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ABSTRACT

The relative contributions of clay and organic matter to the cation exchange capacity of
soils have been of great interest to many rescarchers. Organic matter. as a critical component
of the soil. plays. signiticant roles which far exceed its quantitative distribution in the soil, [t
is regarded as the major contributor of CEC in weathered soils because of its several
functional groups such as R-COO". R-C=0. R-COH and R-SI1 that deprotonate and leave net
negatine charge on the humus. The objective of this study was to assess the contribution of
SOM to CEC of soils in Nigeria. Data on CEC. OM. pH and clay were coltected from 191
sail samples based on literature reports across the country. Data was analvzed using
SIGMAPLOT STATISTICAL SOFTWARE. There was no signiticant relationship between
CEC and pH measured in either HyO or dilute CaCly solution. CEC correlated significantly
with ¢lay and explained $3% of the variation in CEC of the soils. The organic carbon (OC)
has the highest correlation with CEC and explained 72% of the variation of the CEC. The
predictive empirical model for estimating CEC from OC is CEC = 5.81 + 5.23 (OQ), #* =
0.72. A unit change in OC increases CEC by 5.23 mmol kg™ in contrast to the small increase
in CEC by mere 0.4 mmol kg™ per unit change in clay content. On a unit change basis, OC
contribution tv CEC was thirleen times greater than clay. Therefore land management
practices that increase and maintain the organic matter contents must be adapted to sustain

the fertility ot soiis in Nigeria.
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CHAPTER ONE

1.0 INTRODUCTION

Colloids in soils are charged particles that can attract both positively and negatively charged
ions o form bonds whose strengths depend on the number of charges on the ion. Anions
move freely in the soil solution and are readily available to plants and easily leached.
Sometimes anions form compounds with cations and become insoluble and temporarily
unavailable to plants or for leaching. The colloidal constituents ot soils are the clay fraction
including part of the silt and the humus that carry net negative charges. The cations are
clustered around the surfaces of the clay and humus particles and are usually readily
displaced by other cations added 1o the soil or released imo the soil solution which may be

taken up by plant root.

Cation exchange capacity of a soil is due to the inorganic constituents such as clay minerals.
hvdrous oxides, primary and secondary minerals and organic matter. Cation exchange
capacity (CECY 1s a measure ol how nmany cations are retained on the soil particle suriaces.
(Brady er el 2008). It is a very important soil property that influences soil structure stability.
nutrient avaitability. soil pH and the soil reaction to fertilizers and other ameliorants, [t is
defined as the amount of positive charge that can be exchanged per mass of soil. usually
measured in cmol/kg. Cation exchange capacity arises from various negative charges on the
soil particle surtaces. especially those of clay minerals and soil organic matter. Phyvllosilicate
clavs consist of lavered sheets of aluminium and silicon oxides. The replacement of
aluminium or silicon atoms by other elements with lower charge (¢.g. AF” replaced by Mg™")
can give the clay structure a net negative charge, This charge does not involve deprotonation
and is therefore pll-independent. and called permanent charge. In addition. the edges of these
sheets expose many acidic hydroxyl groups that are deprotonated 1o feave negative charges at
the pH levels in many soils. Cations retained clectro statically are casily exchangeable with
cations in the soil solution. thus. the CEC of a soil represents the total amount of
exchangeable cation the soil can adsorb, The soils with a higher CEC have greater capacity to
maintain adequate quantities of Ca™. Mg® and K™ than a soil with a low C1:C. The CECs
are strongly affected by nature and quantity of clay minerals and organte matier present in the

soil. Highly weathered soils containing hydroxyl Al or soils with predominantly 1:1 minerals
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have low CEC. Also, the soils with high clay and organic matter contents have high CEC

compared to low organic matter soils like sandy soils.

Soils have CEC primarily because clayv particles and organic matter present in the soil tend 10
be negatively charged. A soil with a higher CEC may not necessarily be more fertile because
its CEC can also be occupied by acid cations such as hydrogen (1) and aluminum LA
However. when combined with other measures of soil tertility. CEC is a good indicator of
soil gualits and productivity. Soil CEC is normally expressed in one of two numericalls
equivalent sets of units: meg/100 g (milliequivalents of charge per 100 g of dry soil) or

cmole kg reentimoles of charge per kilogram of dry soil).

Organic matter is a critical component ot the soil. Its role in soil is highly signilicant and
generally exceeds its quantitative distribution. In the soits of the tropical region, the organic

matter is regarded as the major contributor of CEC (Jones and Wild, 1973.).

Krull er af.. (2000) discussed the importance of SOM and pointed out C1:C as one of the
chemical importance of SOM but failed to reveal the fact that CLC may be a limiting tactor

for having a teetile soil.

Also little is known about the extent of contribution of organic matter to the CEC of soils in
Nigeria. Most studies show a linear correlation between SOC and CEC but no model has
been developed to be able to predict and quantify the extent of contribution. Although (Oades
et al., 1989) described the relationship between CECv (i.e pH dependent variable charge
CEC) and organic carbon with an equation. but this did not account for the relationship
between soil organic matter and total CEC of soils {i.e both pll dependent variable charge

and permanent charge CEC.).

Much information concerning the cation-exchange propertics of clay minerals has been
obtained by many workers. However. relatively little attention has been given to the
yuantitative relationship between CLEC and soil organic matter. Measurements ot soil CLEC

show significant dependence on OM in several soils.

CEC is used as a measure of seil nutrient retention capacity, and the capacity to protect
groundwater from metal contamination {Brady and Weil. 1999). According to (Bergava and
Vayer, 1997) CEC buflers [luctuations in nutrient availability in soif selution and soil pH
Plants obtain part of their nutrients from cation exchange sites by a process called contact

exchange. Cation exchange capacity is also a key to understanding soil fertility. (Rowell.




1994).Nutrients that are held by charges on a soil are termed 'exchangeable' as they become
readily available to plants (Rowell, 1994).The higher the CEC of a soil. the more nuirients it
is likely 1o hold and the higher will be its fertility level (Fullen and Catt. 2004). Exchangeable

ions are not easily leached away from roots and are rapidly available for plants.

1.1 OBJECTIVES

The main objective of the study is 1o determine the contribution of OM to CEC of some soils

in Nigeria.
SPECIFIC OBJECTIVES
The specific obizctives are to:

+  Determine the quantitative relationship between organic matter content of soil and
CEC.

«  Develop a predictive model for estimating CEC from organic matter content of soils.




CHAPTER TWQO

2.0 LITRERATURE REVIEW

2.1 The Importance of Organic Matter in Soil Fertility

Organic matter can be defined as the grouping of organic carbon containing compounds
which are originated from living thing and deposited on or within the soil structural
components (Brady and Weil 1999). 8OM includes remains of plant and animal residues
deposited on the earth surface or the application of organically svnthesized materials by man
(Brady and Weil 1999). The importance of organic matter in the soil is the unique feature

distinguishing soil from the parent rock.

Organic substances play a direct part in the formation of fertile soils as they are the sources
of plant nutrients which are liberated in available forms during mincralization. Organic
substances also play indirect part in the supplics of nutrients and water for plants and are
readily provided in butlding soil of geod structure. High organic matter levels in soils are

vital to productivity and sustainability of plants. (Wilhem, 2001).

Organic matter in a soil is also linked to soil formation as the action of organic matter plays
significant role on parent rock weathering. The soil contains many living organisms such as
bacteria, fungi. algae. actinomycetes, earthworms, nematodes. and arthropods all contributing
to the biclogical and microbiological activities responsible for the oxidation ol plant material,
roots, dead organisms and other erganic residues that accumulate in soils. As organic material
decompases. seil organic matter is formed. Ten to fifteen percent of this organic material 1s

readily decomposable. while the remainder takes much longer.




2.2 Overview of principal functions of Soil Organic Matter
The functions of SOM can be broadly classified into three groups: biological. physical and
chemical functions. (Baldock and Skjemstad. 1999) . These groups are not static entities but

with dvnamic interactions occurring amonyg the three major components.

Biological Functions

- provides source of ene
{essertial for biologwxal processes)

- provides reservoir of nutnents {8, P, §)

- contriutes to restlience of soilplant sy stem

Functions
Physical Functions Chemical Functions

- improves structural stabdty of sods - contributes to the cation exchange capacdy
atvarcus scales
-enhances atulty of soufs to buffer changes wn ppH

- influences vaterre®ntion properties of sods H _ ]
-complexes cations {enhanced P avaslabslity).

and thus veater-holding capacry
reduces concentrations of toric catrons
- sters soud therma! propertes promatss binding ol SOM o so1l minerals

Figure 1: Functions of SOM and the dynamic interactions occurring among the ditterent

functions. (Source: Baldock and SKjemstad. 1999 ).

