(Pickering and Veneman 1984). On the other hand, sub-angular blocky was the
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Table 1. Morphological characteristics of the soils at the study sites.

Depth Color

Horizon
(cm) Matrix Mottle

Texture®™ Structure™ Consistence® Boundary!®

Others

Pedon AK-1, Fluvaquentic Epiaquepts

Ap 0-20 10YR6/4 10YR6/8  SiCL 2 m sbk fr shs shp as —_

A2 20-40 10YR7/3 — SiL 3 m sbk fi shs shp as —

Bwg1  40-81 10YR7/2 — CL 3 m sbk fi shs shp as Fe/Mn concretion > 15%
Bwg2  81-111 10YR7/2 — SiL 4 m sbk fi vs vp gs Fe/Mn concretion < 10%
Bwg3 111-170 10YR7/2 5Y2/1 SiL 4 m sbk fisp cs Mn cocretion < 10%
BCg 170-194 10YR7/2 10YRS/6 L 3 m sbk fisp — Mn concretion > 20% & quartz gravels
Pedon AK-2, Fluvaquentic Epiaquepts

Ag 0-28 2.5Y5/1 7.5YR5/6 SiCL 2 f sbk fr shs shp cs —

A2g 28-47 10YR8/2 7.5YRS5/6 CL 3 f sbk fr shs shp cs —

2Bwg  47-74 10YRS/2 2.5YR3/6  SiCL 3 m sbk fr shs shp as Fe/Mn concretion > 15%
2Bg 74-109  7.5YR5/1 10YR6/6 SiC 3 m sbk frsp ds Mn concretion < 10%
2BCg 109-150 7.5YR5/1 10YR6/6 SiCL ,3msbk fr shs shp — Mn concretion > 156%
Pedon AK-3, Aeric Fragiaquepts

Apg 0-28 7.5Y7/1 10YRS5/8 C 2 fsbk fr shs shp as —

A2feg  28-54 7.5YR4/8 7.5YR2/1 L ND® ND cs Fe concretion > 80%
B1g 54-100 7.5Y7/1 10YRS5/8 C ND ND as Fe/Mn concretion < 10%
B2g 100-158 7.5Y7/1 10YRS/8 c 3 m sbk fisp — Quartz gravels
Pedon AK-4, Fluvaquentic Epiaquepts

Apg 0-30 2.5Y5/1 7.5YR5/6 Cc 2 m sbk fr shs shp cs —

Bwg1  30-50 10YR8/2 7.5YR5/6  SiCL 3 m sbk fr shs shp cs —

Bwg2  50-98 10YR5/2 2.5YR4/6  SiCL 3 m sbk fr shs shp as Fe/Mn concretion > 156%
BCg 98-148  7.5YR5/1 10YR6/6  SiCL 4 ¢ sbk fr shs shp — Mn concretion < 10%
Pedon AK-5, Typic Fragiudepts

Ap 0-20 7.5YR4/4 — SiCL 2fgr fr shs shp ds —

AB 20-50 7.5YR4/4 — SiCL 2 f sbk fr shs shp as —

2Bw 50-76 10YR5/6 — SL 3 m sbk frshs shp . cs —

2Bwfeg 76-95 7.5YR4/8 10YR5/6 L ND ND as Fe concretion > 80%
3BCg 95-135 7.5Y7/1 10YR5/8 LS 3 m sbk fisp gs —

3Cg 135-170  7.5Y7/1 10YRS5/6 SL 3 msbk fisp — —

Pedon BD-1, Fluvaquentic Epiaquepts

Ap 0-21 5YR3/2 — SCL 2 m sbk frsp cs —

Bw1 21-50 7.5YR6/1 5YR4/3 Cc 3 mabk fivs vp cs —

Bwg2  50-85 7.5YR5/1 2.5YR3/4 C 4 m abk vfi vs vp gs Mn concretion < 10%
Bwg3 85-100 7.5YR5/1 2.5YR4/8 Cc 4 c abk vfi vs vp cs Mn concretion > 15%
BCg 100-158 7.5YR5/1 10YR5/8 C 4 c abk fi vs vp — Mn concretion > 15%
Pedon BD-2, Fluvaquentic Epiaquepts

Ap1 0-20 7.5YR3/2 — C 2 f sbk fr shs shp cs -

Apg2  20-52 10YRS/2 7.5YR5/6 SC 3 f sbk frsp as -

Bwg1  52-89 2.5Y6/2 2.5YR4/8 C 4 m abk fivs vp aw —

Bwg2  89-120 2.5Y6/2 10R3/4 C 4 m abk fisp cs —

BCg 120-165 2.5Y6/1 2.5YR4/8 SCL 3fsbk frsp — —

Pedon BD-3, Fluvaquentic Humaquepts

Ap 0-20 10YR3/2 7.5YR4/6  SC 3 f sbk fr shs shp cs —_

Bw1 20-73 7.5YR6/1 7.5YR4/6 SC 3 mabk fisp cs -

Bw2 73-100  7.5YR6/1 — SCL 4 m abk fivs vp gs —_

BC 100-152+ 7.5YR6/2 — SL 3 mabk fivs vp — —

Pedon BD-4, Fluvaquentic Humaquepts

Ap 0-18 10YR3/2 5YR4/8 SL 3 f sbk fr shs shp cs —

Bw1 18-30 10YR5/2 5YR4/8 SCL 3 m sbk fisp cs —

Bw2 30-75 7.5YR6/1 7.5YR5/6 SCL 4 m abk fivs vp aw —

BC 75-144  7.5YR6/1 — SL 2fgr vir shs shp — —

@ sicL, silty clay loam; SiL, silty loam; CL, clay loam; L, loamy; SiC, silty clay; C, clayey, SL, sandy loam; LS, lomy sand; SC, sandy

clay; SCL, sandy clay loam.

®) 2, moderate; 3, strong; 4, very strong; m, medium; f, fine; ¢, coarse; sbk, subangular blocky; abk, angular blocky; gr, granular.
©fr friable; fi, firm; vfi, very firm; vir, very friable; shs, slightly sticky; vs, very sticky; s, sticky; shp, slightly plastic; vp, very plastic; p,

plastic.

@ 4, abrupt; ¢, clear; g, gradual; d, diffuse; f, flat; s, smooth; w, wavy.

