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A COMPARISON OF PROPERTIES OF RED OXISOLS UNDER 

TROPICAL SAVANNA AND TROPICAL MONSOONAL 

CLIMATES IN THAILAND 

INTRODUCTION 

Oxisols and soils with oxic characteristics are widespread in the Tropics.  

They cover large areas in many developing countries, and many of the actual and 

potential agricultural soils belong to this order.  Oxisols are highly weathered soils of 

the Tropics (Beinroth et al., 2000).  These soils generally occupy old geomorphic 

surfaces.  They also occur in younger materials that weather rapidly, such as mafic 

rocks.  Oxisols are found under almost any kind of tropical vegetation.  Their 

moisture regimes include all types but very seldom include the xeric regime (van 

Wambeke, 1992).  The definition of Oxisols (Soil Survey Staff, 1999) details several 

specifications on soil physical and chemical properties.  These include restrictions on 

particle size class with sandy loam or finer texture in the oxic horizon or having 40 

percent clay or more with loamy very fine sand or finer texture in the kandic horizon.  

The soil needs to have a majority of 1: 1 clays and sesquioxides with no more than 

traces of primary minerals.  Rock structure in Oxisols must be less than 5 percent of 

their volume.  Cation exchange capacity (CEC) of Oxisols is 16 cmolc or less per kg 

clay (by 1N NH4OAc pH 7) and an apparent effective cation exchange capacity 

(ECEC: sum of bases extracted with 1N NH4OAc pH 7 plus 1N KCl-extractable Al) 

is 12 cmolc or less per kg clay.  Red Oxisols are Oxisols that have colours, hue of 

5YR or redder (Araki and Kyuma, 1986; Buol and Sanchez, 1986; Tavernier and Sys, 

1986).  These properties combined with the generally low organic matter content give 

rise to soil of low activity, high aggregate stability, rapid infiltration and internal 

drainage, and low erodibility (El-Swaify, 1980; van Wambeke, 1992; Bartoli et al., 

1992; Neufeldt, 1999).  Red Oxisols are perhaps the only group of soils that are truly 

confined to Tropics.  There are two reasons for this: (1) high temperatures and rainfall 

are necessary to induce the intense weathering, and (2) soil at high latitudes or in 

temperate areas have been considerably reworked during the Quaternary through 

glacial action.  The optimal conditions for an Oxisol to form are perhaps in areas with 
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udic to perudic soil moisture regimes and isohyperthermic soil temperature regimes.  

The largest contiguous areas of Oxisols however, are in areas with an ustic soil 

moisture regime, primarily because these areas are also old geomorphic surfaces 

(Eswaran et al., 1986).  In Thailand, the eastern part of southeast coast and most parts 

of the peninsular region are governed by the tropical monsoon.  The northern 

mountainous region is characterised by a humid subtropical climate and most of the 

continental area of the country is characterised by a tropical savanna climate (Köppen, 

1931).  Red Oxisols in Thailand are classified into Ustox and Udox.  Mostly they 

have clayey textural class and have red or brownish red colour.  They occupy areas in 

different climates where North and West Continental Highlands, Northeast Plateau 

and Central Highlands are mainly in tropical savanna and Peninsular Thailand and 

Southeast Coast are in tropical monsoonal climate.  Their parent materials are basalt, 

calcareous shale and limestone (Chonglakmani et al., 1983).  Their properties are 

similar by the concept of this soil order.  However, only very few studies had 

accounted on specific properties of red Oxisols under ustic and udic soil moisture 

regimes and intrinsic properties of these soils.  In tropical uplands these properties are 

indicative of pedogenesis and influence agricultural use and development. 

Hypothesis 

Differences in pedoclimate have induced difference in the morphological, 

mineralogical, physical and chemical properties of red Oxisols. 

Objectives 

This study was carried out on red Oxisols in udic and ustic soil moisture 

regimes of Thailand: 

1. To determine the differences in intrinsic properties of red Oxisols under 

ustic and udic soil moisture regimes on different parent materials and to relate this 

information to pedogenesis and agricultural use. 

2. To determine the moisture characteristics and related pore size distribution 

of red Oxisols as these properties are important in determining crop production 

potential in the Tropics.   
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LITERATURE REVIEW 

1. Definition 

According to Soil Taxonomy (Soil Survey Staff, 1999), Oxisols may be 

defined as those soils that fail to meet the criteria definitive for Gelisols, Histosols, 

Spodosols, and Andisols but have either 1) an oxic horizon within 150 cm of the 

mineral soil surface and no kandic horizon within this depth, or 2) 40 percent or more 

clay in the surface horizon and a kandic horizon within 100 cm of the mineral soil 

surface that meets the weatherable mineral properties of the oxic horizon.   

Red Oxisols are Oxisols that have colours, hue of 5YR or redder (Araki and 

Kyuma, 1986; Buol and Sanchez, 1986; Tavernier and Sys, 1986).  They are Typic 

and Rhodic subgroups of Oxisols in Soil Taxonomy (Soil Survey Staff, 1999) and 

Rhodic Ferrasols in the World Reference Base for Soil Resources (FAO, 2001). 

Oxic and kandic horizons are mineral subsurface horizons of Oxisols that have 

an apparent CEC is 16 cmolc or less per kg clay (by 1N NH4OAc pH 7) and an 

apparent ECEC is 12 cmolc or less per kg clay.  Oxic horizon is at least 30 centimeters 

thick and has a texture of sandy loam or finer.  It has a high content of low charge 1:1 

clays.  The clay content increase at the upper boundary is more gradual than that 

required by the kandic horizon.  The Oxic horizon contains less than 10 percent of 

weatherable minerals in the sand and less than 5 percent by volume of rock structure.  

The kandic horizon is composed of low activity clays.  It has a texture of loamy very 

fine sand or finer.  The kandic horizon has a clay content increase at its upper 

boundary of more than 1.2 times clay with in a vertical distance of less than 15 

centimeters, that is, abrupt or clear texture boundary.  Clay skins may or may not be 

present.  Weatherable mineral content is not specified in the definition of the kandic 

horizon.  For Oxisols, the kandic horizon has to have the weatherable mineral 

properties of an oxic horizon (Buol et al., 2003; Soil Survey Staff, 1999). 
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2. Environmental Setting of Red Oxisols 

Red Oxisols are perhaps the only group of soils that are truly confined to the 

Tropics.  There are two reasons for this.  Firstly, high temperatures and rainfall are 

necessary to induce intense weathering, and secondly soil at high latitudes or in 

temperate areas have been considerably reworked during the Quaternary through 

glacial action (Eswaran et al., 1986).  Red Oxisols undergo a series of processes in 

which Fe and Al are concentrated and Si is lost in the profile as a result of primary 

and secondary mineral weathering.  This process contains three phases including 

fersiallitization, Ferrallitsation and ferrugination (FAO, 2001).  These three phases are 

characterised by an increasing degree of weathering of primary minerals, an 

increasing loss of Si and an increased dominance of secondary clays from incongruent 

dissolution.  Ferrallitsation is prominent in Oxisols (Bockheim and Gennadiyev, 

2000).  The optimal conditions for an Oxisol to form are perhaps in areas with udic to 

perudic soil moisture regimes and under isohyperthermic soil temperature regime 

(Eswaran et al., 1986).  The largest contiguous areas of Oxisols are under an ustic soil 

moisture regime, primarily because these areas are frequently old geomorphic 

surfaces (Eswaran et al., 1986; Buol et al., 2003).  Oxisols, by definition, are referred 

to as “highly weathered” in most pedologic contexts.  To explain the occurrence of 

Oxisols in terms of weathering it is necessary to conceive weathering in a broader 

special context than that of the present soil.  Most of red Oxisols on undulating old 

surface are well drained and the depth to saprolite or rock is generally more than two 

meters and is some cases more than 10 meters.  In these deep and red Oxisols, the soil 

fabric is so uniform with depth that little or no change can be observed in clay 

content, colour, mineralogy or micromorphology to depths of 10 meters or more.  