2.2.1 Soil structure and aggregate stability

Organic matter is an important factor in the formation ol a good soit structure. The structure
of a soil is of great importance in determining its fertility, Among the Tunctions of organic
matter is that it improves soil structure and aggregate stability, including other physical
properties. (Oades e/ «f.,1984). and (Carter and Stewart, 1996). The addition of SOM reduces
bulk density (Db) and increases water holding capacity. but alse eltectively increases soil
ageregate stability. According to (Angers and Carter 1996) there is a signiticant relationship
between water-stable aggregates (WSA) and SOC content. particularly labile carbon. They
reported that a minimum of 2% SOC was necessary to maintain structural stability and

observed that if SOC content was between 1.2-1.5%, stability declined rapidly. (Boix-Fayos




et al., 2003) reported a threshold of 3-3.5% SOC to achieve increases in aggregate stability.
According to (Howad. 1990). a threshold value for most soils is at 2% SOC equivalent to
3.4% SOM. below which most soils are prone to structural instability and crop yields

reduction. There is really no defined threshold value for organic matter level (Loveland and

Web, 2003) However. (Doran and Safley. [997) argucd for different threshotd values tor

different soils. {Channey and Swilt. 1984) found a linear increase in the aggregate stability

and aggregate size with an increasing level of SOM or SOC.
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Figure 2: Relationship between aggregate stability and organic matter content {drawn from

Channey and Swifi. [984).

Kay and Angers (1999) and observed stmilar relationships between SOC content and
aggregate stability. (Carter. 1992) found that maximum structural stabitity was obtained at
4.5% SOC. (Havenes and Swift. [990). reperted that the tvpe of organic matter is more
critical to structural stability than the net amount ot the organic matter. However, there s no
consensus as to the type of organic matter required for soil structure and aggregate stability
probably because of the different types ol organic matter. (Elliott. 1997) suggested that
particulate organic matter (POM) was probably more important in soil structural stability

because of its short turnaver time than other organic matter fractions.

2.2.2 Water-Holding Capacity

An important indicator of soil phystcal fertility is the capacity of soil w store and supply
water and air for plant growth. The ability of soil to retain water is termed water holding

capacity (WHC). In particular, the amount of plant-available water in refation to air-filied

N
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porosity at field capacity is often used to assess soil physical fertility (Peverill ef «f.. 1999),
Total plant available water (PAW) is the amount of water held by a soil at its ficld capacity
FC. at matric suction of -10 kPa. WHC of soils is controlled primarily by the number of pores
and pore-size distribution ol soils, and by the specific surface area of soils. In turn, this means
that with an increase in SOC content. there is increased aggregation and decreased Db.
Thereby increasing the total pore space as well as the number of micropores. (Haynes and
Naidu, 1998}. These relationships highlight the interconnectivity between soil structure. Db
and WHC. The etfect of organic carbon on the WHC of soil is generally assumed 1o be
positive but the tvpes of carbon responsible for this effect and svaergistic behaviour with
other soil praperties is not well understood.

According to {de Jong, 1983) and (Hynes ¢f /.. 1998) soil water content increases with

increasing SOC.
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Figure 3: Increase with %C in water retention at 10 kPa suction of siltyv agpregates (redrawn
from Emerson and McGary. 2003).

Simitarly, (Loveland and Webb. 2003} reported that SOC contributed - 13% 1o the variance
in soil water content, Danalatos ef af., (1994) did not find any cfiects of SOM on walter
retention. Furthermore. experiments at different matric potentials are hikely 1o influence the
effect of SOC as McBride and Maclntosh. (1984} reported that SOC affected water retention

at -1500 kPa only if the SOC content was >3%.




TN L LTEARRTR SN

Soil organic matter promotes drought tolerance of the crop. A soil with an adequate level of
organic matter will be fess crodible. have increased water and nutrient retention. and also be
easier 1o work and plow. Other advantages include resistance to soil crusting and compaction.
greater fertility. better root growth of crops, and improved crop yields. Improvement and

maintenance of the soil requires the addition of organic residues.

2.2.3 Buffer Capacity and pll

The buffering capacity of a soil is the soils ability 1o resist changes from fluctuations of pl
and plant nutrients. According to the information given by Bloom. (1999). butlering
capacities of SOM can easily approach 200 cmole kg, Aitken er «/.. (1990} alse estimated
that SOC may have a BC >300 times compared with that of kaolinite. Soil organic matter acts
as 4 buffer over a wide range of pll values: this is because of the availability of difterent
functional groups (e.g. carboxylic. phenolic. acidic. alcoholic. amine. amide ete).

Soil buffering is considered to be an important aspect of soil health. as it assures reasonable
stability in soil pH and reduces the amount of chemicals lime or sulphur needed to change the
soil pH. of acid and saline soil respectively. The BC of a soil is defined as its resistance to
changes in pll when an acid or base is added. Buffering at intermediate pll values (3-7.5) is
mainly governed by exchange reactions where clays and functional groups of SOM act as
sinks for H™ and OH Brady. (1990).

Starr et al.. (1996} and Curtin er o/, (1996) documented a good correlation between buffering
capacity and soil organic matter, despite the acidifving measures of fertilizer application and
stocking rates, the rate of change in pH was relatively slow due to high buffering capacity of
the soil which was in turn as a result of high soil organic carbon content (i.e 4.6% organic
carbon in surface soil with 0-10cm dept). Again Magdofl et al.. (1987) show from their
analysis that at low soil organic matter level change in SOM resalted in large change in the

soil buftering capacity. but at large SOM level the change in buffering capacity s smail.

2.2.4 SOM as a Source of Nutrients

SOM is an important source of nutrients for plants in general and crops in particular,
Wolf" and Snyder. (2003) reported that most nutrients in SOM are derived from the

mineralisation of SOM and become available for plant uptake during decomposition therefore




the proportion of SOM considered as the most important in providing nutrients to plants is
the particulate organic matter fraction.

The SOM provides the largest pool of macronutrients as >95% of N and S and 20-75% of P
was found in SOM Duxbury er af (1989) and Baldock e of..(1999). About 40-30% of
organic N is identifiable and quantifiable as amino acids and amino sugars and the remaining
portion consists of unidentifiable structures. The principal form of organic S added to soil is
amino acid S (methionine, cysteine, cyvstine). which accounts for up 10 30% of the total

organic § pool.

2.3 Cation Exchange Capacity of soils

Cations are positively charged ions such as calcium {Ca™"). magnesium (Mg™*). and
potassium (K}, sodium (Na') hvdrogen (117). aluminum (A7) dron (e ). manganese
(Mn""). zin¢ (Zn™") and copper (Cu™"). These cations are held by the negatively charged clay
and organic matter particles in the soil through electrostatic forces (negative soil particles
attract the positive cations). Cation exchange capacity (CEC) as the measure of the total
capacity of a soil to hold exchangeable cations Peverill ef af.. (1999); CEC indicates the
negative charge present per unit mass of soil. A high CEC contributes to the capacity of soils
to retain plant nutrient cations. The cations on the CEC of the soil particles are casily
exchangeable with other cations and as a result. they are plant available. Hence. the CEC of a
soil represents the total amount of exchangeable cations that the soil can absorb. Ketterings.
(2007).

CEC is expressed as centimol of charge per kifogram ot soil (cmole/kg), that is numerically
equivalent to the previeus conventional unit ol mequiv./100g Keull ¢r af.. (2000},

High CEC of soils indicates more clay or organic matter present Ketterings. (2007). Also
high CEC (clay) soils have a greater water holding capacity than low CEC (sandy) soils. Low
CEC seils are more likely to develop potassium and magnesium {and other cation)
deficiencies. High CEC soils are less susceptible to [eaching and iosses of cations. While for
soils with Tow CEC e.g sandy soils. a large one-time addition of cations fike potassium can
lead to large leaching and losses as the soil isn't able to hold on to the excess K. The lower
the CEC. the faster the soil pH will decrease with time. Therefore. sandy soils need less lime

than clay soils to increase the pH to desired levels.
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The interchange between a cation in a soil solution and one on a soil colloid must be charge

balanced.

[lustrated by (Blasko. 2011)

The percentage base saturation (BS%) is the proportion of CEC satisfied by basic cations.
basic cations including Ca. Mg. K. and Na. As the BS% increases. the pH increases. High
base saturation is preferred but not essential for tree fruit production. The availability of
nutrient cations such as Ca, Mg and K to plants increases with increasing BS%. Base
saturation is usually close to 100%. base saturation below 100% indicates that part of the
CEC is occupied by hydrogen and/or aluminum ions (Blasko, 2011).

Several different methods exist to measure CEC but the choice of method depends on the
factors influencing CEC of most soils. These factors include pH. ionic strength, degree of

variable and permanent charge. colloids and the type of clay.