) ND, not determined
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dominant structure in the pedons of Abakaliki while an angular blocky structure was
found in some clayey horizons of Bende. All the profiles had a cambic horizon in the
subsoil and aquic moisture regime except for the pedon AK-5 which represented

udic moisture regime

Physical properties

Table 2 represents selected physicochemical properties of the soils at the study
sites. The mechanical analysis, showed that the soils in Abakaliki were generally
silty. The silt content ranged from 20.4 to 56.2% except in 3BCg and 3Cg horizons
of the pedon AK-5 that contained 8.4 and 8.8% silt, respectively. In most cases in
Abakaliki, clay content was higher than sand content. In contrast, the silt content of
the pedons in Bende seldom exceeded 20.0%. The sand proportion decreased with
increase in soil depth in the pedon BD-1, while in the other pedons of Bende the
sand distribution was erratic. The pedons BD-1 and BD-2 at the bottom were clayey,
while the pedons BD-3 and BD-4 on the ‘fringe had a considerably high sand
content. This might reflect the influence of transportation and deposition of materials
from the upland into the lowland whereby coarse materials could deposit first. The
particle size distribution at these two sites was considered to be distinctive among
inland valleys in West Africa which usually had sandy texture (Buri ef al. 1999). The
soils in Abakaliki and Bende have formed on shale materials in Cretaceous or
Tertiary era and thus had a relatively high content of tclay. In contrast, most soils in
inland valleys of West Africa were characterized by low clay contents derived from
Pre-Cambrian igneous and metamorphic rocks, called Basement Complex
(Windmeijer and Andriesse 1993). The implication of soil particle size distribution on
water movement is that the soils would have the ability to retain large amounts of
water. The cultivation of swamp rice in Abakaliki and Bende should not be of much
problem. However Abakaliki appear more promising for wet rice cultivation than
Bende because the higher silt content in addition to clay in the soils of Abakaliki
would enhance higher water retention compared to Bende. On the other hand,

relative accumulation of clay at the surface horizons of all the pedons in Abakaliki
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Table 2. Selected physicochemical properties of the soils at the study sites.

Horizon Depth Sand Silt Clay Bulk density pH Exchangeable cations (cmol, kg'1) ECEC OrganicC Total N Bray-1P
cm) (%) (@em® H0 KCI Ca Mg K Na Al H (cmolkg") (gkg”") (gkg”) (mgkg™)

Pedon AK-1

Ap 0-20 144 500 356 1.65 49 46 127 054 024 013 1.78 0.80 476 19.7 13 2.4
A2 20-40 260 562 17.8 0.93 6.1 57 108 0.71 0.93 0.05 0.56 0.22 3.55 9.3 0.3 1.8
Bwg1  40-81 340 420 240 0.93 80 73 156 1.88 3.53 0.12 0.10 0.02 7.21 9.3 0.4 1.8
Bwg2  81-111 204 506 29.0 0.99 9.0 81 181 234 472 024 034 0.13 9.58 8.3 0.3 1.8
Bwg3 111-170 204 50.6 29.0 1.16 77 7.3 281 370 3.71 011 0.19 0.04 10.56 8.2 0.2 27
BCg 170-194 120 420 46.0 1.71 91 82 378 248 3.77 0.11 0.06 0.01 10.21 7.6 0.2 27
Pedon AK-2

Ag 0-28 146 534 320 1.43 51 48 046 030 0.32 0.06 2.89 0.17 4.20 9.3 0.4 1.4
A2g 28-47 340 385 275 1.19 42 40 089 040 018 014 292 037 4.90 20.8 1.3 2.1
2Bwg  47-74 120 515 36.5 1.05 6.0 56 181 214 2.04 009 1.90 050 8.48 9.5 0.4 0.9
2Bg 74-109 20.0 40.0 400 1.68 89 80 274 323 4.85 024 0.10 0.02 11.18 7.8 0.2 1.0
2BCg 109-150 145 515 340 1.41 83 7.5 397 390 491 0.03 025 0.05 13.11 7.8 0.3 1.8
Pedon AK-3

Apg 0-28 48 40.0 552 2.04 47 42 043 039 0.18 0.35 2.94 0.36 4.65 14.1 0.7 9.0
A2feg  28-54 36.0 440 200 1.22 48 46 118 1.77 0.17 0.11 2.40 0.59 6.22 13.6 0.8 1.5
B1ig 54100 305 275 420 1.04 63 6.0 591 509 050 0.13 0.56 0.07 12.26 9.1 0.4 1.2
B2g 100-158 30.0 220 48.0 1.70 74 6.8 892 469 077 013 0.10 0.03 14.64 8.1 0.3 1.0
Pedon AK-4

Apg 0-30 340 204 456 1.53 45 41 053 495 0.17 0.08 298 0.32 9.03 15.7 0.8 33
Bwg1l  30-50 142 520 338 1.74 46 41 024 031 0.18 0.05 2.98 0.59 4.35 10.5 0.4 1.8
Bwg2  50-98 18.2 51.8 30.0 1.50 56 50 038 063 0.62 006 2.93 0.63 5.25 10.3 0.4 1.3
BCg 98-148 200 50.0 30.0 1.51 73 69 149 233 329 007 027 0.10 7.55 7.8 0.3 1.0
Pedon AK-5

Ap 0-20 18.0 438 382 1.93 50 46 086 1.14 0.13 010 1.01 0.15 3.39 11.8 0.5 3.6
AB 20-50 182 440 37.8 1.93 49 46 0.80 0.71 0.15 0.09 1.99 0.83 457 11.7 0.5 1.6
2Bw 50-76 534 324 142 1.11 47 42 062 0.57 0.18 0.08 2.80 0.82 5.07 11.9 0.6 14
2Bwfeg 76-95 380 36.0 26.0 1.13 54 51 027 021 0.14 0.02 0.20 0.03 0.87 6.8 2.0 1.8
3BCg 95135 816 84 100 0.86 55 53 022 014 013 0.02 0.66 0.07 1.24 6.9 23 1.5
3Cg 135-170 _76.0 88 152 0.88 46 4.2 0.30 0.34 0.18 0.07 3.25 0.65 4.79 10.9 0.6 3.1
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Table 2. Continued.

Horizon Depth Sand Silt Clay Bulk density pH Exchangeable cations (cmol, kg'1) ECEC OrganicC TotalN Bray-1P
(cm) (%) (@om® H,O KCI Ca Mg K Na A H (cmolkg!) (gkg”’) (gkg™) (mgkg™
Pedon BD-1
Ap 0-21 642 40 318 0.94 50 46 490 253 020 012 273 1.10 11.58 20.1 1.8 27
Bw1 21-50 34.0 19.6 464 1.08 49 46 342 210 0.16 010 2.89 1.31 9.98 15.8 1.2 1.8
Bwg2 50-85 26.0 20.0 54.0 1.87 50 45 497 307 021 024 3.14 166 13.29 11.6 0.9 1.5
Bwg3 85-100 258 16.2 58.0 2.01 . 49 46 316 260 0.18 0.14 325 170 11.03 9.8 0.7 1.5
BCg 100-158 30.0 16.8 53.2 1.82 51 48 370 293 0.22 024 203 127 10.39 9.2 0.5 0.6
Pedon BD-2
Ap1 0-20 400 143 457 0.89 49 46 644 319 021 022 1.97 080 12.83 23.9 2.3 3.2
Apg2  20-52 475 14.0 385 0.91 47 45 477 259 020 0.14 246 0.71 10.87 13.9 0.7 1.2
Bwg1 52-89 380 10.0 52.0 1.36 50 46 346 247 020 0.15 2.02 1.10 9.40 9.9 0.6 10.8
Bwg2 89-120 282 11.8 60.0 2.06 50 46 364 273 0.19 022 215 117 10.10 9.5 0.5 1.0
BCg 120-165 70.0 80 220 0.80 48 44 362 3.01 020 025 260 172 11.40 9.4 0.5 0.8
Pedon BD-3 .
Ap 0-20 521 106 37.3 0.94 52 48 061 049 0.17 0.09 2.63 1.70 5.69 20.2 1.2 1.0
Bw1 20-73 480 10.0 42.0 1.04 58 52 060 074 0.17 008 295 175 6.29 134 0.9 1.8
Bw2 73-100 635 6.2 303 0.96 47 43 071 091 017 010 2.72 1.81 6.42 13.1 0.7 0.6
BC 100-152+ 76.0 6.2 17.8 0.80 50 48 063 060 0.19 025 1.98 1.29 4.94 11.5 0.5 1.8
Pedon BD-4
Ap 0-18 774 44 182 0.73 55 51 060 023 0.15 0.04 2.85 0.98 4.85 19.0 1.4 2.1
Bw1 18-30 700 6.0 240 0.92 53 50 051 032 0.16 0.04 224 1.29 4.56 42 0.4 1.6
Bw2 30-75 68.0 43 277 1.01 51 48 054 051 014 0.06 2.82 094 5.01 10.0 0.5 1.2