Most of these soils have an isohyperthermic soil temperature regime and udic or ustic 

soil moisture regime.  The dominant process is a slow but continuous weathering.  

Some red Oxisols are formed on stable surface over ultra basic rock and formed in 

areas relatively free of calcareous dusts (Buol and Sanchez, 1986; Eswaran et al., 

1986; Anjos et al., 1998; Soil Survey Staff, 1999; Beinroth et al., 2000; FAO, 2001). 
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3. Global Extent and Geographic Distribution  

Oxisols of the world comprise about 98,000 km2, approximately equivalent to 

7.5 percent of the global and 25 percent of the tropical land area.  Most of them are 

red.  Over 95 percent of the red Oxisols occur in the Tropics where Udox occupy 13.2 

percent and Ustox 7.9 percent of the land area.  South America has the largest extent 

of Oxisols that is about 57 percent of the world’s Oxisols.  Most of Oxisols of South 

America occur in Brazil.  In Africa, Zaire probably has the largest areas of Oxisols.  

In Southeast Asia, Oxisols only occur in small isolated areas with the largest 

presumed to be in Borneo (Kalimantan), Indonesia.  In Oceania, there are small areas 

of Oxisols in Australia and on the islands of the Pacific and Caribbean Basins 

(Beinroth et al., 2000).  

4. Field Morphology of Oxisols 

Soil colour has always been a very visible soil property and played a leading 

role in the nomenclature used to describe and classify soil.  Red colours are 

commonly assumed to be the result of tropical weathering (Buol and Sanchez, 1986).  

During the formulation of Soil Taxonomy, soil colour criteria gave way to criteria 

such as base saturation, clay content distribution in the profile, micromorphological 

features, soil moisture regimes and soil temperature regimes (Soil Survey Staff, 

1975).  The colour of Oxisols is a prominent feature.  Most Oxisols are red with hue 

of 5YR to 10R.  This colour indicates the presence of free iron oxides 

(Paramananthan and Eswaran, 1980; Kämpf, et al., 2000).  The degree of the redness 

has been shown to be related to the proportion of the iron that is present as hematite 

and goethite.  There is little or no hematite in soil material with 7.5YR or 10YR hue 

(Macedo and Bryant, 1989).  Hue colour of 5R indicates a dominance of hematite 

(Bigham et al., 1978b).  Oxisols developed over more basic rocks rich in 

ferromagnesian minerals, are generally redder and become redder with depth.  Some 

soils, particularly those developed over limestone, serpentinite and basalt have a 

value/chroma of 3/3 to 4/4 probably due to the presence of large amounts of 

manganese (Paramananthan and Eswaran, 1980).  Red Oxisols in Thailand have 

colours ranging from dark reddish brown to dark red and these colours are generally a 
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function of Fe content of the original material or rock  (Kheoruenromne, 1990; 

Suebsai, 1997; Pornsornchai, 1999, 2000).  There are generally few problems in 

recognizing red Oxisols profiles.  Firstly, the profile does not show a marked textural 

change with depth, there is a very gradual increase of clay content.  Secondly, by 

definition, their textures should be finer than loamy sand.  Most red Oxisols have been 

developed over highly weatherable rocks, such as  limestone, basalt and serpentinites, 

and high clay contents are common (Paramananthan and Eswaran, 1980).  The grade 

of structure of red Oxisols is generally weak to very weak with friable consistence 

(Paramananthan and Eswaran, 1980; Imhoff et al., 2002).  The consistence of red 

Oxisols is highly friable with the crystalline Fe forms (Imhoff et al., 2002).  Although 

the macro-peds have a weak structure, their structures of micro-peds are strong.  The 

grade of structure and the consistence appear to be related to the degree of weathering 

and the free iron content of the soil.  The strong microstructure is often the result of 

clay aggregation to form sand and silt sized particles (Paramananthan and Eswaran, 

1980; van Wambeke, 1992; Beinroth et al., 2000). 

Oxisols profiles are distinctive because of a lack of obvious horizons.  Their 

surface horizons are normally somewhat darker than the subsoil, but the transition of 

subsoil feature is gradual (Soil Survey Staff, 1999).  In red Oxisols dominated by 

kaolinite with a udic or perudic soil moisture regime clay skins are very poorly 

defined, and therefore, difficult to identify in the field (Paramananthan and Eswaran, 

1980; Buol et al., 2003; Beinroth et al., 2000).   

5. Micromorphology of Oxisols 

Most Oxisols have a homogenous fabric without many specific entities (Buol 

and Eswaran, 1978).  In some oxic horizons, a thin lining of ferriargillans (yellow 

coatings on the void walls) may be present.  Ultrathin sections under TEM suggest 

that the combination of random orientation of clay particles, organic matter, and 

aggregates of Fe-bearing minerals account for the isotropic nature of the aggregates 

under a petrographic microscope (Santos et al., 1989).  The presence of the clay skins 

is an evidence of the transitional nature of the soil and that clay illuviation and 
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accumulation are also important processes.  The transitional nature is sometimes 

indicated by the kandi prefix in the soil name (Beinroth et al., 2000).  

Red Oxisols derived from basalts, limestone and serpentines characteristic of 

highly pectic matrix (Sheng-geng, 1986), characterised by the very dense and smooth 

features and dark red colour due to a high content of clay particles and sesquioxides in 

soil material, and often forming agglutinic aggregates (Eswaran, 1978) with the 

exception of some soil horizon, richer in ferruginized minerals.  These are specific 

matrixes formed under Ferrallitsation and are mostly reddish in colour as a result of 

rubification (Sheng-geng, 1986). 

Micromorphological feature of the oxic horizon of red Oxisols 

Microstructure 

In the field, oxic horizons are characterised generally by a fluffy consistency 

and a massive or weakly developed coarse, blocky structure, which is easily crushed 

between the fingers to very fine granules.  The latter give rise to the characteristic 

microped structure (Buol and Eswaran, 1978).  This microsturcture is better 

developed in the more weathered materials and better expressed in the ustic soil 

moisture regime than in the udic soil moisture regime (Stoops and Buol, 1985).  The 

microped of red Oxisols are the result of a change in fabric of the fine material by a 

process called microstructuration.  The original material is supposed to be dense, 

homogeneous, red and with a speckled b-fabric (Muller, 1977).  Well-developed 

microgranular structure often found in subhorizons of red Oxisols (Muggler and 

Buurman, 2000; Schaefer et al., 2002).  This is a result of precipitation and 

flocculation of sesquioxides (Fitzpatrick, 1993).  The microped structure is probably 

responsible for the fact that most Oxisols behave as sandy rather than clayey 

materials.  The microped corresponds to the so-called pseudosands and pseudosilts. 

This can be demonstrated through micromorphological studies of their sand fractions, 

separated after different disaggregation treatments (Pedro et al., 1976; Guedez and 

Langohr, 1978). 