Method Reference

Non-calcareous soils, Exchange with IMNH4Cl> pH7 'Raymcnt and Higginson (1992)

t ch
permanent charge Exchange with IMNH,COOCH;  Blakemore ¢t al. (1987)

pH7
Calcare 50S. Exch ith IMNH,Cl, pHB.5
OUS SONs rehange wi #-2p Rayment and Higginson (1992)
E; rith H-
ARhAREH S MO Tucker (1985)
CaHg)(CH;)3NC]

Vil Changesells Compulsive  exchange  with

i0




BaCla/NH,CI Gillman and Sumpher (, 17986)7;7ﬁ

Exchange with 0.0IM  silver Rayment and Higginson (1992)

thi .
hiourea Blakemore et al. (1987)

RS S R

Rayment and Iligginson (1992) ‘

Exchange with 0.001M KCl , '
Exchange acidity RERE Qorts et al. (2003) !

DR YOITE  C L1

detemination [:xchange with BaCls in ticthanol 5 s
- o Rayment and Higginson (1992)

amine at pH 8.2 and acid titation
- . ” al- e G

of excess triethanolamine. Blakemore ctal. (1987)

Precteativient with a solvent Ravment and Higginson (1992)

|
|

R | ot Soluble salt:
emoval ot Soluble satts Tucker (1985); Rayment and I

Higginsen (1992)

Table 3.1: Summary of common methods used for measuring cation exchange capacity

{moditied from Peverill et al.. 1999).

2.4 Origin of charge in the soil.

Soits have permanent and variable charge. Elements with an electrical charge are called an
1on. lons with positive charges are called cations and are written in the ionic form. Examples
are potassium (K"). sodium (Na'). hydrogen (H). calcium (Ca'), and magnesium (Mg ™).
. tons with a negative charge are called anions. Examples are chlorine ('] ). nitrate (NO3 ).
sulfate (SO47). phosphate (H-PO, ™). Electric charges in solid particle surface in oils usually
~ develop from two principal ways. both of which are the primary sources ol negative and
positive charge (Sposito. 2008). This includes isomorphous substitution and charges
developed from the protonation/deprotonation reaction which are pli-dependent and are also
referred (o as variable charges (Bolland 1980). lonization of hydroxyvi groups on the surface
of other soil colloids and organic matter can result in what is describes as pH dependent

charges-mainly due to the dependent on the pH of the seil environment. The main source of

11




charge on clay minerals is isomorphous substitution which confers permanent charge on the

surface ol most laver silicates.

2.4.1 ISOMORPHOUS SUBSTITUTION:- Brady and Weil (2008) discussed isomorphous
substitution as surface charges emanating from the substitution ol one cation for another in
the octahedral and/ or tetrahedral sheets, substitution for cations like 5t, Al & Mg In the
phyllosilicate clays. Most of the charges associated with 2:1 type clays have this type of
charge. and as a result clay will function like fon in solution. The substitution of one cation
for another in the structure of a mineral. in isomorphous substitution s usualty without
changing the basic structure of that mincral. If the substituting ton is ot different valence
{charge). the result is ¢ither the introduction of a defienn or a surplus charge at that sie. For
example. substitution of AI™ for Si™" in a tetrahedral site. or Fe™ tor Al'" in an octahedral
site. results in a local charge deficit of +ve charge that is: the mineral attains a negative
charge. The net charge associated with a clay crvstal is the sum of the positive and negative
charges. negative charges predominate in most silicate ¢lavs since those substituting ions
leading —ve charges far outweigh those producing +ve charges. (Brady, 2008)

Pasitive charges on isomorphous substitution: When substituting cation has a higher charge
than the ion for which it substitutes it is always a source of positive charge (Brady. 2008).
such positive charges arc characteristics of trioctahedral hyvdroxide sheet in the interlaver of
clay minerals such as chiorites. and this charge is bhalanced by negative charge in the
tetrahedral sheet. Substitutions in both the tetrahedral and octahedral sheets can oceur in
several 2;1 type silicate clays. including chlorites and smectites. In a tetrahedral sheet. there
are three magnesium tons surrounded by oxvgen and hydroxy! groups, this sheet have no

. ' 3+ . . - - 2o B
charge. However. if"an Al™ ton substitutes for one of the Mg™™ ions. a positis ¢ charge results.

Most of the permanent charge in soils resides:

«  On surfaces of laver-silicates mainly the 2:1 laver silicates tilliwe. sermiculite.
simectite).

+  The 2:2 clays (chlorie).

» The 1:! clays (Kaolintte) -> contain only a small amount of permanent charge on their

planar surfaces.

Negative che Y isomor us substitutions: Negative charoe is found in minerals where
Negative charge by isomorphous substitut Negat harg found Is wh

there has been an isemorphous substitution of o lower charged fon for a higher charged ion,
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The substitution of Mg™" for Al** leaves an unsatisfied —ve charge, and is an important source
of —ve charge on smectite, vermiculite and chlorite clays. An example is the substitution of
A’ for Si*" in the tetrahedral sheet. leaving one unsatistied —ve charge from the tetrahedral

oxXygen atoms.

Permanent charge

* Due to isomorphous substitution

~0. 0  OH 0 0  OH |
¢ \‘ N \I|/ N, \1 _:-."\.- ;
0O O OH 0O 0 "OH

2.4.2 PH DEPENDENT CHARGE: - These are also referred to as variable charge.
“Variable charge™ are pH dependent charges associated primarily with hydroxyt (OH) on the
surface of organic and inorganic soil constituents with reactive surface groups whose charge
varies with pH, and ionic concentration and composition of the soil solution (Van. Qafoku.
Noble. & Xu, 2017). pH dependent charge increases with increasing pH arising on the
surface of soil colloids by the releasing or accepting of H™ which can provide either negative
or positive charges. Variable charge is developed on the surface groups as a result of
adsorption ot desorption of solid-like ions that are constituents of the solid phase. i.e.. H+.
and the adsorption or desorption ot solid-unlike ions that are not constituents of the solid
phase. (Kim. 2014) The magnitude of variable charge varies with pH and type of colloid: it is
an important type of charge for 1:1 layer. iron and aluminium oxide clays and organic

colloids.
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pH dependent negative charges: Negative charge on soil particle surface increases if the pll
increases because more O lons are available 1o foree the reactions to the right {Brady &
Well, 2008). Il pH is lowered, OH ion concentrations are reduced. the reaction goes back to
the left and —ve charge is reduced. The removal of positively charged complex aluminium
hydroxyl ion also increases —ve charges as pH increases. When pil is raised. the Al(OH)Y
lons react with the OH™in the soil solution to lorm insoluble AW(OH)s5. thereby frecing the

negatively charged sites.
=Al-0H + Ol' e >Al - O + H,0

=(C-OH + Ol & -C-O + H,0

pH dependent positive charges: Positive charge on humus some silicate clays and Fe, Al

oxide develops by protonation which is the attachment of H ™ ions 1o the surtace O group

" | ~ .
Al—OH + H === Al—OH,
~ -
P 5
No chargg: rentd setutong Positne clfarye

IETATHEIN [P

txonl w0kl

Crastal edye

(OH OH

Positive charge development from crystal edges.

14




The appearance of OH groups on the edge of crystal edges can also give rise to positive
charge as protons do not only dissociate from exposed OH groups but they can also absorb or

gain protons by a process called protonation of exposed OH group (Kim, 2014).

2.4.3 Sources of Charge in Soil Organic Matter

Charge development in soil organic matter is predominantly negative. as it is provided by the
functional groups mainly carboxylic and phenolic groups. According to (Duxbury er «f..
1989) positive charge can oceur through the protonation of amino group but positive charge
development is considered relatively small in SOM. The source of negative charge in organic
matter is different from that of clay minerals: the dissociation (separation into smaller units)
of organic acids causes a net negative charge in soil organic maticr. and again this negative
charge is balanced by cations in the soil. Because organic acid dissociation depends on the
soil pH, the CEC associated with soil organic matter is called pH-dependent CEC. This
means that the actual CEC of the soil will depend on the pH ot the soil. Given the same
amount and type of organic matter, a neutral soil (pil ~7) will have a higher CEC than a soll
with e.g. pH 3. or in other words. the CEC ot a soil with pll-dependent charge will increase
with an increase in pH.

At low pH. soil charge becomes more positive and at high pH negative charge increases.
theretore the pH of soil organic matter is usually high. Iumic substances have a negative
surface charge because ol the deprotonation of the OH group. Organic matter makes
significant contributions to cation exchange. due to its large number of charged functional
groups. Charge develops in organic matter by processes called PROTONATION AND
DEPROTONATION. Protonation leads to positive charge in organic matter. and occurs

under acidic conditions, Deprotonation leads to negative charge development.