BC 75144 822 38 140 0.85 51 49 034 0.26 0.15 0.05 2.16 1.87 4.83 8.2 0.3 10.2
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might be a reflection of good land and water management practices such as the
maintenance of fairly good paddies even though at rudimentary stage of sawah

development. This would attribute to the nature of the parent materials in the region.

Bulk density of the soils ranged between 0.80 and 2.06 g cm™. No definite pattern of
bulk density within the profile was observed, whereas the surface horizons of
pedons in Abakaliki tended to have a higher value of bulk density than those in

Bende site.

Chemical characteristics

The soils in Abakaliki generally had acidic horizons but their subsurface horizons
were neutral to slightly alkaline except for the pedon AK-5 which had acidic subsoils
(Table 2). In contrast, all the pedons in Bende showed acidic reaction throughout
the whole profile. Correspondingly, the content of exchangeable bases was
generally low, but the amount of exchangea’bvle acidity was relatively high in these
soils. Acidic nature of parent rocks and leaching effects under high rainfall seem to
be responsible for the acidic reactions of the soils in the region (Eshett ef al. 1990).
The subsoil horizons of the pedons AK-1, AK-2, AK-3 and AK-4 in Abakaliki testified
a high content of exchangeable bases, which was in accordance to high pH values,
indicating leaching of bases in surface horizons and their accumulation in subsoils.
On the other hand, the pedons BD-1 and BD-2 on the downslope of Bende showed
a relatively high content of exchangeable bases throughout the profiles regardless
of their acidic reactions. In contrast, the soils on the upslope, i.e. the pedon BD-3
and BD-4, contained less exchangeable bases. These results implied that the
rolling topography of the inland valley of Bende (see Fig. 2) accelerated the
translocation of the bases downward the slope and their accumulation at the valley
bottom. The values of ECEC of these soils varied substantially from 0.87 to 14.64
cmol, kg™ but were generally found at low levels. Although these soils had a
relatively high content of 2:1 type phyllosilicates, interlayering of hydroxyl-Al in

these minerals would reduce their nutrient-holding capacity (see Chapter 5). The
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content of organic C in surface horizons was relatively high because of the large
biomass production in the humid climate. It ranged from 9.3 to 19.7 g C kg™ for
Abakaliki and from 19.0 to 23.9 g C kg™’ for Bende, and decreased with soil depth.
Abrupt increases in organic C were observed at a stratified horizon in the subsoil of
the pedon AK-5, while its substantial decrease at the Bw1 horizon of the pedon
BD-4 would be due to tilling effects. The distribution of total N followed similar
pattern as organic C, whereas its values ranged between 0.4 and 2.3 g N kg™ at the
surface horizon of these soils. |n general, the Bray-1 P values of these soils were
very low (1.0 to 9.0 mg P kg") in which acidic reactions of the soils could be
implicated for low levels of Bray-1 P. The acidic reactions, and the relatively high
content of organic C and exchangeable acidity but low amount of exchangeable
bases and available P were common in inland valley soils under humid tropical
climate in West Africa (Issaka ef al. 1997.; Buri ef al. 1999).

Active Fe ratios (Feo/Fey) in the pedons at the study sites were generally low and
decreased with soil depth (Fig. 3). This indicated that a higher proportion of Fe was
found in more crystalline forms at the lower horizons which corroborated the
presence of Fe concretions at the subsoil horizons in the Abakaliki soils and in the
pedon BD-1 (Table 1). In hydromorphic soils, a zone of Fe accumulation indicated
the zone of the fluctuating water table (Okusami et al. 1987). All the soils in
Abakaliki and the pedons BD-1 and BD-2 had perched water tables, whereas the
pedons BD-3 and BD-4 owed their hydromorphism mainly to high groundwater
tables. On the other hand, the content of exchangeable acidity and percentage of Al
saturation to ECEC could be useful indices for the soil horizon development which
was sometimes obscured by subtle differences in morphological features in the
tropical area (Okusami ef al. 1987). In general, Al saturation has been found to be
higher in hydromorphic soils (Ragland and Coleman 1959). A greater Al saturation
at the upper horizons of the pedons AK-1 and AK-3 suggested in situ weathering of
the horizons that had formed in homogenous parent materials. The pedon AK-2

showed a similar trend in Al saturation to AK-1 and AK-3 despite lithologic
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discontinuity, while AK-5 having multi-parent materials represented its irregular
distribution pattern. The relatively high Al saturation obtained in the pedons AK-4,
AK-5, BD-3 and BD-4, and at the upper horizons of AK-2 and AK-3 (Fig. 3) would
support the ferrolysis concept of Brinkman (1970) and the hypothesis of Buol et al.
(1980) who proposed that clay mineral lattice destruction resulted in the release of
Al ions. The ferrolysis was also well demonstrated by the presence of hydroxyl-Al
interlayered 2:1 clays in these soils (see Chapter 5). A distinct accumulation of Al,
especially in hydromorphic soils with perched water table (e.g., the pedon AK-4 in
Fig. 3), could indicate the actively weathering zone of the solum since

exchangeable Al was not considered as much mobile in the soil (Gotoh 1976).
4.4. Conclusions

The soils in Abakaliki and Bende sowed relatively high contents of clay and silt
reflecting the nature of their parent materials, i.e. shale materials, which suggested
their promising water-holding capacity. On the other hand, these soils generally
showed poor fertility characteristics resulting from the severe weathering process
and leaching effect under the influence of hydromorphic conditions and high
precipitation. From the findings of the present study, it was concluded that the inland
valleys in both sites would be suitable for the swamp rice cultivation if appropriate
management practice, e.g. the sawah system, was applied with substantial
resource investments. Hereby, the inland valleys in Abakaliki and Bende could be a

reasonable exhibition site for the sawah technology transfer in the study area.
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CHAPTER 5
Clay Mineralogy and Parent Material Nature of Inland Valley Soils in
Southeast Nigeria

5.1. Introduction

The agricultural development has induced a large interest in the inland valley
ecosystems in West Africa. In particular, intensive use of the seasonally wet parts is
regarded to the potential of swamp rice cultivation (Windmeijer and Andriesse 1993;
Wakatsuki and Masunaga 2005). The previsous chapter (Chapter 4) reported the
physicochemical and morphological properties of inland valley soils in Abakaliki and
Bende, Southeast Nigeria to infer the soil-forming process and agricultural potential.
Soils showed appropriate physical properties but poor fertility status in regard to wet
rice farming. These characteristics were probably due to the nature of parent
material and the intensive weathering undef the ‘humid conditions. On the other
hand, literature investigations indicated that scarce information about soil
mineralogy in the rain forest zone of Nigeria, which has made soil classification at
family level of soil taxonomy impossible. This has created impediments on the
understanding of the pedogenesis as a tool of the agro-technological transfer in the
region because physicochemical properties of soils largely depend on the quality
and quantity of clay minerals. We, therefore, investigated the nature of the parent
material and the clay mineralogy employing X-ray diffraction (XRD) analysis,
petrographic investigation and clay-free particle-size measurement, to reinforce the

previous findings (Chapter 4).
5.2. Materials and Methods
General description of the study sites, physicochemical and morphological

properties of the soils have been reported previously (Chapter 4).