Specific related distribution pattern (SRDP).  Agglutinic SRDP is one where 

the plasma is aggregated together into sand or silt sized aggregates incorporating any 
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silt or sand grains.  Agglutinic SRDPs have been observed in clayey Oxisols.  Certain 

Oxisols, the Acrorthox, have in the field a very weak subangular blocky structure, 

which parts into fine crumb.  These crumbs are water stable aggregates and are 

alumino-silicate clays cemented by sesquioxides.  The related distribution of such soil 

materials is agglutinic.  The aggregates, with practically no silts or sands, sometimes 

have a rim of oriented clay, subcutanic to the aggregate.  The degree of expression of 

this SRDP is a function of the nature of the plasma, amount of sesquioxides and the 

dessication of the soil.  In an Acrorthox, agglutinic SRDP is present in the upper part 

of the profile; in the middle part, the aggregates are present but are coalesed while in 

the lower part the related distribution patterns is plasmic (Eswaran and Baños, 1986). 

Void.  Red Oxisols commonly exhibit vermiform voids.  The void wall is 

asymmetrically convex-concave in shape, becoming slender at one end or both, 

branched or non-branched, and changes into vughs (Sheng-geng, 1986).  The 

vermiform voids in the subsoil of red Oxisols formed mainly as a result of the 

contraction and coagulation of soil matrix under the alternation of wetting and drying 

(Bui et al., 1989). 

Groundmass 

The groundmass of the oxic horizon is generally characterised by a 

homogeneous distribution of the different coarse and fine constituents.  The numerous 

minute opaque reddish and brownish particles can still be included in the fine mass 

(Stoops and Buol, 1985). 

Coarse material.  By definition, the coarse fraction of the oxic horizon 

contains practically no weatherable minerals (Soil Survey Staff, 1999).  In general, it 

consists mainly of sand-sized grains of quartz, with appreciable amounts of zircon, 

tourmaline, rutile, some ferruginized minerals or rock fragments and some opaque 

grains.  According to the type of parent material, also other resistant minerals may 

accumulate such as kyanite and sillimanite.  Fissuration and corrosion of quartz grains 

is frequently observed in thin sections.  Subsequent penetration of Fe oxyhydrates or 

gibbsite in the newly formed pores gives rise to the so-called runiquartz (Eswaran et 

al., 1975; Sheng-geng, 1986).  When protected by an envelope of Fe oxyhydrates or 
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gibbsite, weatherable minerals may sometimes be present.  Stable pseudomorphs of 

weatherable minerals are in some cases observed, e.g., goethite pseudomorphs after 

garnet (Stoops and Buol, 1985) in this horizon. 

In thin sections, the silt fraction is relatively unimportant.  It contains mainly 

quartz, and in some cases gibbsite grains.  In the least weathered Oxisols a few 

muscovite flakes may be present.  In mechanical analyses, considerably more silt-

sized particles may be found, as a result of the fragmentation of sand grains (Stoops 

and Buol, 1985). 

Fine material.  The most typical characteristic of the fine material in Oxisols 

is its homogeneous aspect.  When reddish, a marked cloudiness can be observed in the 

more evolved types.  Very finely dispersed crystallites of gibbsite, goethite, or 

hematite may be present.  The colour seems to be related to the amount, type, and 

degree of crystallization of the different Fe oxyhydrates, which in turn is a function of 

the parent material, its degree of alteration, and the internal drainage (Bennema et al., 

1970; Sheng-geng, 1986; Schaefer et al., 2002).   

Red Oxisols derived from basic and ultrabasic rock are characterised by the 

very dense and smooth features and dark red colour due to a high content of clay 

paricles and sesquioxides in soil material.  With advancing soil forming process the 

aggregates in a size range of 0.01-0.02 mm will often occur in the matrix and will 

further transform into various sizes and shapes (Sheng-geng, 1986).  The preservation 

of the microaggregates is favoured by the presence of both gibbsite (Ferreira et al., 

1999; Schaefer, 2001) and Fe oxides (Dick and Schwertmann, 1996).  Soil matrix 

with dark reddish colour, is formed under the influence of strong rubification, 

showing red hue (7.5R-10R) and it is dark red and red in colour under plane 

transmitted light, with a low value of 3-4 (Sheng-geng, 1986).  These occur mainly in 

red Oxisols derived from basalts and serpentines, bearing a relation to the high degree 

of Ferrallitsation and the presence of large amounts of hematite (Sheng-geng, 1986; 

Dick and Schwertmann, 1996). 

C/f-related distribution.  According to the definition of the oxic horizon, 

more than 15 percent of clay is required.  As a result, the related distribution of coarse 
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and fine material is practically always of the porphyric type.  Depending upon the 

volume ratio between coarse and fine particles, it may vary between closed to open-

spaced porphyric (Stoops and Buol, 1985). 

Pedofeatures 

The in situ formation of pedofeatures in an oxic horizon is hindered by the 

physico-chemical stability and immobility of the material and homogenisation by 

pedoturbation processes (Eswaran, 1978; Stoops and Buol, 1985).  Therefore, only a 

limited variety of orthic pedofeatures is observed in this material. 

Channel infillings.  Channels infilled with microaggregates are common and 

may be related to the microped structure.  Densely continuous channel infillings with 

a crescent-like internal fabric are also sometimes noticed (Stoops and Buol, 1985). 

Similar fabrics were found in the casing of some termite mounds, and their occurrence 

in Oxisols may be related to termite activity (Schaefer, 2001). 

Sesquioxidic features.  For oxic horizons in ustic and torric soil moisture 

regimes, practically no newly formed ferruginous pedofeatures are observed.  Their 

presence generally indicates temporary waterlogging or deficient drainage (Stoops 

and Buol, 1985). 

Micromorphological identification of oxic soil materials 

The following features can be considered as the micromorphological 

characteristics of an oxic soil material (Buol and Eswaran, 1978; Stoops, 1983). 

1. Features related immediately to the definition of the oxic horizon required:  

a. weatherable minerals should be practically absent from the sand and 

silt fraction, unless protected by coatings of sesquioxides; 

b. the amount of silt-sized primary minerals visible in thin section should 

be very low, but silt-sized sesquioxidic particles may be abundant; 

c. illuviated clay, recognisable as coatings, infillings, or fragments of 

them should be practically absent. 

2. Other features observed in most oxic materials:  
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a. presence of a microped structure in well-drained oxic horizons; 

b. a very weakly developed b-fabric: undifferentiated or speckled, or 

weakly circular striated; occasionally also crescent-striated;  

c. a porphyric c/f-related distribution and very homogeneous basic 

distribution of all constituents; 

d. eventual presence of newly formed or inherited sesquioxidic features, 

mainly laterite fragments. 

It is clear, however, that only oxic soil material can be identified by 

micromorphological techniques, and not an oxic horizon, because certain field criteria 

should be taken into account.  Laterite fragments and related features are frequently 

present (e.g., runiquartz) and point to a transported or polycyclic parent material in 

Oxisols (Stoops and Buol, 1985). 

6. Physical Properties of Oxisols 

Particle size distribution 

The particle size distribution of red Oxisols is closely related to their parent 

material and the extent of their weathering.  For the particle size distribution of red 

Oxisols derived from highly weathered basalt, clay particles are dominant, amounting 

to 50-70 percent; sand is usually less than 10 percent and silt is 20-40 percent.  This 

soil, due to its higher content of kaolinitic clay and sesquioxide, is liable to form 

microaggregates with strong stability.  The amount of coarse microaggregates with a 

diameter of 0.01-1 mm sometime makes up 90 percent of the total content.  Their 

presence has great effect on certain physical behaviours of soil.  Particle size 

distributions are difficult to determine because of strong cohesion of aggregates and 

the tendency of suspended particles to reform into large, rapidly settling, flocs in the 

absence of appropriate stabilizing agents (Xian-liang, 1986; Neufeldt, 1999; Soil 

Survey Staff, 1999; Beinroth et al., 2000). 