-R-COOH = -R-COO" + H*
carboxylic acid
DEPROTONATION
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Tan and Dowling (1984) pointed out that permanent (CECp) and a pll-dependent variable
charge (CECV). majorly illustrates the contribution of SOM and mincrals to soil CEC. Most
soils carry both types of charges as CEC tends to increase with increasing pll. and CEC
measured at pH 8.2 is considered as total CEC. CECp is considered to be derived from the
clay fraction ard other mineralogical components (e.g. amorphous oxides) while CECv is
regarded to be derived from soil humus and accordingly. the presence of organic matter
generally causes the CEC jn variablte-charge clay soils 1o be greater. However, some
components of SOM are known to be of greater importance in contributing to CECy than
others. According to Oades et al.. (1989) an increase in CECy is duc to the functional groups
of SOM. A decline of CEC with soil depth is a consequence of the decline in SOM. The
relationship between CECv and organic carbon followed the equation, Qadces of af.. (1989)
CECv =132+ 1.09 SOC (r2 = 0.76)
From the equation 1% increase in SOC leads to | unit (cmole kg-13 of increase in CEC in

variable charge sotls.

2.44 POINT OF ZERO NET CHARGE IN SOIL.,

The point-of-zere charge in soil is defined as the pH value where the number of protonated
and deprotonated sites is equal. and higher levels of SOM result in a lowering of the zero
pemtiKrull eraf., 2000). The point of zero net charge according o (Sposito, 2008) is the pH
value at which the net adsorbed ion charge is equal 10 zero.

the effect of SOM on the point-of-zero charge (pH0) of the soil variable-charge component
is considered the most important aspect in increasing CECv. Therefore. the greater the
difference between soil pll and pHO. the greater the net surface charge will be on variable

charge components, and if pHO-pH 1s < & the net charge is negative.
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Figure 4: Relationship between pHO and SOC content (filled circles) and increase in CEC of
variable charge components (CECv) with increasing negativity (pHO0-pH) (open cireles) in
Oxisols under virgin rainforest from northern Queenstand (moditied from McBride. 1994).
Organic matter itself” generally has a low pH0. which is due to the presence of carboxa |
groups (Oades er al.. 1989). The high molecular weight (HMW) fraction contributes less to
CEC compared with the low molecular weight (LMW) fraction (¢. 300 cmole kg-1) (Woll
and Snyder, 2003). (Oades et «/.. 1989) maintaining SOC at highest possible SOC contents
increases the variable charge component of the soil total CEC. The SOM decreases pH( by |
ptl unit for cach 1% increase in organic C; this would equate to 17 t ha-1 of SOM in the 0-1 ¢

cm (assuming SOM = |7 x organic carbon).

2.5 Factors affecting the cation exchange capacity of soils
Cation exchange capacity of soils is affected by nany factors which include:-soil texture.

nature of clay minerals, soil reaction, soil type. soil pH. and soil oreanic matter content.

2.5.1 Soil pH

I'he amount of negative charge from deprotonation of clay hyvdroxyl groups or organic matter
depends on the pll of the surrounding solution. Increusing the pll (ic decreasing the
concentration of H+ cations) increases the variable charge. and theretore also increases the
cation exchange capacity, CEC measurement depends on pll. and theretore is olten made
with a buffer solution at a particular pH value, [f this pH differs trom the natural pH of the
seile the measurement will not reflect the true CLEC under normal conditions. Such CEC

measurements are called “potential CEC™. Ahernatively. measurement at the native soil pH is
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termed “eflective CECT. which more closely reflects the real value, but can make direct
comparison between soils more difficult. As the pH is raised. the hvdrogen held by the
organic colloids and silicate clays (kaolinite) becomes ionized and replaceable. The net result
is an increase in the negative charge on the colloids and in turn an increase in cation
exchange capacity. Clay soils with high cation exchange capacity can retain large amounts of
cations and reduce the loss of cations by leaching. Sandy soils. with low cation exchange
capacity retain smaller quantities of cations and therefore cations are removed from soil by

teaching.

Influence of pH on CEC of smectite and SOM

200}
1 3 Crganic
%0 co,ﬁ;d
160
140 p
120

—
<
[ e ]

Smectite

Cation cxchange capacity {cmol, kg1)

80 bessssasaugunan p"‘%*mnd c-hargé
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Permanent
0 charge
20
4 5 6 :
SoilpH

Figure 3: (source: Brady 1990).

Below pH 6 the charge for clay minerals is relatively constant (permanent C1°C charge):
above pH 6. contribution of the variable charge from clay minerals is evident (ionisation of
H+ from hydroxy groups). By comparison. almost all of the charges on the organic collond

are considered to be pH dependent. i.e. variable charge
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2.5.2 Clay mineralogy

The cation exchange capacity and specific area of the clay minerals are in the order:
smectite>fine, mica>kaolinite. Hence. the cation exchange capacity of a soil dominated by
smectite type of clay minerals is much higher than kaolinite type dominated soils. CEC
depends on the nature of clay minerals present. since each mincral has its own capacity to
exchange and hold cations e.g. the CEC of a soil dominated by vermiculite is much higher
than the CEC of another soil dominated by kaolinite. as vermiculite is high activity clay

unlike kaolinite which is low activity clay.

2.5.3 Soil texture

The negatively charged clay colloids attract positively charged cations and hold them.
Theretore. the cation exchange capacity of seils increases with increase in percenfage ol clav
content. Soil texture influences the CEC of soils in a way that it increases when soil's

percentage ot clay increases i.e. the finer the soil texture, the higher the CLC.

2.5.4 Soil Organic Matter

High organic matter content increases cation exchange capacity. (Brady and Weil. 2004)
reported that the cation exchange capacity of clay minerals range from 10 to 150[cmol (p+)
kg-1] and that of organic matter ranges from 200 to 400{cmol (p*) kg-1]. Soil organic matter
plays a critical role in soil processes and is a key clement of integrated soil fertility
management (ISEM). Organic matter is widely considered o be the single most important
indicator of soil fertility and productivity (Rowell. 1994). It consists primarily of decaved or
decaying plant and animal residues and is a very important soil component. Benetits of
Organic matter in soil according to (Ashman and Puri. 2002) include: increasing the soil's
cation exchange capacity and acting as food for soil organisms from bacieria to worms and is

an important component in the nutrient and carbon cycles.

Organic matter, like clay. has a high surface area and is negatively charged with o high CEC,
making it an excellent supplier of nutrients to plants. In addition, as oreanic matter
decomposes. it releases nutrients such as N, P and $ that are bound in the organic matter's

structure, essentially imitating a slow release fertilizer (Myers, 1995). Organic matter can
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also hold large amounts of water. which helps nutrients move from soil to plant roots

(Mikkuta, 2004).

2.6 Contribution of soil organic matter to cation exchange capacity

The catton-cxchange capacity (CEC) of soits is mainly due 10 clay minerals and soil organic
matter. [t has been demonstrated that the contribution of organic matter 1o total CEC of soil Is
usually substantial and is often considerably greater than that of the clay minerats (Baldock &
Nelson. 1999),

Clay and erganic matter are the main sources of CEC (Peinemann ¢f «f.. 2002). The more
clay and organic matter (humus) a soil contains. the higher its CIC and the greater the
potential fertility of that soil. CEC varies according to the type of clay. It is highest in
montmorillonite clay, lowest in heavily weathered kaolinite clay and slightly higher in the
less weathered illite clay (Peinemann er af.. 2002). Sand particles have no capacity to
exchange cations because it has no electrical charge (Brady and Wil 1999,

Accordingly. there is generally a good correlation between SOC and CEC. (MeGrath er af .
1988) noted that the CEC of a sandy loam soil increases from 75 to {38cmoleke-1 as SOC
mcreases from 0,46 to 1.39%.

Furthermore. the importance of SOM to CEC increases as soils weather and change trom 2:1
aluminositicates (CEC = 15-30 cmole kg™ soil) to kaolinite and amorphous oxides of Fe and
Al {CEC = <3 cmolc kg'E sail). In fact, most of the CEC in kaolinitic soils is associated with
SOM and as reported by (Duxbury er /.. 1989) it is important 1o maintain high SOM level
especially in tropical and sandy soils. Based on statistical analyses. (Parfitt e of.. 1993)
estimated CECs for a variety of components. which itlustrates the dependence of CEC on
SOM in highly weathered soils: 221emolekg™ for OC, 70-110 emolckg ' for smectite. 50
cmolckg ™" for allophane, 25 emolckg-1 for chlorite. illite and vermiculite and 10 cmoleky™

for kaolinite.