The clay fraction (< 2 uym) was collected by the dispersion-sedimentation method
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(Jackéon 1956). The collection of the silt fraction (50-2 um) was performed by
means of sedimentation and decantation from the residues from clay separations.
The fractionation of the sand particles (2-0.05 mm) was performed by sieving.
Particle-size distribution was finally calculated on a clay-free basis. Mineralogical
composition of the clay fraction was examined by XRD analysis using an X-ray
diffractometer (XRD-6000, Shimadzu, Tokyo) with Co-filtered CuKa radiation.
Oriented clay specimens were prepared on a glass slide using the smear mount
method (Theisen and Harward 1962) after saturation with Mg or K. In an additional
experiment, clays were pretreated with Na-citrate to remove hydroxyl-Al in the
interlayer of 2:1 type phyllosilicates, as described by Tamura (1958). The XRD
measurement was applied to K-clays at room temperature, 300 and 550°C. The
Mg-clays were mesured with and without glycerol permeation at room temperature.
Clay minerals were identified according to Moore and Reynolds (1997).
Sub-samples of the fine sand fraction (0.25-0.10 mm) were mounted on a glass
slide under a cover slip with 1.54 index of reflection oil (Canada balsam) for the
petrographic examination. Minerals were identified according to their optimal

properties, e.g. color, shape, pleochroism, birefringence and extinction.
5.3. Results

The objective of particle size distribution calculated on a clay-free basis is to remove
the effect of possible translocated clay (Smith and Wilding 1972). In this study,
proportions of the fine sand fraction in addition to the very fine sand (0.10-0.05 mm)
or the medium sand (0.50-0.25 mm) fractions were used to indicate a lithologic
discontinuity within individual pedons. These size-fractions dominated the sand
fraction and were consisted in most parts of quartz (Table 1 and 2). The clay-free
particle-size analysis indicated lithologic breaks at 47-74 cm depth, and at both
50-76 and 95-135 cm depth in the pedons AK-2 and AK-5, respectively. However,
the pedons AK-1, AK-3 and AK-4 as well as all the profiles in Bende were likely to

have homogeneous types of parent materials. These findings were in agreement
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Table 1 Particle-size distribution as the clay-free basis in the soils of the study sites.

I Depth VCsand Csand M sand F sand VF sand Total silt
Horizon 7 ) Textre 4 m) (1-0.5 mm) (0.5-0.25 mm) (0.25-0.10 mm) (0.10-0.05 mm) sand (50-2 um)

Pedon AK-1
Ap 0-20 SiCL 0.0 2.6 4.5 9.6 5.7 22.4 77.6
A2 20-40 SiL 1.6 3.6 6.2 141 6.1 31.6 68.4
Bwg1 40-81 CL 2.6 29 - 4.5 171 17.6 447 55.3
Bwg2 81-111  SiL 0.0 35 51 10.3 9.8 287 71.3
Bwg3 111-170 SiL 0.0 35 4.2 111 9.9 28.7 71.3
BCg 170-194 L 0.0 15 4.6 6.7 9.4 22.2 77.8
Pedon AK-2
Ag 0-28 SiCL 0.0 3.1 4.7 6.8 6.9 215 78.5
A2g 28-47 CL 3.7 4.6 52 221 11.3 46.9 53.1
2Bwg 47-74 SiCL 0.0 41 341 5.2 6.5 18.9 81.1
2Bg 74-109 SiC 7.8 8.0 5.2 7.1 5.2 33.3 66.7
2BCg 109-150 SiCL 0.0 ,3.2 4.8 7.0 7.0 22.0 78.0
Pedon AK-3
Apg 0-28 C 0.0 1.6 2.2 4.5 2.4 10.7 89.3
A2feg 28-54 L 4.9 4.5 7.7 13.8 14.1 45.0 55.0
B1ig 54-100 C 2.8 34 9.5 17.8 19.1 52.6 47.4
B2g 100-158 C 6.5 6.4 7.7 23.3 13.8 57.7 423
Pedon AK-4 ‘
Apg 0-30 C 6.4 9.2 12.5 22.8 11.6 62.5 375
Bwg1 30-50 SiCL 0.0 3.9 5.0 7.9 4.7 215 78.5
Bwg2 50-98 SiCL 0.0 3.9 5.7 9.4 7.0 26.0 74.0
BCg 98-148  SiCL 0.0 3.5 4.4 14.4 6.3 28.6 714
Pedon AK-5
Ap 0-20 SiCL 0.0 7.6 7.9 5.5 8.1 291 70.9
AB 20-50 SiCL 0.0 94 6.1 7.2 6.6 29.3 70.7
2Bw 50-76 SL 6.1 6.2 211 14.2 14.6 62.2 37.8
2Bwfeg 76-95 L 10.3 11.6 6.0 13.5 10.0 51.4 48.6
3BCqg 95-135 LS 12.6 18.2 23.3 21.2 15.4 90.7 9.3
3Cg 135-170 SL 14.6 16.5 25.0 17.0 16.5 89.6 10.4
Pedon BD-1
Ap 0-21 SCL 14.6 18.2 17.0 26.4 17.9 94.1 5.9
Bw1 21-50 C 13.8 17.3 7.3 15.7 9.3 63.4 36.6
Bwg2 50-85 Cc 0.0 10.9 14.8 19.1 1.7 56.5 43.5
Bwg3 85-100 C 0.0 14.3 15.2 22.1 9.8 61.4 38.6
BCg 100-158 C 13.5 14.1 8.1 17.1 11.3 64.1 35.9
Pedon BD-2
Ap1 0-20 C 8.3 9.6 16.6 24.7 14.5 73.7 26.3
Apg2 20-52 SC 7.8 12.3 11.9 32.7 12.5 77.2 22.8
Bwg1 52-89 Cc 18.5 12.9 9.6 21.5 16.7 79.2 20.8
Bwg2 89-120 C 14.0 24.3 10.0 13.7 8.5 70.5 295
BCqg 120-165 SCL 11.5 14.6 233 28.3 12.0 89.7 10.3
Pedon BD-3
Ap 0-20 SC 7.5 121 17.5 26.2 19.8 83.1 16.9
Bwi1 20-73 SC 5.0 17.8 141 34.7 11.2 82.8 17.2
Bw2 73-100 SCL 6.5 16.4 12.0 27.5 28.7 91.1 8.9
BC 100-152+ SL 8.0 17.3 13.4 36.3 17.5 92.5 7.5
Pedon BD-4
Ap 0-18 SL 16.6 18.6 36.8 10.5 121 94.6 54
Bw1 18-30 SCL 10.5 17.2 32.2 211 111 92.1 7.9
Bw2 30-75 SCL 13.3 19.2 27.5 17.2 16.8 94.0 6.0
BC 75-144 CL 8.8 144 37.4 18.7 16.3 95.6 4.4

SiCL, silty clay loam,; SiL, silty loam; CL, clay loam; L, loamy; SiC, silty clay; C, clayey; SL, sandy loam; LS, lomy sand; SC,

sandy clay; SCL, sandy clay loam
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Table 2 Mineralogical composition in the fine sand fraction (0.25-0.10 mm) from the soils at the study sites.