 12

Water retention characteristics 

The red Oxisols with clayey texture show a unique water retention behaviour.  

Although they are fine textured, they release water rapidly at high matric potentials, 

as do coarser-textured soils, because of the presence of micro-aggregates known as 

“micropeds” (Muller, 1983; Xian-liang, 1986).  The generally fine textural 

composition, open macro-structural make-up and stable aggregates combine to 

produce favourable water retention and internal drainage characteristics in Oxisols 

(El-Swaify, 1980; Neufeldt, 1999; Beinroth et al., 2000).  For most red Oxisols, 

moisture moves rather quickly when the soil is saturated, but the rate of water 

movement rapidly decreases when water contents change from saturated to 

unsaturated.  After the soil develops an unsaturated condition, the rapid decrease of 

downward water movement in soil is connected to the presence of great amounts of 

stable aggregates in red Oxisols.  This, on the one hand, is one of the reasons for the 

susceptibility of red Oxisols to drought.  On the other hand, it plays a role in 

controlling water movement and preventing water loss under a udic soil moisture 

regime in the subsoil (El-Swaify, 1980; Xian-liang, 1986).  The large diversity in 

water retention capacities among the soils is evident, particularly at the lower range of 

soil water potential where water retention is dependent on structural characteristics.  

Water retention at 15 bar (1500 kPa) is a reflection of differences in particle size 

distribution (van Wambeke, 1974; El-Swaify, 1980).  The moisture characteristics 

curves of well-aggregated Oxisols show two major desorption zones.  Water in the 

inter-aggregate pores drains rapidly between 0 and 10 kPa.  Another desorption zone 

occurs when the intra-aggregate pores begin to drain at about 1500 kPa, which reflects 

a bimodal pore size distribution.  The drainage of the inter-aggregate pore space in the 

oxic horizon is very similar to drainage of sandy-textured soils, except that the water 

content at the end of the inflection remains much higher than for sands (Tsuji et al., 

1975; Wolf, 1975; Bui et al., 1989; van den Berg et al., 1997).  The correlation for 

available water content (AWC) with texture was rather weak.  This was ascribed to 

the fact that water retained at both suctions increases with increasing clay content 

(Pidgeon, 1972; van den Berg et al., 1997).   
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Bulk density 

Almost invariably, bulk density increases with depth despite the stronger 

aggregation within the oxic horizon.  This may be partially attributed to the higher 

organic matter content in surface layers.  Differences in bulk density among Oxisols 

are primarily attributable to differences in clay content.  The clayey-textured soils 

generally possess lower bulk densities (El-Swaify, 1980).  Soils with low bulk 

densities retain more water close to saturation than soils with a higher bulk density 

because the amount of water that can be retained at low suctions depends primarily on 

the available pore space, and because soils with a low bulk density are generally 

better structured with more longer pores (Reeve et al., 1973).  Therefore, there is a 

negative relationship between bulk density and moisture content at saturation.  At 

high suction the correlation between bulk density and retained moisture is inverted, 

because the available surface area becomes the determinant for moisture retention 

rather than the available pore space (van den Berg et al., 1997).   

7. Chemical Properties of Oxisols 

Surface charge characteristics 

The surface charge of minerals in Oxisols varies in magnitude and sign 

(Beinroth et al., 2000).  Oxisols are dominated by variable charge minerals and the 

low permanent negative charge of the silicate clay minerals in the clay fraction (Tian-

ren and Xiao-nian, 1986; Uehara, 1986).  The sign of the charge is readily established 

by the sign of the difference in ∆pH.  The zero point of charge for material in the oxic 

horizon is highly variable ranging from pH 3 to 6.  As a rule, it increases as organic 

carbon decreases and the silica/sesquioxide ratio of the clay fraction decreases 

(Gillman, 1984; Uehara, 1986; Beinroth et al., 2000).  The negative charge on particle 

surfaces, usually identified as the cation exchange capacity, varies with soil solution 

properties such as pH and electrolyte strength and composition and can attain very 

low values in the field.  Significant amounts of positive charge may also be present 

(Gillman and Tian-ren, 1986).  The anion exchange capacity (AEC) of the subsoil can 

lead to unexpected consequences.  In Hawaii, for example, 3-11 Mg NO3-N ha-1 have 

been measured in the subsoil and deep saprolite underlying Oxisols (Deenik, 1997). 
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Cation exchange capacity 

Red Oxisols contain low activity clay and the red colour marks of the presence 

of iron oxide.  The cation exchange capacity of Oxisols is low because the CEC of the 

clay fraction is low (Uehara, 1986).  Since CEC is the product of the specific surface 

charge density of the soil material, a low specific surface or a low surface charge 

density will result in low CEC value.  In Oxisols, the low CEC is due to a 

combination of low specific surface and low surface charge density (Uehara and 

Gillman, 1980; Uehara, 1986).  The CEC of red Oxisols drops consistently during the 

dry season (Uehara and Gillman, 1981).  However, as one would expect, the 

variations in CEC with depth is also related to organic carbon content (Uehara, 1986). 

The low nutrient retention capacity of oxic horizons is one of the major 

weaknesses of Oxisols.  There are some cultural practices that can alleviate this 

deficiency.  Negative charges (i.e., CEC) can be developed by organic matter 

additions.  The contribution of organic matter to the CEC is relatively more important 

in Oxisols than in other soils, because of the extremely low CEC of the mineral 

fraction of the oxic horizon (Uehara, 1986; van Wambeke, 1992; Becquer et al., 

2001). 

Anion exchange  

Most oxic horizons react with phosphate ions in such a way that they either 

adsorb them or chemically bind them on sesquioxidic surface of the clay (Charlet and 

Sposito, 1989; van Wambeke, 1992).  Adsorption capacity per unit specific surface is 

somewhat dependent on variations in the iron oxide mineralogy of the clay samples.  

Phosphates may also form independent aluminum (AlPO4) or iron (FePO4) 

precipitates (van Wambeke, 1992; Agbenin and Tiessen, 1994; Fontes and Weed, 

1996).  These reactions have a two-fold effect on soil behaviour.  Firstly, practically 

no added phosphate is lost from the soil by leaching, and additions can be considered 

investments in the creation of an agricultural soil.  Secondly, some soils retain 

phosphate so tightly that they make little of it available to plants (van Wambeke, 

1992; Mengel, 1997). 
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8. Mineralogical Properties of Oxisols 

According to the diagnostic criterion of Oxisols to have a CEC of less than 16 

cmolc kg-1 clay (Soil Survey Staff, 1999) their clay fraction must be dominated by low 

activity clay such as kaolinite.  Iron oxide and oxyhydroxide minerals, such as 

goethite, hematite, maghemite and ferrihydrite are usually associated with kaolinite.  

In some Oxisols, however, the Fe minerals predominate (Jones et al., 1982), 

particularly in soils belonging to ferruginous or ferritic families (Beinroth et al., 

2000). 

Actually, most oxic horizons are mineralogical assemblages in which a few 

major constituents often make up as much as 90 percent of the total contribution. 

Minor constituents may be more variable and, among them, the presence of secondary 

titanium oxides (anatase and rutile) is the rule.  Muscovite and its degradation 

products are also common components of oxic materials derived from felsic and 

sedimentary rocks (Table 1) (Herbillon, 1980). 