2.6.1 Cation exchange capacity of soil organic matter

Organic matter can have 4 to 50 times higher CEC per given weight than clay. By
comparison. the amount of CEC from SOM components is commonly around 150-230
cmolekg™" (Wolf and Snyder, 2003). However, the CEC of organic matter itselt” is much

higher as reported by (Duxbury er a/.. 1989). who found that average values for total acidity
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of extracted humic substances were between 700-1000 cmole kg'organic matter (Bloom
1999) obtained a mean CEC value for SOM of 2000 cmole kg (n=60., pH 8). The rcason that
such high values are usually not expressed in sotls is due to the partial blocking of negatively
charged sites by Al and Fe (particularly in Oxisols). However. the significant contribution of
SOM o CEC s not in doubt.

A commoniy used technique to assess the cffect ol organic matter on CEC is by the
destruction of SOC by H,0- oxidation. While it was considered possible that oxalates were
| produced during the oxidation procedure. only negligible amounts ol oxalates were detected.
I'he CEC (at pH 7) after H:O> oxidation decreased in alt samples and the ditference in CIC

betore and after removal of organic matter was well correlated with organic matter.
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N
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Figure 6: Relationship between ACEC and SOM (data from Ciark and Nichols (1968),
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 DATA COLLECTION

Published data on cation exchange capacity (CEC). organic matter (OM). pH and clay were
collected. Data on OC. CEC/ECEC. clay and pH were obtained from almaost 200 publications
on soils in Nigerian. The data collected were for soil samples taken at a depth of 0-20¢m
because organic matter contents at soil depth beyond these are quite insignificant in
weathered soils. Sites and tocations of the samples were from southern and northern part of

Nigerta.
3.2 METHODS OF SOIL ANALYSIS
3.2.1 Soil pH

The soil pH was determined in 0.0lm CaCl and in H=0 with a pH glass electrode.

3.2.2 Organic Carbon

The soil organic carbon determination was based on the Walkleyv-Black chromic acid wet
oxidation method. Organic carbon in the soil is oxidized by the dichromate ion

{ 1 N K2Cr207 sotution). The reaction is assisted by the heat generated when two volumes of
H2804 are mixed with one volume of the dichromate. The excess dichromate ion is back
titrated with ferrous sulphate. The titre is inversely related to the amount of carbon present in
the soil sample.

The selection of data was somewhat difficult because of the differences in methadology of
OC determination and the soil calculations. Whereas Some of the published papers were full
of wrong OM estimates, others were fair enough to be selected for tinal statistical analysis of

the relationship between OC and CEC.

Dichromate jon reacts with carbon as follows:

CroOy 3CUH 1611 =4 Cr 1 3 COs + §H.0

Ferrous ion reacts with dichromate as follows:

6 Fe™ + Cr0-" + 14 H 2C +6 Fe™ 1 711,0

4
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3.2.3 Cation Exchange Capacity (CEC)

The cation exchange capacitics of the soils were determined by the ammonium acetate
method. The principle of measurement of CEC of soils by this method according to
(Agbenin, 1995) involves four (4) basic steps
1 Saturation of the exchange site with a buffered solution of the NH' cation
2 Washing out of excess NH' salt with an alcohol
3 Displacing the NH" from the exchange site with a concentrated solution of another
cation.
4 Determination of the amount of the NH™ cation by the Kjeldehl distiltation method.
Although the choice of cation may be governed by:
b Easc of determination of the chosen cation.
2. The relative freedom of cation from  fixation, hydrolysis and dispersion during

washing

3.2.4 Particle size analysis.

Particle size analvsis of the soils was done by the hydrometer method based on Stoke’s
law governing the rate of sedimentation of particles with varving sizes. Soit samples arc
treated with sodium hexametaphosphate to disperse the sand. clay and silt particles in soil
aggregate. Vigorous stirring in an electric stirrer is done for further separation of clustered

particles.

STATISTICAL ANALYSIS
The relationship between SOC and CEC was analysed by regression analysis to develop an
empirical model for predicting the CEC from soil organic matter content. The regression

analyses were performed in SIGMAPLOT statistical software (www . sigmaplot.com).
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CHAPTER FOUR

4,0. RESULT AND DISCUSSION
4.1, Seleeted Soil Propertics

The pll of the soils used for this study ranged from 4.0-8.6, with a mean of 6.0 in
water. and 3.4 to 7.8 with a mean of 3.5 in 0.01 M CaClz. On the basis of the pH in 0.01 M
CaCl. the soils were strongly acidic to slightly alkaline (Table 1) Measurement of pll in
water and dilute salt solution is required to fully define the character of soils. For instance,
the greater pH of a soil in water than in a dilute salt solution is an indication of soils with a

net negative charge (Goro and Uehera. [985).

The clay concentration in the soils varied greatly. ranging from 147 10 665 ¢ kg™ with
a mean concentration of 124 ¢ kg (Table 1). The soil texture was predominantly sandy
except for few samples with extremely high clay content that exceeded 600 g kg™, It seems.
a few of the soils were subsurface samples obtained from illuvial horizons. Generally. most
arable soils in West Africa have clay contents ranging from 100 10 300 ¢ kg'. rarelv

exceeding 330 g kg in the surface laver (Jones and Wild, 1975).

The concentration of organic carbon (OC) was quite low: varving between 0.24 and
29 g kg™ with a mean concentration of 4.8 g kg (Table 1). The relatively low concentration
of OC in the soils is a consequence of the high rates of decomposition which exceed the rates
of accretion of organic residues to the soils. High temperature and moisture availability
accelerate microbial decomposition of organic residues and mincralization of organic matier
i the soil. The concentrations of OC in the soils are consistent with the levels reported for
many other soils in Nigeria and other West Alrican countries (Jones and Wild, 1975; Kowal

and Kassam. 1978).

The CEC concentrations were scanty ranging from 10 to 316 mmol ke or 1 10 32

of s < I 3 3 -
emol kg (Table 1) Although. the CEC of a soil is the interplay of o number of factors.
especially the clay concentration and type. some other factors also come inte play. Such as

pH and OC.
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Soll property No of samples Range Mean Standard

deviation
pH(I1;0) 177 4.0-8.6 6.0 10.99
pH(CaCl,, 44 3.4-7.8 5.50 +1.2
; Clay (g/kg) 171 14.7-665 124.4 +93.8
% OC (g/kg) 191 0.24-28.7 1.76 15.42
1 CEC (mmol/kg) 191 10-316 374 1338

Table 4.1 : Range of pH and the concentration of organic carbon (OC). Clay and CEC of the

soils used for this study.

The low CEC concentrations of the soil probably reflect the low clay concentration and the
nature of the scil clays. The soils dominated by fow -activity clavs (LAC). such as kaolinite.
halloysite and oxides of Fe and Al tend to have low CEC. It would seem therefore the soils
used for the study are dominated by low-activity clays. in addition to the relatively low
concentration of clays except for those samples tfrom illuvial horizons. However. Jones and
Wild (1957} indicated that 80 % of CI’C of West African savanna soils is contributed by
organic matter rather than the clay concentration because of the preponderance of 1LAC in the
soils. For instance. the variation in the CEC of 11 soil samples from Samaru. Northern
Nigeria, was predicted up to 94 % trom its OC concentration as can be seen in Figure |,

suggesting that OC is a good predictor of CEC.
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4.2 Determinants of CEC of soils: A Quantitative Assessment

The study attempts to quantify the contribution of different soil tactors 1o the CEC and
develop an empirical model for estimating the CEC ol Nigerian soils. The focus is on the
contribution of OC to soil CEC. As a major soil parameter. the determination of CEC is quite
expensive. laborious and time consuming. An empirical model that relates CEC (o an easily
measurable soil property will be worthwhile. Three soil properties that affect CEC

significantly in soils are pH. clay and OC concentrations.

4.2.1 Relationship between pll and CEC

There s usually a significant relationship between pH and CEC in weathered tropical soils
dominated by low activity clay because of the pl1 dependent charge that responds o potential
determining ions. usually H' and OH ions. For the soils used in this study, the effect of pli
on CEC is not significant (Fig. 2&3). The pH poorly predicted the cation exchange capacity

of the soils.
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4.2.2 Relationship between clay concentrations and CEC

The clay concentration in a soil affects CEC profoundly. The higher the clay content. the
higher the CEC of the soil. Apart from the clay concentration. the type of clay is of great
importance. The 2:1 clay has greater CEC than 1:1 clay. For most weathered soils of the
tropics such as these soils. the dominant clay is the low-activity clay that has little CEC as

exhibited by the soils. the clay concentrations in the soils predict CLC up to 55% (Fig. 4).
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4.2.3 The relationship between OC and CEC

The soil organic carbon (OC) is a critical reactive component of the soit. s role in the CEC
of weathered soils has been alluded to in several studies, including the West African savanna
soils: explain up 1o 80 3 of the variation in CEC. In the present study involving nearly 191
soil samples trom various agroecological zones of Nigeria. the soil CEC was predicted up to
72% by OC. Jones and Wild (1973) showed that OC contributes nearly 80% ol the CEC in
west Africa savannah soils. For instance. analysis of CEC and OC relationship in 11 soils
tfrom Samaru of Nigeria shows a significance dependence of CEC on OC in the soil (Fig. 1)

with OC accounting for about 94% of the variation in CEC.