Horizon Depth Feldspars Muscovite Quartz Zircon Biotite TO'T"' Opaque
{(cm) maline

Pedon AK-1
A2 20-40 X) (X) XXXX X) — — —
Bwg2 81-111 — (X) XXXX — — — —
BCg 170-194 — (X) - XXXX — (X) — —
Pedon AK-2 '
Ag 0-28 X — - XXXX — — — —
2Bwg 47-74 (X) — XXXX — X — X)
2BCg 109-150 — — XXXX — X — —
Pedon AK-5
AB 0-20 — 0,9 XXXX — — — —
2Bwfeg 76-95 — (X) XXXX — X) X) X)
3BCg 95-135 — X) XXXX — — — —
Pedon BD-1 N
Ap1 0-21 X) — XXXX X) — — —
Bwg2 50-85 (X) X XXXX (X) X — (X)
BCg 100-158 (X) X XXXX — X — —
Pedon BD-3
Ap 0-20 X) (X) XXXX (X) — — —
Bw1 20-73 — X) XXXX — — — —
BC 100-152 — X) XXXX — — — —
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with the field morphologic characteristics and irregular organic C distribution
(Chapter 4).

Petrographic investigation revealed that heavy minerals constituted only a very
small portion and quartz comprised most of the grains counted in the fine-sand
fractions (Table 2). Other resistant minerals such as zircon and tourmaline were
also identified in the soils. The contents of weatherable minerals such as feldspars,
muscovite, and biotite were very low and were usually found in subsoils. The color
of fine sand grains of the hydromorphic horizons in the pedons ranged from

colorless to light gray.

The XRD diagrams of the clay fraction in selected samples from Abakaliki are
shown in Fig. 1. A basal reflection around 1.4 nm on air-dried Mg-clay and its shift to
nearby 1.8 nm after glycerol solvation represented the entry of smectite. The
persistent peak around 1.4 nm with glycerél showed the presence of vermiculite.
Diffraction around 1.2 nm and nearby 1.0 nm on K-saturated clays at room
temperature was also supportive information of smectite and vermiculite,
respectively. Nevertheless, asymmetry of the peak around 1.4 nm and its shoulder
towards the higher 20 angle on air-dried Mg specimens was evidence for the
presence of smectite-illite interstratified (S/1) (Sawhney 1989). The structure of I/S
seemed to have a irregular interstratification because of the absence of a significant
diffraction at the low angle range. A remained shoulder of the peak at 1.0 nm toward
the lower 20 angle on K specimens at 300 and/or 550°C indicated the presence of
hydroxyl-Al interlayered 2:1 clays (HICs) in collaboration with incomplete expansion
of interlayer space (001 reflection) with glycerol solvation (Barnhisel and Bertsch
1989). Pretreatment with Na-citrate prior to the XRD measurement could remove
the hydroxyl-Al in the interlayers of HICs, which resulted in an increase in its
expandability after glycerol permeation and shrinkability after heating (Tamura
1958; Barnhisel and Bertsch 1989). The coexistence of hydroxyl-Al-interlayered
smectite and -vermiculite in HICs of the Abakaliki soils is shown in Fig. 2. With
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Figure 1 Selected XRD patterns of the clay fraction (<2 x m) from the soils in Abakaliki.
Numeric within the figure represents d-spacing in nanometers. Mg-GL, Mg-clay with
glycerol permeation; Mg-RT, Mg-clay at room temperature; K-RT, K-clay at room
temperature; K-300, K-clay at 300°C ; K-550, K-clay at 550°C.
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Na-citrate treatment, there were distinct peaks nearby 1.8 nm and around 1.4 nm
after Mg saturation and glycerol salvation, as well as around 1.2 nm and nearby 1.0
nm on air-dried K-saturated specimens, respectively. The diffraction at 0.72 nm on
K-clay disappeared by heating at 550 °C, which showed the existence of kaolinite.
In addition, there was a substantial amount of quartz as indicated by a
sharp-shaped peak at 0.43 and 0.34 nm. A basal reflection at 0.63 and 0.42 nm
originated from lepidocrocite and goethite, respectively. As a result of the XRD
analysis, the soils in Abakaliki contained kaolinite, vermiculite, smectite, S/I, HICs,
ilite and fine-grained quartz. Lepidocrocite and goethite could also be found at
some soil horizons. Meanwhile, the soils of Bende were characterized by the
predominance of smectite and kaolinite in the clay fraction (Fig. 3). A small amount
of HICs, illite, lepidocrocite, goethite, quartz and/or K-feldspars (0.33 nm) were also
found at some horizons. At variance with the soils of Abakaliki, HICs in Bende were
probably composed of solely hydroxyl-Al interlayered smectite because no
vermiculite was detected in the soils of Bende. The width at the half height of some
diagnostic peaks, e.g. (001) and (002) reflection of kaolinite, in the soils of Abakaliki
was apparently larger than that of Bende (compare Fig. 1 with Fig. 3) indicating
lower crystallinity (degree of structural order) of soil minerals in the soils of
Abakaliki.

The clay mineralogical composition at selected horizons in representative pedons is
summarized in Table 3. In the soils of Abakaliki, the content of 2:1 type clay
minerals (vermiculite, smectite, HICs and I/S) generally decreased with soil depth,
but an opposite trend was observed in the distribution of kaolinite. A similar trend
was found in Bende where the content of smectite increased with soil depth in
contrast to that of kaolinite. In particular, the content of HICs was obviously
decreased downwards the pedons regardless of the difficulty in the proper
quantification of individual 2:1 type phillosilicates. The soils on the downslope
(BD-1) apparently contained more 2:1 type clay minerals but less kaolinite than that

on the upslope (BD-3) in Bende.
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Figure 2 XRD patterns of the clay fraction (< 2 ¢ m) from the
Bwg1 horizon of the pedon AK-4 in Abakaliki, before (a) and
after (b) the treatment with Na citrate. Numeric within the
figure represents d-spacing in nanometers. Mg-GL, Mg-clay
with glycerol permeation; Mg-RT, Mg-clay at room
temperature; K-RT, K-clay at room temperature; K-300, K-clay
at 300°C ; K-550, K-clay at 550°C.
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Numeric within the figure represents d-spacing in nanometers. Mg-GL, Mg-clay with
glycerol permeation; Mg-RT, Mg-clay at room temperature; K-RT, K-clay at room
temperature; K-300, K-clay at 300°C ; K-550, K-clay at 550°C.
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Table 3 Mineralogical composition in the clay fraction (< 2 um) from the soils at the study sites.