Kaolinite 

Kaolinite formation is most pronounced where weathering is intense, hence, it 

is dominant in the clay fraction of most Oxisols (Allen and Hajek,1989).  Kaolinite 

crystals in oxic horizons are usually small and are coated by iron oxides or iron 

oxyhydroxides (van Wambeke, 1992).  Fripiat (1958) described the clay as poorly 

crystallized “fire clay.” The structural defects in the lattices are related to substitutions 

by Fe or inclusions of interlayer K+ (Herbillon, 1980). 

Deferrified kaolinites from horizons with oxic properties have a specific 

surface measured by BET-N2 ranging from 32 to 46 m2 g-1; when the oxides are not 

removed the measurement results in values ranging between 34 and 79 m2 g-1 (Gallez 

et al., 1976). 
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Table 1  Mineralogical constituents in oxic materials (Herbillon, 1980) 
 

 Major  Minor constituents 
 constituents Common Occasional 

Primary minerals Quartz Muscovite Ilmenite 
   Magnetite and  

other spinels 

Secondary minerals Kaolinite Anatase  
 Goethite Rutile  
 Hematite Hydroxy interlayered Maghemite 
 Gibbsite Vermiculite-muscovite Metahalloysite 

 

Goethite and hematite 

The most common free-iron constituents are goethite and hematite.  The latter 

crystallizes from precipitates (ferrihydrite or amorphous iron hydroxides) or iron 

hydroxides that are released by the rapid weathering of iron-rich rocks.  For example, 

well-drained soils derived from basic rocks, such as basalts, have dusky red colour 

because of the presence of hematite (van Wambeke, 1992).  The goethite crystals 

have a typical lenticular shape and appear welded together, which give the 

petroplinthic material its strength (Beinroth et al., 2000).  Goethite is a significant 

component of most Oxisols.  Its formation seems to be favoured by wetter soil 

condition (Schwertmann and Taylor, 1989).  Goethite, along with other secondary 

iron oxides, greatly influences the colour of soils.  It tends to impart yellowish brown 

to brown colours (Bigham et al., 1978a; Bronger, 1983; Schwertmann and Kämpf, 

1985; Allen and Hajek, 1989).  Hematite is an effective soil-pigmenting agent.  It has 

colours of 5R to 2.5YR (Bigham et al., 1978c) and like goethite, forms extremely 

small crystallites (Allen and Hajek, 1989).  Hematite is a significant authigenic 

component of the clay fraction in most well drained Oxisols (Schwertmann and 

Taylor, 1989). 

The ratio of hematite to goethite in red Oxisols is governed by several factors.  

Factors of particular importance include rate of iron release from primary minerals, 

organic matter content, pH, soil temperature and soil moisture (Schwartmann, 1985).  

In a hydrosequence of Oxisols of the savanna region of the Central Plateau of Brazil, 
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soils have reddish (2.5YR or 10R) hues and codominant hematite and goethite iron 

mineralogy formed in a prior environment, then undergo changes in Fe oxide 

mineralogy in response to changes in hydrology brought about by landscape evolution 

and climate change (Macedo and Bryant, 1987, 1989).   

Much of the hematite and goethite in oxic horizons is aluminum substituted. 

Bigham et al. (1978a) reported that goethites in clay-sized particles contain up to 30 

to 40 mole percent of aluminum. 

Gibbsite 

Gibbsite is present as a secondary mineral in many Oxisols (Eswaran et al., 

1977).  Weathering of primary minerals releases Si and Al and Si is lost in the soil 

solution while the Al crystallizes as gibbsite, sometimes as nodules (Beinroth et al., 

2000).  It has an extremely low solubility product (10-36.3).  Gibbsite forms 

preferentially outside the oxic horizon at sites where the silica concentration is low 

and the pH is high enough to promote the precipitation of aluminum hydroxides.  It 

may or may not resilicate into kaolinite.  Some of the gibbsite found in oxic horizons 

was probably formed in underlying saprolites.  In certain cases it may have its origin 

in the decomposition of kaolinite crystal in the oxic horizon itself (van Wambeke, 

1992).  Typically, gibbsite crystals have the size of fine silt.  Oxisols usually have 

more gibbsite in the silt than in the clay fraction.  It is for this reason that gibbsitic 

families are defined on the basis of the amount of gibbsite in the fine earth (<2mm) 

fraction (Beinroth et al., 2000). 

9. Nature of Red Oxisol Mineralogy and Their Related Environment 

Many oxide crystals in oxic horizons are so small that they have often been 

considered amorphous (±5 nm).  Their specific surface, measured by N2 adsorption, 

may reach 324 m2 g-1.  This area varies according to the size of the particles, existence 

of discrete concentrations of oxides, or linkages with other surfaces (Gallez et al., 

1976).  Some iron oxides in Oxisols of Brazil (Bigham et al., 1978b) have a smaller 

specific surface, ranging between 60 and 100 m2 g-1.  It is suggested that in this case 
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the oxides precipitate on themselves or on silicate surfaces and therefore their specific 

surface is smaller than expected. 

The general properties of red Oxisols under ustic and udic soil moistures are 

relatively similar particularly under same parent material (Buol et al., 2003; Soil 

Survey Staff, 1999).  The usefulness of such soil features may be limited where 

reduction of iron oxides is inhibited by conditions adverse to microbiological activity 

or lack of an energy source such as organic compounds (Schwertmann, 1988), 

inducing wrong interpretations of the soil moisture regime (Couto et al., 1985).  Also, 

in polygenetic soils, which are common in tropical regions, the morphological 

properties may be remnants of former moisture regimes, different from the present 

one (Curi and Franzmeier, 1984).  In an ustic soil moisture regime, the clay fraction of 

these soils consisted of kaolinite and iron oxides (hematite and goethite) and gibbsite 

and anatase were found in most of them (Curi and Franzmeier, 1984; Macedo and 

Bryant, 1987, 1989; Fontes and Weed, 1991; Fontes et al., 1991).  Citrate-dithionite 

(CD) treatment of the soil clays showed hematite preferentially dissolved compared 

with goethite, and higher dissolution rate for poorly crystalline than for well-

crystalline goethite (Fontes and Weed, 1991).  Little difference in goethite content 

was found among the soils developed on parent material derived from basalt.  In the 

presence of high level of iron in an ustic environment, the amount of goethite formed 

is not strongly correlated with organic matter (Fontes et al., 1991).  In a udic soil 

moisture regime, the clay fraction of these soils also mainly consisted of kaolinite, 

hematite and goethite (Schwertmann, 1988; Motta and Kämpf, 1992).  The proportion 

of goethite compared to hematite increases with increasing excess moisture, i.e., 

rainfall minus evapotranspiration (Kämpf and Schwertmann, 1982).  Properties of 

iron oxides, such as crystallinity and Al substitution, have been related to pedogenic 

environments (Fitzpatrick and Schwertmann, 1982; Schwertmann and Kämpf, 1985; 

Schwertmann, 1988). 

10. Climate of Thailand 

Thailand has three main seasons: a rainy, a cool and dry and a hot and dry 

season.  The eastern part of the Southeast Coast and most parts of the Peninsular 
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Thailand are characterised by the tropical monsoon.  The northern mountainous 

region is characterised by a humid subtropical climate.  Most of continental areas of 

the country is characterised by a tropical savanna climate (Köppen, 1931).  

Temperature varies between 24-26 oC in the north, between 28-30 oC in the central 

region and between 26-28 oC in the rest of the country.  The average annual rainfall 

ranges between 1,000 and 4,000 mm (Meteorological Department, 2002).  In the 

southern and southeast regions, however, rainfall is generally the highest compared to 

the rest of the country.  As a consequence, the southern and southeast regions do not 

have a pronounced dry season. 