One of the important properties of SOM, apart from its nitrogen content. is its high CEC that
is associated with several chemically active groups. The CEC of humus is many times greater
than clay. The many active functional groups that could protonate and deprotonate conters
high CEC to humus or soil organic matter during. The process of humus formation. called
humitication. aiters lignin in such a way that decreases the non-cation exchanging groups.
such as methoxyl (-OCH;). and increases the cation exchanging carboxyl groups. While
charge development in SOM is predominantly negative, provided by functional groups.
particularly carboxylic and phenolic acid groups, positive charge can oceur through the
protonation of amino groups but this is considered to be relatively small (Duxbury et al..
1989). The contribution of SOM to CEC can vary between 25-90% (Stevenson. 1994).
depending on soil type. but most studics observed a contribution between 30-60% Tsutsuki.
1993: Loveland and Webb. (2003). 40-50%. respectively Thompson et al.. 1989 Haynes and
Naidu, {1998). Accordingly. there is generally a good correlation between SOC and CEC
McGrath et al. (1988) noted that the CEC of a sandy soil increased from 75 10 138 cmni\.kg'
as SOC increased from 0.46 to 1.39%. Fshetu et al. (2004) also noted that there was a strong

lincar correlation.

Clay has high CEC because of their large surface area but the surface area of humus
cencrally exceeds that of silicate clays and there is a dissociation of H from functiona]
groups like carboxyl group (-COOH), phenolic group (-O11) ete. ail this makes the echange
capacity of organic matter greater than that of clays . Humic acids in organic matter also
attack soil minerals and accelerate their decomposition to release essential nutrients as

exchangeable cations.
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CHAPTER 5
5.0. SUMMARY/CONCLUSION

Organic matter is a critical component of the soil that plays a significant role which exceeds
its quantitative distribution. It is regarded as the major contributor of CLC. The soil OM has
several functional groups. such as carboxylic. phenolic. ketonic. alccholic, amino and
sulphydryl groups. that contribute to negative charge development of the soil through
deprotonation. The contributions of clay and OM to the CEC of soils have been of great
interest to many soil scientists: hence, attempis have been made to make predictions of CEC
from clay and QC concentrations in soils. It is important to note that developing a predictive
equation is a bit of a huge task. Moreover. predictive equations for soil CEC are. at best.
applicable to limited agro-ecological zones. Most researchers fail to remember that the value
of cach factor believed 1o increase or decrease the CLC can be complicated by some climatic

factors.

Different attempts have been made by most soil scientists though. yet there is no one
predictive mode] for estimating CEC from OC that has global relevance. The predictive
mode! from this study requires further validation for soils from other regions before it can be
refiably recommended for CEC estimation.  However. consistent with the reports of ather
workers on this subject, the soil OC explains about 72% of the variations in CEC of the
expertmental soils. The predictive model equation is CEC = 3.81 + 5.23 (OC). ¥ = 0.72. This
predictive model for CEC estimation from OC can serve as a departure point for further
studies, involving a much larger number of samples than the number of samples used in the

present study.

Although pH and clay content of soils are major factors allecting CICL their
contributions to charge development were marginal in the experimental sevds. Tt is not clear
why pH and clay concentration did not make any significant conributions to CEC through
the pH-dependent charge of soil colloids. Towever. the ¢lay concentration explains the CEC
up 10 55 %. One major limitation of the data collected for this study is the variation in
analvtical methods used for the determination of CEC and the clay concentration. including
even the pH of the soils. Future studies must endeavour to collect data of pH. and the clay

and OC concentrations determined by standard analytical methods.
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Appendix 1: relationship between CEC and Phy,,

LOCATION/ SITE
KAKURI
KAKALU

TRIKANIY A
ROMI
GYALLESU
KAMACA
KABBUNI BRIDGL
CONTROL.
BASHAMA ROAD
UNGUWAR MUAZU
SHETIMA ROAD
CONTROL
KARI 1
KARI 2
KIWAMBAL |
K WAMBAI 2
ALKARI
KOLOR]

FCE GOMBE |
FCE GOMBE 2
MAZA
DAKUL 1
DAKUL 2
ASHAKA |
ASHAKA 2
OBOKUN
OFFA
[IDOFIAN

APPENDIX

SOIL
DEPTH
0-13
0-13
0-13
0-13
0-13
(-15
g-13
O-15
0-15
0-15
0-15
0-15
-13
0-13
0-13

pli/ IN H20
4.2
4.9
6.2
5.4

-
i

7.6
7.5
6.4
7.4
12
7.1
0.

N N T T = N U A U R S
e N UV TR T R SV

=

4.5
6.4
6.4

CEC Cmol/kg

i23
268
i04
68
154
14.9
1.8
7.4

41




L

LARIA
MOKWA
JOS
MINNA
MOKWA
APOMU
IHIAGWLE (OWERRI)
EGWEL (OGUTA)
AMAURO (OKIGWE)
MBATO (OKIGWE)
KANO
BOBO
SIKASSO
SAMARU SOIL 1
SAMARLUISOIL 2
SAMARU SOIL 3
SAMARLU SOIL 4
AMAVO
OSSIOMA
AMASA
UMOBASI
BADEGGI NATIONAL CEREAL
INSTITUTE
BADEGGI
SAMARU
SAMARU
FAKO
FAKO
TSAKWANYA
TSAKWANYA
[LAKA
JERE KADUNA
JERE KADUNA

0-10
0-20
0-10
0-15
0-13
0-17
0-18
0-15
0-13

5.8
4.0
4.7

2
~J

Ln
Pt

4.28
4.05
4.01
4.35
6.9
6.4

(D

4= LA
> 12

i
el wh

S
(I WS

h

)
3.66
5.7
6.35
0.41
6.1
4.2
4.7

6.01
6.03
6.8
37
24
4.1
0.8
6
tl.&

|
d
L
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JERE KADUNA
JERE KADUNA
AGO ATSAVIYA (HFV)
AGO ATSAVIYA (1IFF)
OSARA OKENE (SGV)
OSAVA (SGF)
KAGORO (NGV)
KACHIA KAGORO (NG

TAMARINDES ZAMFARA (NZ)

ADANSONIA ZAMIARA (NZ)
PILOSTIGNE ZAMFARA (N7)
COMBRETUM ZAMFARA (N7)
CASSIA ZAMFARA (NZ)
BRACHIARIA ZAMFARA (NZ)
INTERPHASE ZAMFARA (N7)
TAMARINDUS (CZ)
ADANSGNIA (C7)
PILOGTIGNA (CZ)
COMBRETUM (C7)
CASSIA (CZ)
BRACHIARIA ZAMFARA (C7)
INTERPHASE ZAMIARA (C7)
TAMARINDUS ($7)
ADANSONIA (S7)
PILOGTIGNA (S7)
COMBRETUM (SZ)
CASSIA (SZ)
BRACHIARIA ZAMFARA (S7]
INTERSPACE ZAMEARA (S7)
FARU
KWASHIBAWA
RUKU DAWA
SAMARU 1993

0-14
0-8
0-15
G-15
-1>
0-13
0-15
0-15
0-15
O-13
0-13
0-15
0-13
{(-15
0-15
0-13
0-13
0-15
G-15
0-135
0-135
0-15
(-15
0-15
0-15
0-15
0-15
{-15
0-13
0-7
O-10
0-15
0-15

A wl o~ vl ~J [y £
LV (O A e o B Lh

th

6.2
6.2
6.3
6.6
6.5
5.8
6.7
3.7

6.1
58
6.4
6.4
6.8
5.4
6.0
0.4

3.6




SAMARLU 1994
SAMARL 1995
AGRIC RESEARCH ZARIA
AGRIC RESEARCH FARM ZARIA
[LLELA
SOKOTO
SANGIWA
JERE BOWIL PEDON |
JERE BOWL PLDON
JERE BOWIL PEDON
JERE BOWIL, PEDON
JERE BOWL PEDON 6
AFAKA FOREST RESERVE
AFAKA FOREST RESERVL
AFAKA FOREST RESERVE
SAMARU RESEARCH FARM
KOKI
ZUNGERU
KWANKWACI
GADA
KASTINA ROAD
SITL 1
SITE2
TISAFL

(S} [J

th

EMUADO
DABAGI (2008)
DABAGI (2009)

KANO
ZAMEARA
SOKOTO
KEBBI

6.93

6.235

0.8

6.6
6.0

wh
~]
R

St
L
=y

0.17
5.92

5.09

5.75
5.41
8.28
7.84
8.47
8.36

548
399
209
S04

3.6]
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AMBROSE (ALLIUNIVLERSITY)
SAMARLU
BODIA MARKET
[LE OGBON
OLUKUNLE
KUMAPAYI
LAGOS CONTONMENT
AWOTAN APLETE
ASKAR PAINT
NISER DUMPSITE
YARTAGIMBI-
WASSANIY A
TIMAJIRI
DAL
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EKSU OILPALM PLANTATION
EKSU TEAK PLANTATION
EKSU WETLAND A
ERSU WETLAND B
EKSL WETLAND €
EKSU CASSAVA PLANTATION
EKSUMAIZE PLANTATION
ERSUVEGETABLL
PLANTATION

IBADAN
OWENA
OVIA {CASSAVA PLANTATION)
OVIA (OIL PALM PLANTATION)
OVIA (BANANA PLANTATION)
OWLRRI
MKPUKE {(HIGHWAY)
ERPUKE (INDUSTRIAL AREA)
ASOKWA CONTROL

6.6

6.