Horizon D(;?]t;’ Kaolinite lllite Vermiculite Smectite S"}Ie"fgte' HIC  Quartz Others
Pedon AK-1
A2 20-40 XXX X XX X XX XX XX Lepidocrocite X; Goethite X
Bwg2 81-111 ND ND ND ND ND ND ND ND
BCg 170-194 ND ND ND ND ND ND ND ND
Pedon AK-2 _
Ag 0-28 XXX (X) XX X XX XX XX Goethite X
2Bwg 47-74 XXX X XX X XX X XXX Goethite X
2BCg 109-150 XXXX X XX X X — XXX Chlorite (X); Goethite X
Pedon AK-5 ‘
AB 0-20 XXX — XX X XX XX XXX Lepidocrocite X; Goethite X
2Bwfeg 76-95 XXX (X) XX X XX X XXX Lepidocrocite (X); Goethite X
3BCg 95-135 ND ND ND ND ND ND ND ND
Pedon BD-1 -
Ap1 0-21 XXX X) — XXXX — X X Lepidocrocite (X); Goethite (X)
Bwg2 50-85 XXX (X) — XXXX —_— X) X Feldspars X; Lepidocrocite (X); Goethite (X)
BCg 100-158 XXX X — XXXX — — X Feldspars (X) Lepidocrocite (X); Goethite (X)
Pedon BD-3
Ap 0-20 XXXX — — XXX — X X Lepidocrocite (X); Goethite (X)
Bw1 20-73 XXX — —_ XXXX — X X Lepidocrocite X
BC 100-152 XXX X) — XXXX — X) X Lepidocrocite (X)

—, absent; (X), trace; X, scarce; XX, common; XXX, abundant; XXXX, predominant

HIC: hydroxyl-Al interlayered 2:1 clay; ND: not determined
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As a consequence, the soils in Abakaliki and Bende were classified at family level
(Soil Survey Staff 2006) as shown in Table 4.

5.4. Discussion

Formation of argillic horizons could not be observed in all examined pedons (see
Chapter 4), which suggested that lessivage was not significant in the soils of
Abakaliki and Bende. Hence, ,secondary minerals would form in situ under
hydromorphic conditions without significant clay movement. Lithologic discontinuity
in the pedons AK-2 and AK-5 (Table 1) suggested a substantial disruption during the
sedimentation in Abakaliki, while the sedimentation process in Bende might happen

under relatively calm water movement.

No significant differences in mineralogical composition of the fine-sand fractions
could be detected between Abakaliki and Bende (Table 2) despite the disparity of
the nature and age of parent materials as well as clay mineralogy (Table 3).
Predominance of quariz in the fine-sand fraction resulting from severe weathering
processes could obscure inheritance of original geological components, which was
very common in lowland soils of West Africa (Chapter3). Only a small amount of
muscovite and biotite was found at some subsurface horizons regardiess of their
instability under general pedogenic environments (Allen and Hajek 1989). In
particular, these minerals in addition to feldspars remained mainly at the valley
bottoms (e.g. the pedons AK-2 and BD-1). Therefore, it appears that high water
tables and/or saturated moisture conditions have slowed down the weathering of
these wheatherable minerals. Accordingly, they could still persist even in a minor
content in the investigated soils despite the predominance of resistant minerals
such as quartz, zircon and tourmaline in the investigated soils. Prolonged water
saturation also has led to the loss of Fe from the soils resulting in the light gray
dominant color of the grains. Goethite-lepidocrocite associations were common in

soils with hydromorphic conditions (Schwertmann and Taylor 1989).
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Table 4 Taxonomic classification of the soils at the study sites.

Pedon

 Classification

AK-1
AK-2
AK-3
AK-4
AK-5
BD-1
BD-2
BD-3
BD-4

Fine-silty, siliceous, semiactive, isohyperthermic Fluvaquentic Epiaquepts
Fine-silty, mixed, subactive, isohyperthermic Aeric Fluvaquentic Epiaquepts
Fine, mixed, semiactive, isohyperthermic Aeric Fragiaquepts

Fine-silty, siliceous, subactive, isohyperthermic Fluvaquentic Epiaquepts
Fine-silty over sandy, siliceous, subactive, isohyperthermic Typic Fragiudepts
Fine, smectitic, isohyperthermic Fluvaquentic Epiaquepts

Fine, smectitic, isohyperthermic Fluvaquentic Epiaquepts

Fine-loamy, siliceous, subactive, isohyperthermic Fluvaquentic Humaquepts
Fine-loamy, siliceous, subactive, isohyperthermic Fluvaquentic Humaquepts
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The clay mineralogy of the soils at the study sites was characterized by a relatively
high content of 2:1 type phyllosilicates (Table 3), which was distinctive among the
soils in West Africa (Chapter 2). Jungerius and Levelt (1964) reported that clay
mineralogy of soils developed on sedimentary rocks in Eastern Nigeria was
kaolinitic. Eshett et al. (1989; 1990) also described kaolinitic soils on a sedimentary
toposequence in south-western Nigeria. Okusami et al. (1987) documented the
predominance of kaolinite in some alluvial soils of Nigeria. Meanwhile, 2:1 clay
minerals, e.g. smectite, tended tq be observed in poorly-drained soils in addition to
kaolinite (Jungerius and Levelt 1964; Gallez et al. 1975; Ojanuga 1979; Eshett et al.
1989; 1990; Mgberg and Esu 1991). However, the relatively high content of 2:1 type
phyllosilicates in the soils of Abakaliki and Bende would be responsible for the
distinctive nature of parent materials rather than pedogenic environments (e.g.
topography and hydrology) since predominance of kaolinite was very common in
lowland soils of West Africa (Chapter 2). The soils in Abakaliki and Bende had
developed from shale materials in Cretaceous and Tertiary era, respectively
(Federal Survey 1992), whereas most soils of West Africa derived from
Precambrian igneous or metamorphic rocks (Windmeijer and Andriesse 1993). The
soils in Abakaliki which are derived form the elder geological materials showed a
lower crystallinity than those of Bende. This correlated with a less content of
kaolinite but a higher amount of 2:1 type phyllosilicates in the soils in Abakaliki than
those in Bende. From that a more advanced stage of the soil-weathering process

was suggested for the sites in Abakaliki.