Soil Climatic Regimes of Thailand 

Moncharoen et al. (1987) distinguished five soil moisture regimes: aquic, 

peraquic, udic, ustic and perudic.  The different regimes occur in the following 

regions; 

1. aquic, in low-lying paddy lands throughout the country; 

2. peraquic, in tidal flats and swamp areas, especially along the Gulf of 

Thailand; 

3. udic, in the peninsular region, with an annual rainfall higher than 2,000 

mm, and with more than 160 days of rain, as well as in the northern region where 

hills, between 1,000 and 1,600 m in altitude, are covered with an evergreen 

vegetation; 

4. perudic, in areas above 1,600 m MSL and 

5. ustic, in the remaining areas of the country. 

11. Red Oxisols in Thailand 

Red Oxisols in Thailand are classified into Ustox and Udox.  Mostly they have 

clayey textural class and have red or brownish red colour.  They occupy areas in 

different climates where North and West Continental Highlands, Northeast Plateau 

and Central Highlands are in tropical savanna and Peninsular Thailand and Southeast 
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Coast are in tropical monsoonal climate.  Their parent materials are basalt, calcareous 

shale and limestone.  Their morphologies are similar.  They are deep to very deep 

soils, well-drained and with rapid permeability.  Some chemical properties of these 

soils indicate that they are moderately fertile which is quite different from the central 

concept of this soil order (Kheoruenromne, 1990). 

Extent and geographic distribution of Oxisols in Thailand 

Oxisols in Thailand comprise about 6,080 km2, approximately equivalent to 

1.2 percent of the total land area.  Over 92 percent of the Oxisols are Ustox that occur 

in North Continental Highlands, Northeast Plateau and Central Highlands.  Udox 

occupy 8 percent and occur in Peninsular Thailand and Southeast Coast.  

Classification of red Oxisols in Thailand is shown in Table 2 (Soil Survey and 

Classification Division, 1999a, b, c). 

Environmental setting of red Oxisols in Thailand 

Red Oxisols in ustic soil moisture regime of Thailand are formed on residuum 

and colluvium derived from various rocks such as shale, limestone and basalt.  They 

occupy areas in North Continental Highlands, Northeast Plateau and Central 

Highlands where the climate is in tropical savanna.  Their land uses are mostly upland 

crop such as corn, cassava and sorghum and natural vegetations are mixed deciduous 

forests.  They occur on undulating to rolling erosion surfaces and footslope with a 

range of slope of 2 to 16 percent.  They are well drained and with moderate to rapid 

permeability.  Their colours are dark reddish brown in the surface horizon and dark 

reddish brown to dark red in the oxic or kandic horizons.  Their textures are mostly 

clay loam or clay in the surface horizon and clay in the subsoil.  They have a strong 

structure, mostly subangular blocky structure, parting to granular structure in some 

horizons.  Their reaction ranges from moderately acid to moderately alkaline in the 

surface horizon and very strongly acid to slightly acid in the subsoil.  Their 

micromorphology shows a spongy granular and subangular microstructure.  A thin 

lining of ferri-argilans can be found in kandic horizon.  They have low bulk density.  

The organic carbon content is medium to moderately high in the surface horizon and  
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Table 2 Classification of red Oxisols in Thailand 

 

Suborder Great group Subgroup Series Colour 

Ustox Kandiustox Rhodic Chok Chai Dark red 
   Pak Chong Dusky red 
  Typic Chiang Saen Dark reddish brown 

to red 
   Chiang Khong Yellowish red 
   Loei Dark reddish brown 

to red 
Udox Kandiudox Rhodic Ao Luk Red 
 Hapludox Typic Tha Mai Dark reddish brown  

 

decreasing with depth.  Their free Fe2O3 content is about 4 to 7 percent.  These soils 

have low CEC.  They contain mostly kaolinite and small amounts of hematite and 

some traces of illite in the clay fraction (Sindhusen, 1984; Chorphaka and 

Bhubharuang, 1993; Hemsrichart et al., 1993; Pornsornchai, 1999, 2000). 

In udic soil moisture regime, red Oxisols are formed on residuum derived 

from shale, limestone and basalt.  They occupy areas in Peninsular Thailand and 

Southeast Coast where the climate is tropical monsoonal.  Their land uses are mostly 

para rubber, tropical orchards and natural vegetations are tropical rain forest.  They 

occur on undulating to gently rolling terrain or basalt plateau with a slope ranges of 2 

to 10 percent.  They are well drained and with moderate to rapid permeability.  Their 

colours are dark reddish brown in the surface horizon and ranges from dark reddish 

brown to dark red in the subsoil.  Their micromorphology shows ped separated into 

micropeds.  They have crumb and granular microstructure.  Their free Fe2O3 content 

is about 9 to 13 percent.  These soils have kaolinite as a major clay mineral species 

and small amounts of hematite and goethite in the clay fraction.  Gibbsite can also be 

found in their clay and silt fractions (Sindhusen, 1984; Wongvisitrangsi, 1986; 

Sirichuaychoo et al., 1993; Pornsornchai, 1999). 



 22

MATERIALS AND METHODS 

Sampling Sites 

Eleven representative sites were selected from main red Oxisols which are 

well distributed in Northeast, Southeast Coast and Peninsular of Thailand as shown in 

Figure 1.  Soil maps at scales of 1:100,000 and 1:50,000 and other maps (topographic 

map, geological map) were used as base maps to select the study areas.  A total of 11 

soil profiles, three sites each representing soils in a udic and an ustic soil moisture 

regimes were selected.  Soil profiles of Tha Mai series (Ti-1, Ti-2) and Ao Luk series 

(Ak-1, Ak-2, Ak-3) are upland soils in a tropical monsoonal climate (Am) under a 

udic soil moisture regime.  The amount of rainfall exceeds evaporation in these areas 

(Meteorological Department, 2002).  Chok Chai series (Ci-1, Ci-2, Ci-3) and Pak 

Chong series (Pc-1, Pc-2, Pc-3) occur under an ustic soil moisture regime in a tropical 

savanna climate (Aw) (Moncharoen et al., 1987). 

The environmental setting of these red Oxisols is shown in Table 3.  The soils 

with udic moisture regime and on basalt are Tha Mai series (Ti-1, Ti-2).  They are 

Rhodic Kandiudox (Ti-1) and Typic Kandiudox (Ti-2).  Parent materials of Ti-1 and 

Ti-2 are residuum derived from weathered basalt.  These soils have developed on 

upper dissected footslope of a lava corrosion hill and on top of a dissected lava 

corrosion plain, respectively.  The other soils on limestone are Ao Luk series (Ak-1, 

Ak-2, Ak-3). They are Typic Kandiudox (Ak-1, Ak-2) and Rhodic Kandiudox (Ak-3).  

Parent materials of Ak-1, Ak-2 and Ak-3 are residuum derived from limestone.  These 

soils have developed on the crestal slope of a residual hill on a karst corrosion plain, 

karst corrosion plain and rise crestal slope on a karst corrosion plain, respectively.  

They are well drained soils and their land uses are tropical orchards and settlements. 

Soils in an ustic moisture regime are Rhodic Kandiustox (Ci-1, Ci-3, Pc-2, Pc-

3) and Typic Kandiustox (Ci-2, Pc-1).  Parent materials of Ci-1 and Ci-3 are residuum 

derived from weathered basalt and of Ci-2 are colluvium over residuum derived from 

weathered basalt whereas Pc-1, Pc-2 and Pc-3 are on residuum derived from 

limestone.  Physiographically, Ci-1, Ci-2 and Ci-3 are on a lava corrosion plain where  
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Figure 1 Location map of study sites showing the average rainfall. 
 