6.9

19.3
18.8
3.32
2.98
2.26
3.92
70
94
77

-
/

100
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SAMARU (AGRIC RESEARCIH) 0-15 5.1 8.9

IKORODU 0-13 6.1 1.4

QJO 0-13 5.3 6.7

AGERIGE 0-15 4.5 3.5

BENIN (-15 5.99 4.18

ASABA CAMPUS 0-15 6.31 2.34

EMMANULL ALAYANDE
COLLEGE OYO 0-15 0.3 16.935
UNIVERSITY OF CALABAR (-15 4.1 4.37
ERSUTEACHING AND

RESEACH FFARM (-15 5.6 2007

Appendix 2: relationship between CEC and pHeyue,

LOCATION! SITE SOIL, DEPTH pHLIN CACL: 0.00m  CEC Cmol ke
KAKURI 0-13 4 12
KAKALU 0-15 4.8 :;‘Sf
TRIKANIYA 0-13 5.9 68
ROMI 0-13 52 15.4
GYALLESU D-15 6.8 14.9
KAMACA n-1s 7 ';__f
KABBUNI BRIDGF 0-15 6.7 (7
CONTROL 0-15 5.6 gl
BASHAMA ROAD 0-15 6.9 1.3
UNGUWAR MUAZU 0-15 6.3 ';fg
SHETIMA ROAD 0-13 6.9 63
CONTROL 0-15 59 10.1
ZARIA 0-15 4.4 %
MOK WA 0-13 3 4 eyl
JOS 0-15 3.6 [1.3
ABU FACULTY OF AGRIC 0-15 5.3 148
UNGUWA MUAZU 0-13 2. %2
BASHAMA 0-15 125 'ﬁ?"‘;
SHETTIMA 0-15 1.8 57
BOMPAI 0-13 1.5 233




SHARADA 0-15 0.2 3.24

CHALLAWA 0-15 7.8 })fg
SAMARU 0-10 ; ‘2'5’7
SAMARU 0-15 5.6 238
JERF KADUNA 0-15 4 200
JERE KADUNA 0-13 1.6 90
JERE KADUNA 0-14 4 |8|40
JERE KADUNA 0-8 5.6 1
AGO ATSAVIYA (HFV) 0-15 6.3 2.9
AGO ATSAVIYA (HFF) 0-15 1.5 34
OSARA OKENE (SGV) 0-15 3.3 fU'j‘I
OSAVA (SGT) 0-15 1.0 L8
KAGORO (NGV) 013 i 2.2
KACHIA KAGORO {NGF) 0-135 : ) 2
SAMARU 1993 0-15 S92 o
SAMARU 1994 0-15 6.53 I
SAMARLU 1993 0-1% .03 1.3
AGRIC RESEARCH ZARIA 0-15 3T HLS
AGRIC RESEARCH FARM ZARIA  0-16 4.7 %’I
(LLELA 0-13 19
SOKOTO 0-15 1.0
SANGIW A 0-15 5.2
JERE BOWL PEDON | 0-11 6.1
JERE BOWL PEDON 2 0-13 0.25
JERE BOWL PEDON 3 0-10 5.9
JERE BOWL PEDON 3 0-10 302
JERE BOWL PEDON 6 0-15 50
SAMARU RESEARCH FARM 0-15 4
SAMAR!! 0-1% 44
0-15 5.5 9
0-15 i .5
0-15 8.6 18.8
SAMARU (AGRIC RESEARCH) 0-13 Pss 8.9

Appendix 3: relationship between CEC and CLAY

LOCATION: SITL SOIL DERITH CLAY ghp CEC Umolkg
KAKURI 0-15 R 123
KAKAU 0-15 147 268
IRIKANIYA 0-13 14.7 [ (4
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ROMI

GYALLESU
KAMACA
KABBUNI BRIDGE
CONTROL
BASHAMA ROAD
UNGUWAR MUAZU
SHETIMA ROAD
CONTROL

KAR! |

KARIZ
K.WAMBAL |

K. WAMBAL 2
ALKARI

KOLORI

FCE GOMBE |

FCE GOMBE 2
MAZA

DAKUL |

DARKUL 2
ASHAKA |
ASHAKA 2
OBOKUN

OI'FA

IDOFIAN

ZARIA

MOKWA

MINNA

MOKWA
IHIAGWE {(OWERRI)
EGWE (OGUTA)
AMALURO (OKIGWE)
MBATO (OKIGWE)
KANO

BOBO

SIKASSQ
SAMARLU SOIL |
SAMARU SOIL 2
SAMARU SOIL 3
SAMARU SOILL 4

ABU FACULTY OF AGRIC

16.7
256
304
180
120

280
=0
204
84
90
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ﬁ %

UNGUWA MUAZU
BASHAMA
SHETTIMA
BOMPALI
SHARADA
CHALLAWA
AMAVO
OSSIOMA

AMASA

UMOBASI

BADEGGI NATIONAL CEREAL

INSTHUTE

BADEGG]

FAKO

FAKO

TSAKWANYA

TSAKWANYA

LAKA

AGO ATSAVIYA (LHIFV)

AGO ATSAVIYA (HFF)
OSARA OKENE (SUV)
OSAVA (SGL)

KAGORG (NGV)

KACHIA KAGORO (NGF)
FAMARINDLES ZAMEARA (NZ)
ADANSONIA ZAMEFARA (NZ)
PILOSTIONE ZAMEARA (NZ)
COMBRETUM ZAMEFARA (NZ)
CASSIA ZAMFARA (NZ)
BRACHIARIA ZAMEFARA (NZ)
INTERPHASE ZAMFARA (NZ7))
TAMARINDUS (CZ)
ADANSONIA (C7)
PILOGTIGNA (CZ)
COMBRETUM (CZ2)
CASSIA(CZ)

BRACHIARIA ZAMEARA (CZ)
INTERPHASE ZAMEARA (CZ)
TAMARINDUS (57)
ADANSONIA (S7)
PILOGTIGNA (S2)

0-13
U-15
0-15
0-15
0-15
0-15
0-13
0-15
0-1
U-13
i-15

n

i 64

109
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COMBRETUM (87) 0-15 80 73
CASSIA (87) 0-13 90 To
BRACHIARIA ZAMFARA (S7) 0-13 70 6.1
INTERSPACE ZAMFARA (SZ) 0-13 30 3.4
FARU 0-7 60 30
e KWASHIBAWA 0-10 70 56
% \ RUKU DAWA 0-15 100 6.8
E SAMARL 1993 0-15 16 3
- SAMARU 1994 (15 20 29
SAMARU 1995 0-15 8 34
AGRIC RESEARCH ZARIA 0-13 150 15
AGRIC RESEARCH FARM ZARIA 0-16 160 0
ILLELA 0-15 30 1.8
SOKOTO 0-13 90 20
SANGIWA 0-13 30 E
JERE BOWL. PLDON | 0-11 663 3433
JERE BOWL PEDON 2 13 530 29
JERE BOWL PEDON 3 0-10 240 3
JERE BOWL PEDON 5 0-10 215 TN
JERE BOWL PEDON 6 0-15 181 10.3
AFAKA FOREST RESERVE 013 74 8.0
AFAKA FOREST RESERVE 0-12 230 wy
AFAKA FOREST RESERVE 0-8 130 43
SAMARU RESEARCH FARM 0-15 203 6.1
KOKI 0-15 150 85
ZUNGERLU 0-15 130 TE
KWANKWACI 0-15 110 10
GADA 0-15 (10 9
KASTINA ROAD 0-15 170 7.4
SITE | 0-15 3 1.3
SHE 2 0-13 188 0.2
FISAFE (015 Yt 514
)} 0-13 2435 548
0-15 173.5 3.99
"~ EALUADO 0-15 100, 2.79
DABAGI (2008) 0-15 25 5.64
DABAGI (2009) 0-15 25 561
KANO 0-15 114 6.5
/ANMEFARA 0-15 108 ET
SOKOTO 0-15 35 9
KEBRI 0-15 207 8.3
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AMBROSE (ALLI UNIVERSITY) 0-15 49 5.06
SAMARU 0-13 190 39.1