Partial chloritization of smectite and/or vermiculite as indicated by the entry of HICs
in the soils of Abakaliki and Bende could often be observed under hydromorphic
conditions (Wakatsuki et al. 1984; Barnhisel and Bertsch 1989). This would be
responsible for the interlayering of hydroxyl-Al under ferrolysis (Brinkman 1970),
which was also suggested by the distribution and saturation percentage of
exchangeable Al in the investigated pedons (Chapter4). The content of HICs

decreased with soil depth because the surface horizons could be more susceptible

63



to water movement and thus to the fluctuation of redox conditions which would have
enhanced the formation of HICs. Meanwhile, HICs were more common in the soils
of Abakaliki than Bende. Rapid change in the depth of water table as indicated by
the presence of Fe/Mn concretions in the pedons (Chapter 4) might be responsible
for the preferential occurrence of HICs in the soils of Abakaliki. The favorable
formation of HICs in Abakaliki as compared to Bende also might be attributed to the
period of rice farming. Wakatsuki et al. (1984) reported significantly detectable clay
mineralogical alterations including hydroxyl-Al interlayering in smectite in soils
which were under paddy cultivation for more than 75 years. Clay lattice destruction
under hydromorphic conditions, i.e., partial chloritization of smectite and/or
vermiculite by the ferrolysis, led to the reduction in nutrient holding capacity of the
soil (Barnhisel and Bertsch 1989). This might account for the low effective cation
exchange capacity of the soils in Abakaliki and Bende in spite of their relatively high
clay contents, as reported in Chapter 4. The influence of lithologic discontinuities on
clay mineralogy in the pedons AK-2 and AK-5 was not conspicuous (Table 3). The
content of quartz in the pedon AK-2, however, was exceptionally higher in the
surface horizons than in the subsoils, which might reflect multi-parent material
source. The toposequential clay transportation due to the runoff or erosion was
suggested in Bende. Hereby, 2:1 type clay minerals (i.e. smectite and HICs) have
relatively accumulated more in the lower position in contrast to kaolinite. This would
be attributed to the rolling topography of Bende, which was well associated with the

accumulation of exchangeable bases at the bottom.

The findings of the present study suggested that the extensive development of the
sawah* fields for sustainable rice production is recommended in Abakaliki if
substantial resource investment is available. The gently undulating topography and
good water holding capacity would be advantageous for land consolidation and
water management at this site. In contrast, the rolling topography led to difficulties in

an extensive land preparation at the sites in Bende. Better geological fertilization
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processesT, however, could be more beneficial under the low-input subsistence

agriculture in Bende than in Abakaliki.
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CHAPTER 6

Summary

Physicochemical, mineralogical and morphological characteristics of soils were
investigated intensively in inland valleys of Southeast Nigeria as well as extensively
in lowlands (inland valleys and flood plains) of West Africa to gain basic information
towards the sustainable rice production in the region.

First of all, mineralogical composition in the clay fraction (< 2 um) of 87 topsoil
(0—15 cm) samples from inland valleys and flood plains in seven West African
countries, namely Cote d’lvoire, Ghana, Guinea, Mali, Niger, Nigeria and Sierra
Leone, was examined using X-ray diffraction analysis (Chapter 2). The clay fraction
of these samples consisted of 68.4% of 7 A minerals (low-activity clays such as
kaolin minerals), 26.6% of 14 A minerals (relatively high-activity ciays such as
smectite and vermiculite) and 5.1% of 10 A minerals (illite or clay micas), and
showed a high variability in the composition. With respect to the soil material
classification based on the relative abundance of these three types of minerals,
Type 7 (rich in 7 A minerals) accounted for 42.5% of the total samples, while 39.7%
of all the samples were Types 7-10 and 7-14 with a predominance of 7 A minerals
and with negligible amounts of 10 and/or 14 A minerals, respectively. Type 14-7
accounted for 17.2% of the total samples and was only recorded in Nigeria. The
other clay mineral types (i.e. Types 7-10-14, 14, 10, 10-7, 10-14 and 14-10) that
were composed mainly of 10 and/or 14 A minerals, were hardly found in the West
African lowland soils, whereas Types 14 and 7-10-14 were observed in a vertic soil
of Southeast Ghana and in northern Ghana, respectively. In contrast, no significant
differences in the clay mineralogical composition were found between the IV and FP
soils. Geographical distribution of the soil types showed that the soils in the eastern
part of West Africa contained more 14 A and 10 A minerals than those in the
western part. Although the effect of agro-climatological differences was not

conspicuous, soils in the Sahel and Sudan savanna zones showed a higher
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percentage of 14 A clay minerals than those in the Guinea savanna and equatorial
forest zones. The findings were as follows: (1) the low fertility status of the lowland
soils in the region was closely associated with their poor mineralogical
characteristics (i.e. predominance of 1:1 type clay minerals and a lower amount of
2:1 type clay minerals), (2) no significant differences in the mean clay mineralogical
composition were observed between the IV and FP soils, indicating that the lower
fertility of the IV soils mainly resulted from lower clay content, (3) the clay
mineralogy of the West African lpwland soils was more strongly influenced by the

nature of the parent materials than by the climatic conditions and relief.

Secondary, the fine-sand fraction (20-212 um) of the samples used in Chapter 2
was examined by the x-ray diffraction analysis and petrographic investigation so as
to elucidate their primary mineral composition (Chapter 3). The mineralogical
composition in the fine-sand fraction was predominantly consisted of quartz. A small
amount of feldspars was also usually observed but other weatherable minerals
were almost or completely absent in these samples. These findings suggested that
quartz, a highly resistant mineral to the weathering, predominantly remained in the

lowland soils of West Africa resulting from severe weathering over a long period.

Subsequently, physicochemical and morphological properties of the soils were
investigated in two inland valleys from Abakaliki and Bende, Southeast Nigeria,
where the soils derived from shale materials (Chapter 4). The result of particle size
analysis suggested that the soils at both sites were fine-silty, fine-loamy or clayey
and thus would have the ability of retaining high amount of water. On the other hand,
the higher content of the clay and silt in the Abakaliki soils would enhance much
more water retention than the Bende ones. The soils in Abakaliki, except for some
subsoil horizons, generally had acidic reactions, low contents of exchangeable
bases (Ca, Mg, K and Na) and high amounts of exchangeable acidity (Al and H) for
which leaching effects under high precipitation in the area would be implicated.

Bray-1 P values of these soils were generally low under such acidic conditions,
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while organic C and total N were found at relatively high levels in particular at the
surface horizons reflecting large biomass production under humid climate. The
Bende soils showed similar chemical properties to Abakaliki except for relative
accumulation of exchangeable bases throughout the profile on the downslope
possibly due to the rolling topography. This suggested that geological fertilization,
i.e. afflux of nutrients released during the soil formation in the upland into the
lowland, was more beneficial in Bende than Abakaliki. From the findings of the
present study, we concluded that the soils both in Abakaliki and Bende had good
texture for the sawah development but their poor chemical properties would be

constraints for the agricultural production.

Finally, clay mineralogy and parent material nature were investigated in the study
sites of Chapter 4 (Chapter 5). The clay-free size analysis in collaboration with the
field morphological observation indicated lithologic discontinuities at subsurface
horizons in a couple of pedons in Abakaliki. In contrast, all the pedons in Bende
could consist of a homogenous parent material. Petrographic analysis revealed that
quartz predominantly comprised the fine-sand fraction, while relatively weatherable
minerals such as biotite, muscovite and feldspars hardly coexisted in these soils.
This could reflect intensive and prolonged weathering processes under the humid
climate in the region. The clay mineralogy of the soils was a mixture of kaolinite,
vermiculite, smectite, smectite-illite interstratified (S/I), hydroxyl-Al interlayered 2:1
clays (HICs) and illite along with fine-sized quartz in Abakaliki. Vertical distribution
of these minerals in the soils of Abakaliki showed that the mineralogical composition
was little affected by the lithologic discontinuity. In contrast, smectite, which was
interlayered with hydroxyl-Al to a minor extent, and kaolinite were predominant in
the soils of Bende. The content of HICs remarkably decreased with depth in the soil
profile at both sites suggesting natural occurrence of HICs. This could be due to
interlayering of hydroxyl Al in 2:1 phyllosilicates such as smectite and vermiculite
under hydromorphic conditions, which was involved in the ferrolysis process.