Ci-3 is at the top position.  Pc-1 is on karst corrosion flat footslope.  Pc-2 is on karst 

corrosion plain and Pc-3 is on the perimeter of buried lapies of a karst corrosion plain.  

They are well drained with moderate to rapid permeability.  Most of the land occupied 

by soils under the ustic soil moisture regime is used for field crop. 
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Table 3  Environmental setting of red Oxisols 
 

Profile Parent material Physiographic 
position 

Slope Permeability/
Runoff 

Annual  
rainfall / 

Mean  
temperature 

Land use 

Ti-1 Residuum derived 
from weathered 
basalt 

Upper dissected 
footslope of 
lava corrosion 
hill 

3% Rapid/ 
Moderate 

2852 mm / 
27 oC 

Tropical orchards 
and settlements

Ti-2 Residuum derived 
from weathered 
basalt 

Top of dissected 
lava corrosion 
plain 

3% Rapid/ 
Moderate  

2852 mm / 
27 oC 

Tropical orchards 

Ak-1 Residuum derived 
from mainly 
limestone 

Crestal slope of 
residual hill in 
karst corrosion 
plain 

8% Moderate /
Moderate 

2171 mm / 
28 oC 

Para rubber 

Ak-2 Residuum derived 
from limestone 

Karst corrosion 
plain 

3% Moderate /
Slow 

1883 mm / 
27 oC 

Tropical orchards 

Ak-3 Residuum derived 
from limestone 

Rise crestal slope 
in karst 
corrosion plain 

2% Moderate /
Slow 

1883 mm / 
27 oC 

Tropical orchards 

Ci-1 Residuum derived 
from weathered 
basalt 

Lava corrosion 
plain 

1% Rapid /slow 1097 mm / 
27 oC 

Cassava field 

Ci-2 Colluvium and 
residuum derived 
from weathered 
basalt 

Lava corrosion 
plain 

1.5% Rapid /slow 1097 mm / 
27 oC 

Cassava field 

Ci-3 Residuum derived 
from weathered 
basalt 

Top of lava 
corrosion plain 

1% Rapid /slow 1097 mm / 
27 oC 

Cassava field 

Pc-1 Residuum derived 
from limestone 

Karst corrosion 
flat footslope 

2% Moderate /
Moderate 

1035 mm / 
27 oC 

Fast growing 
trees, olive 

Pc-2 Residuum derived 
from limestone 

Karst corrosion 
plain 

2% Moderate /
Moderate 

1035 mm / 
27 oC 

Corn production 
experimental 
plot 

Pc-3 Residuum derived 
from limestone 

Karst corrosion 
plain on 
perimeter of 
buried lapies 

2% Moderate /
Moderate 

1035 mm / 
27 oC 

Left idle under 
grass and 
bamboo 
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Field Analysis and Sample Preparation 

Pedon analysis in soil pits was carried out at each site including detailed 

profile description and sampling of soil from each genetic horizon by standard field 

study methods (Soil Survey Staff, 1993; Kheoruenromne, 1999). The soil samples, 

collected for the study, represent each genetic horizon of all 11 pedons.  Disturbed 

bulk samples, soil cores and Kubiena samples were collected for laboratory analyses. 

Bulk samples were air-dried, crushed and then passed through a 2-mm sieve. 

The resultant <2 mm samples were used for the general laboratory analysis. The soil 

cores samples were used for physical analysis. 

Kubiena samples were transferred to impregnation mould containers, air dried 

at 50-60oC and impregnated with resin before slicing to prepare thin sections on glass 

slides (Cady et al., 1986) for optical microscopy, and scanning electron microscopy 

with energy dispersive analysis. 

Laboratory Analyses 

A summary of methods of physical, chemical, mineralogical and micro-

morphological analysis used in the study is shown in Table 4, which is associated with 

details of each method in Appendix 3. 

 
Table 4  Laboratory methods 
 
Analysis Method Reference 
Physical analysis   
1. Particle size analysis Pipette method Gee and Bauder (1986) 
2. Bulk density  Core method Blake and Hartge 

(1986) 
3. Water retention Soil core and pressure plates Klute (1986), O’Brien 

(1948) 
4. Specific surface area BET nitrogen sorption method (N2-BET) Aylmore et al. (1970) 
5. Pore size distribution N2-BET, differential water retention 

curves, image analysis 
Aylmore et al. (1970), 
Childs and  Collis-
George (1950),  
Hein (2001) 

Chemical analysis   
1. Soil reaction pH 1:1 soil:solution in H2O and 1 N KCl 

measured by pH meter 
National Soil Survey 
Center (1996) 
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Table 4  (Continued) 
 
Analysis Method Reference 
2. Organic carbon Wet digestion and titration by Walkley-

Black method 
Nelson and Sommers 
(1996) 

Organic matter Organic carbon concentration × 1.724  
3. Total Nitrogen Kjeldahl method Jackson (1965) 
4. Extractable bases 

(Ca2+, Mg2+, Na+ and K+) 
1 N NH4OAc at pH 7.0 extraction and 
measured by AAS and flame emission 
spectrophotometer 

Thomas (1982a) 

5. Extractable acidity Barium chloride-triethanolamine 
solution at pH 8.2 

Thomas (1982b) 
 

6. Extractable Al 1 N KCl extraction and tritration with 0.1 
N NaOH and 0.1 N HCl 

Bertsch and Bloom 
(1996) 

7. Available P Bray II Bray and Kurtz (1945) 
8. Cation exchange capacity    

- CEC by NH4OAc  Saturating the exchange site and 
displacing by 1 N NH4OAc, at pH 7.0 

Rhoades (1982), 
Chapman (1965)  

- CEC by sum of cations Sum of extractable bases plus 
extractable acidity 

National Soil Survey 
Center (1996) 

9. Effective cation exchange 
capacity (ECEC)  

Sum of bases plus Al extracted by 1N 
KCl 

National Soil Survey 
Center (1996) 

10. Base saturation percentage    
- %BS by NH4OAc The sum of bases extracted by NH4OAc 

(pH 7.0), divided by the CEC by 
NH4OAc and multiplied by 100 

National Soil Survey 
Center (1996) 

- %BS by sum of cations The sum of bases extracted by NH4OAc 
(pH 7.0), divided by the sum of cations 
(extractable bases + extractable acidity) 
and multiplied by 100 

National Soil Survey 
Center (1996) 

11. Extractable Fe, Al and Mn Dithionite-citrate-bicarbonate (DCB) 
and measured by AAS 

Mehra and Jackson 
(1960) 

 Extraction in 0.2 M ammonium oxalate 
pH 3.0) and measured by AAS 

Hodges and Zelazny 
(1980), McKeague and 
Day (1966)  

 Extraction in 0.1 M sodium pyrophosphate 
pH 10.0) and measured by AAS 

McKeague (1967) 

12. Total analysis of major 
and minor elements 

Pressed pellets with X-ray fluorescence 
spectrometer (XRF) using a Philips 
PW1480 XRF  

Karathanasis and Hajek 
(1996), Norrish and 
Chappell (1977) 

Mineralogical analysis   
1. Major and minor minerals 

of the clay fraction 
Oriented clay X-ray diffraction (XRD) 
analysis using a Philips PW-3020 
diffractometer with a graphite diffracted  
beam monochromator (CuK�5kV2 mA). 