Appendix 4: relationship between CEC and OM

LOCATION: sITi. SOIL DEPTH OM g ky™ CLEC Cmoliky
KAKLIRI 0-13 36 123
KAKAL 0-15 55 268

FRIKANIY A G-15 .2 104
ROMI 0-18 1.5 68
GYALLESU 0-13 4.3 15.4
KAMACA 0-15 14.4 [4.9
KABBUNI BRIDGE 0-15 1.6 1.8
CONTROL 0-15 [4 7.4
BASHAMA ROAD 0-15 123 11.7
UNGUWAR MUAZL 0-13 | 2id g 20+
SHETIMA ROAD 0-15 I8 1.3
CONTROL 0-15 124 1.8
KARI | 0-15 Ko 87
KARI2 0-15 34 84
K.WAMBAL ! 0-15 ¥ 98
K.WAMBAI 2 0-15 3.8 g8
ALKARI 0-13 B 21
KOLORI 0-13 3.4 16
FCE GOMBE | 0-i5 2 18
FCE GOMBE 2 0-15 38 19
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MAZA
DAKUL 1
DAKUL 2
ASHAKA |
ASHAKA 2
OBOKUN

OFFA
IDOFIAN

ZARIA
MOK WA

108

MINNA
MOKWA

APOML

HIAGWE (OWERRD
EGWE (OGUTA)
AMAURO (OKIGWE)
MBATO (OKIGWT)

KANO

BOBO
SIKASSO

SAMARL SOIL
SAMARU SOIL 2
SAMARL SOl 3
SAMARU SOIL 4
ABU FACULTY OF AGRIC
UNGUWA MUAZU
BASHAMA
SHETTIMA
BOMPAI
SHARADA
CHALLAWA
AMAVO
OSSI0MA

AMASA

UMOBASI

BADEGGE NATIONAL
CEREAL INSTITUTL

BADEGGI
SAMARLU
SAMARLU

U-15
0-10
Qct-20

[§9)

76
43
93
316
208

4y =
oo s

LA
a2

4
L)




FAKO 0-10 2k 24

FAKO 0-15 3.8 T

TSAKWANYA 0-15 3% 6.8

; TSAKWANY A 0-17 5.4 o

- LAKA 0-18 1.8 11.6
= JERE KADUNA 0-15 9.2 2.35
. JERE KADUNA 0-13 [1.6 3.24
4 JERE KADUNA 0-14 10 .66
3 JERE KADUNA 0-8 17.6 779
; AGO ATSAVIYA (HFV) 0-15 288 X
AGO ATSAVIVA (HFF) 0-15 105 38

OSARA OKENE (SGV) 0-15 o8 200

OSAVA (SGE) 0-15 19.2 o

KAGORO (NGV) 0-15 15.7 84

KACHIA KAGORO (NGF) 0-15 ¥ o

TAMARINDES ZAMFARA (NZ) 0-15 5 76

ADANSONIA ZAMFARA (NZ) 0-15 ol 54

PILOSTIGNE ZAMIARA (N7) 0-15 8.9 6.5

COMBRETUM ZAMFARA (N7} 0-15 b 38

CASSIA ZAMFARA (N7) 015 S8

BRACHIARIA ZAMFARA (NZ) 015 5.4 5.7

INTERPHASE ZAMFARA (NZ) 0-15 5.7 5.8
TAMARINDUS (CZ) 0-15 10.7 64

ADANSONIA (C7) 0-15 77 15

PILOGTIGNA (CZ) 0-15 9.5 6.4

COMBRETUM (C7) 0-15 6.7 S6

CASSIA (CZ) 0-15 5.4 3

BRACHIARIA ZAMEARA (C7) 0-15 5.9 36

INTERPHASE ZAMEARA (C7) 0-15 e 6.6

TAMARINDUS ($7) 0-15 171 73

ADANSONIA (87) 0-15 81 73

i PILOGTIGNA (SZ) 0-15 14 77

COMBRETUM (8Z) 0-15 ; 73

e CASSIA (82) 0-15 = 73

® BRACHIARIA ZAMFARA (S7) 0-15 63 o
INTERSPACE ZAMEARA (SZ) 0-15 4.4 G

FARU 0-7 8 52

KWASHIBAWA 0-10 0 <6

RUKU DAWA 0-15 8 6.8

SAMARU 1993 0-15 0.46 i

SAMARU 1994 0-15 0.69 29
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SAMARLU 1995 -15 0.56 34

AGRIC RESEARCH ZARIA 0-15 92 23
AGRIC RESEARCH FARM 0-t6 54 10.1
LARIA
ILLELA 0-15 0.9 i.8
SOKOTO 0-15 i 2.2
SANGIWA 0-15 [ I3
JERE BOWL PEDON | G-11 6.6 24.34
JERE BOWL. PEDON 2 0-13 11.9 29
JERL BOWL PEDON 3 U-10 1401 I3
JERE BOWL. PEDON 3 0-10 8.6 11.3
JERE BOWL PEDON 6 0-15 9.5 103
AFAKA FOREST RESERVE 0-13 8.4 82
AFAKA FOREST RESERVE 0-12 6.2 7.7
AFAKA FOREST RI:SERVE -8 4 4.8
SAMARU RESEARCH FARM 0-15 3.9 0.]
KOKI1 0-15 I 8.8
ZUNGERU 13 101 1S
KWANKWACI 0-15 i 10
GADA 0-15 | 9
KASTINA RO:AD 0-13 B 7.4
SITE 1 0-15 12.2 +4.95
SITE 2 0-15 8.8 0.
TISAFE 0-15 303 5.4
0-15 140,406 548
U-13 0.33 5.99
EMUADO 0-15 .2 2.79
DABAGI {2008) (-15 led2 5.64
DABAGI (2009) 0-15 i.3 5.61
KANO 0-15 -8 6.3
ZAMFARA 0-15 g 5.8
SOKOTO 0-15 88 9
KEBBi (-5 N2 8.3
AMBROSE (ALLI 0-15 3 .06
UNIVERSITY)
SAMARL 0-13 8 RN
BODIJA MARKIT 0-15 2003 25.1
ILE OGBON 0-15 4.05 13
OLUKUNLE 0-15 I8 1.3
KUMAPAY] 0-15 S.81 S0
LAGOS CONTONMENT 0-13 0.7 1
AWOTAN APETE 0-15 22 6:4.6
ASKAR PAINT 0-15 40.1 284
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NISER DUMPSITE
YARTAGIMBE

| WASSANIYA

: TIMAJIRI

DAIJI

ATV R AL I 77
-

EKSU OILPALM
PLANTATION
EKSU TEAK PLANTATION
. EKSU WETLAND A
¢ EKSU WETLAND B
- EKSU WETLAND C
EKSU CASSAVA
PLANTATION
EKSU MAIZE PLANTATION
ERSU VEGETABLE
PLANTATION

(-15
0-15
0-15
0-15
0-15
0-13
0-15
0-15
0-15
0-15
0-15
0-15
(13
-13
0-15
O-15
0-15
0-13
0-15
0-15
0-15
0-15
0-13
0-15
0-15
G-15
0-123
0-15
0-13
0-15
0-15
0-15

0-15
0-13
0-15
0-15
0-15

0-15
0-15

0-13
(-13
0-15

4.9

7.9
8.9
8.8

56

[2.56
[-4.30
12,34
14.36
12.56
12.56
12.32
14.26
142
9

19.3
18.8

T oy

i
298
2.26
3.92

70

3.33
3.02
2.5




IBADAN
OWENA
OVIA (CASSAVA
PLANTATION)
OVIA (OIL PALM
PLANTATION)
OViA (BANANA
PLANTATION)
OWERRI
EZELU
VIKPUKE (HIGHWAY)
EKPUKE (INDUSTRIAL
AREA)
ASOKWA CONTROL
SAMARU (AGRIC
RESEARCH)
IKORODU
010
AGERIGE
BENIN
ASABA CAMPUS
EMMANUEL ALAYANDE
COLLEGE OYO
UNIVERSITY OF CALABAR
EKSU TEACHING AND
RESEACH FARM

0-13
0-15
0-15
0-15
0-13
0-15
0-13
0-15

0-15
G-15
0-15
0-15

0-13
0-15

3-15
0-13
0-13
0-15
0-15
0-15

0-15
-5

8.2
8.3
8.1
8.6

2.2
0.57
0.75

0.76

16.7
9.1
1.8

11.6
.95

(¥l

3.2
3.24
3.34
3.69
3.46
14.37
4.14
4.29

4.39

4.75

.18
254

1695