Lessivage was not significant at both sites, whereas high water table and/or
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saturated moisture conditions have slowed the in situ weathering of minerals so that
weatherable minerals still persist in the soils. On the other hand, clay lattice
destruction under the ferrolysis would reduce a nutrient holding capacity of these
soils regardiess of their relatively high contents of 2:1 type phyllosilicates which was

originated from shale as the parent material in the region.
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CHAPTER 7
i E

B7 IVAICBVTHR ARG REEATLERARET 5-H0OERWMHRELT, LR
DB, S, &Y, BREFEICOVLT, FibigOEh(RBE/MEREKITE
BER)ZL®EAIC, £, TP UTEESRONRE/NMERZERPHICTAEL-

FWOIC, ALkl 7 AE(RFBR, Hi—F, ¥=7, 7V, =Dz—), F12z)7,

SISLARIZH BT IAENMERS S TDERIVERL-RE(0-15 cm)E$ 87
ADHTIEMERE X SEFIFICEVBRI LI, TOBE, SHLERBRORE
E (< 2 4 m)BERIT 68.4%D TA SEM(HA ) MG EEEERE L), 26.6%D 14A
SEM(AADBL L, N—SXa S MEELLBRFEEDRVEE L) B XU 5.1%0 10A gk
(A4 EHZINETKER) FVBBE SN TOSCENHALDIC T, ChE=TBIED
SEMORFFELICESOELIRMESTERICENT, SHFLE2RBO 425595 7
HOA SEETEICST. UTREIRICHESh, 39.7%08 7-10 B(TA S ESRN,

LED 10A SEMEED, LLTRE. )HHLX 7-14 BicHiFEhi=, 14-7 B3LEH
D11.2%%F &8, TRTFHFAOZYPIZHHL TV B72VADEMEIRICENT, fit
DOLWIELEDEI(T-10-14 B, 148, 108, 10-7T 3, 14-10 BT LA LR OHLNG
hofel, H—FHESEIUCLRIZHENT 14 BELU 7-10-14 BAThThERS
hi-, —FA, RENMERECEROSTHMERICHEERGERIBHONA G, o,

TR LM B OMBRSHIZEY, B7IUAEBOLIRE, AEROLERKIY 14A
SME 1A EME S AT TH LTSN, REERNLGEROERIIHBTRELE
WA, BAILBEUVR—=F AU FEO LRI, F=T7HNUFBLUFEHRRK
WOLBEYL 14A GEPOBRESHREN o1z FHROERIELUTOBEYTHS, (1)
lssaka ef al, (1997)& & T Buri ef a/. (2000)I=&YEREICSh TWAEF7IUhbET1R
QOERXERX, TOEMIEYSE( BETHEYSELL, 22 Bi5EamaEs
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EL) EXCEREL TV, (2)REE/MEM SRR IR TIER L SR 0O T EIC
BN Lo f=8, DERLVLAR/MEROA AN LIBOBRENENDI, L
BEABVILISERTREEFEALN. Q)BT IVADERTIROI L MM,
SR LVLBH OMROEEELYRIRIRL T

®iz, WME(E=F)LACRBOMBES (20212 ymERWT, BPIUAIZHH
T 3MRMEN S & USEE RO B LR(0-15 om) O—REWHIRE X SEH 545
FURESHERICIYRHLE, TRTORBIZBLTEEASRLTEY, PEO
EREEOONA, OB EEEMTIFLAEFELE T, BPIUhDER
1T, RECEIAVELEROERLLT, BRIEMENOELAELBEL,
BEO&SEALERE OBV EMAEE REL T HIEMTRE T,

BT, EETAOIVTOT NI ERVFIZHS_DORBE/NMEMRORERT
oL LU LTIRERBIELERT L, ThoBEHEBMICHETILROEL
FNELUBRBENEEEZREL. HEHRITOHER, MYC/LOLIREHES UL
H, MR EHIOEHLTETHY, BLVKIRBEEEHLTLSLEDNS, LML
BAS, HEBLUVVIIEEOLIYEVW T AAVFOLBRLYSEO K ERET
EHLEEZALNT, TAAVFOLIRE, TEEZRVLT—ROICEMETHY, TRIEER
BENES THBEENKEN of-, COTLFLZMIBOBLBRKEICLSEBRD
FENBRLTVWDEB N3, ChioLROTLA1EICLZTRBY VB OEITEE
FHO=HITHREVLS, BRERRSIUVLERSEFRASKRTTORL /14
TAEEEERMLT, LYbTERBLIRIZEVDTHEMELLALTRDLRT, R
27 LIRE T AAYFITHLLEEREE R T, SIS NICEME T8O L IREE
SV THREBEORN W GERIER SN, COZLR, BEENBREMNR(TY
TSURIZHITDLIBERLEMANDESORFTONT A LYLROTFIZHENTE
URKZEWCLEETRBLTWD, EMREDERKLY, 7AW FBLIUALTOLIRIIEHS
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EHKEBARICEELLLEZL DAY, HRGIEPENRREEOHWICLSLEHR
11,

BREIZ, BEEFTAOIVFOTNA)XERTIZHAHAZ2ORE/MEBIZH T, L
B4 (< 2 um)BEUHBES (0.25-0.10 mm) DEEWE R LT B - B RE
RELE. BABEEORAEKIC, $TERALEHBERSFIEY, 7/AAUE
D 2 DORFUOFELICEVTEHOFBAMAREN , LAL, RUTTETA
TOLIBHENE—BHLYERLIEEZ DN, BEPHEEICLY, ChELHR
TIHHEDES CEENESHLTEY, RES, AEE, REOLSHMAO S ALY
[HEEAEREL TGN EARBEL Mot COCLTAERBORBMSETIE
113REICRSBMOBALERERT-HRETHILEILND, 7/AAUFLBOKL
SEMIZAAYFAF, R—ZF25CF, RADESL, RADALF—1 51 NRA B,
BREIcEROXS PILI=YLEEELE 21 BEMHCS)BEUASAFDRAMTH
Y, MEORLLEA T, —F, AUFLBCREFOBMIZEROFIPILI=S L
BEFICE DR AV S ENTYFABERBL TV, FAAUFIZENT, BHOF
BAHTEMERICIE LA EEEBLTOED of, BHESAHIBT, HCs OEE
HEREEEHITE>ZYERD LT, HCs [(FERERTHIEMTHENT=,
HICs MAERIZTzOVL AEADHKRTHBLELZLN, BIEETHERDTTAAY
ALPON—ZH 1T DESH 21 BERT(BESEDIZEROF ST =Y LHE
MEEEh B3 ERET 2. BBV THELOTEADOBEIZREBIh i
fzo LE=ASoT, MTFARBARBOCEEMHKS &= LY, B ETHNOBILH D
YEEAFEF®, TBPICEEBRERIABREL TV SEE DN, ), K
Eii ) RIS, HEERHITHELT 21 ST ENOS BN LEBIELIZEM D
bHoE, 7OV R &I REMEDBEICLY, LROBSREBRENINEH
oA EREND,
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