Whittig and Allardice 
(1986), Brown and 
Brindley (1980) 

Micromorphological analysis 
1. Mineral composition and 

micromorphological features 
Polarizing microscope technique Brewer (1964),  

Bullock et al. (1985), 
Fitzpatrick (1993) 

2. Chemical composition of the 
micromorphological features 

Backscattered electron image and 
elemental mapping by scanning electron 
microscopy (SEM) and  energy dispersive 
spectrometer (EDS) by microprobe 
analyser (EMPA) on a JEOL 6400 SEM  

White and Dixon 
(1995) 
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RESULTS AND DISCUSSION 

1. Genesis and classification 

Oxisols most occur on gentle slopes of geologically old surfaces in tropical 

and subtropical regions (Soil Survey Staff, 1999).  Thus, almost all red Oxisols have 

developed on colluvium and residuum (Table 3).  Their surrounding landforms are 

mostly undulating having 1-8 percent slope.  The optimal conditions for an Oxisol to 

form are perhaps in areas with udic to perudic soil moisture regimes and an 

isohyperthermic soil temperature regime.  The largest contiguous areas of Oxisols 

however, are in areas with an ustic soil moisture regime, primarily because these areas 

contain extensive old geomorphic surfaces (Eswaran et al., 1986).  The ratio of Zr/Ti 

of these Oxisols displays a nearly uniform depth distribution and does not vary much 

from the assumed parent material (Figure 2).  Because Zr and Ti are immobile they 

are ideal constituents for assessing lithological discontinuities (Smeck and Wilding, 

1980).  Observations of field morphology (Appendix 1) found that the soils have few 

to common clay coatings on ped faces and pore walls.  Red Oxisols under tropical 

savanna climate have moderate to strong angular, semi-angular and subangular blocky 

structure parting to moderate to strong granular structure with mostly slightly firm to 

very firm consistence.  Red Oxisols under a tropical monsoonal climate however have 

weak to moderate angular, semi-angular and subangular blocky structure parting to 

moderate granular structure with mostly friable to slightly firm consistence in Bto and 

Bo horizons partially coinciding with results of previous studies (Paramananthan and 

Eswaran, 1980; Imhoff et al., 2002).  These features relate to the formation of a 

kandic horizon which was confirmed by micromorphological examination revealing 

illuvial clay and complex microstructures in the upper part of the profiles (Figure 3).  

Soil formation in these soils has involved clay translocation and a series of processes 

by which Al and Fe are concentrated and Si is lost from the profile as a result of 

primary and secondary mineral weathering.  These processes include fersiallitisation, 

ferrallitisation and ferrugination (Bockheim and Gennadiyev, 2000).  These processes 

are characterised by an increasing loss of Si and an increased dominance of secondary 

clays forming via incongruent dissolution of parent minerals.  Ferrallitsation is 

predominant in Oxisols (Righi et al., 1990; Bockheim and Gennadiyev, 2000). 
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Figure 2 Depth trends of Zr/Ti ratio for assessment of parent material uniformity of 
red Oxisols in this study. 

 

All soils have been classified following the Soil Taxonomy system (Soil 

Survey Staff, 1999) as shown in Table 5.  These soils are Oxisols with kandic 

horizons underlying a surface horizon with ≥40% clay that meets the weatherable 

mineral properties of an oxic horizon (Soil Survey Staff, 1999).  Thus the 

classification of these soils is Kandiustox for the soils under an ustic soil moisture 

regime and Kandiudox for the soils under a udic soil moisture regime.  Kandiustox 

are the clayey Ustox that have a kandic horizon that has its boundary within 150 cm 

of the mineral soil surface and they have in all subhorizons of a kandic horizon, an 

apparent ECEC of 1.50 or more cmolc per kg clay or a pH value (1N KCl) of less than 

5.0.  They also have a base saturation (by NH4OAc) of less than 35 percent in some 

horizon within 125 cm of the mineral soil surface.  The subsoil has a moderate grade 

of blocky structure in most pedons.  The subsoil shows evidence of translocated clay 

in only a few areas.  Typic Kandiustox do not have a petroferric contact, a lithic 

contact, or redox depletions with a moist colour value, of 4 or more and chroma of 2 

or less within 125 cm of the mineral soil surface and also do not have aquic conditions 

for some time in normal years.  These soils have less than 16 kg m-2 organic carbon to 

a depth of 100 cm and have less than 5 percent plinthite in all horizons within a depth 

of 125 cm.  Their colours are reddish, but the soils do not have very dark reddish  
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Figure 3 Depth functions of semi-quantitative measures of micromorphological 
features of red Oxisols. 
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Table 5  Classification of red Oxisols (Soil Survey Staff, 1999). 
 
Order Suborders Great Groups Subgroups Family Series 

Parent material: Limestone 
Oxisols Ustox Kandiustox Rhodic Kandiustox Very-fine, 

kaolinitic, 
isohyperthermic 

Pc-2 
Pc-3 

   Typic Kandiustox Very-fine, 
kaolinitic, 
isohyperthermic 

Pc-1 

 Udox Kandiudox Rhodic Kandiudox Very-fine, 
kaolinitic, 
isohyperthermic 

Ak-3 

   Typic Kandiudox Very-fine, 
ferruginous, 
isohyperthermic 

Ak-1 

    Very-fine, 
kaolinitic, 
isohyperthermic 

Ak-2 

Parent material: Basalt 
Oxisols Ustox Kandiustox Rhodic Kandiustox Very-fine, 

kaolinitic, 
isohyperthermic 

Ci-1 
Ci-3 

   Typic Kandiustox Very-fine, 
kaolinitic, 
isohyperthermic 

Ci-2 

 Udox Kandiudox Rhodic Kandiudox Very-fine, 
kaolinitic, 
isohyperthermic 

Ti-1 

   Typic Kandiudox Very-fine, 
kaolinitic, 
isohyperthermic 

Ti-2 

 

colours throughout the layers between depths of 25 and 125 cm.  Rhodic Kandiustox 

are like Typic Kandiustox, but they have, in all horizons at a depth between 25 and 

125 cm from the mineral soil surface, more than 50 percent colours that have a hue of 

2.5YR or redder and a moist value, of 3 or less. 

Kandiudox are the clayey Udox that have a kandic horizon that has its 

boundary within 150 cm of the mineral soil surface and they have in all subhorizons 

of a kandic horizon, an apparent ECEC of 1.50 or more cmolc per kg clay or a pH 

value (1N KCl) of less than 5.0.  They also have a base saturation (by NH4OAc) of 

less than 35 percent in some horizons within 125 cm of the mineral soil surface.  The 
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subsoil has a moderate grade of blocky structure in most pedons.  Typic Kandiudox 

do not have a petroferric contact, a lithic contact, or redox depletions with a moist 

colour value, of 4 or more and chroma of 2 or less within 125 cm of the mineral soil 

surface and also do not have aquic conditions for some time in normal years.  These 

soils have less than 16 kg m-2 organic carbon to a depth of 100 cm and have less than 

5 percent plinthite in all horizons within a depth of 125 cm.  Their colours are reddish, 

but the soils do not have very dark reddish colours throughout the layers between 

depths of 25 and 125 cm.  Rhodic Kandiudox are like Typic Kandiudox, but they 

have, in all horizons at a depth between 25 and 125 cm from the mineral soil surface, 

more than 50 percent colours that have hue of 2.5YR or redder and a value, moist, of 

3 or less. 

 

2. Properties of red Oxisols on limestone 

2.1 Environmental settings and field morphology 

Environmental settings of the red Oxisols are shown in Table 3.  Climatic 

conditions for these two sets of soils are quite different.  Under the tropical savanna 

climate the mean evaporation is higher than mean annual rainfall whereas under the 

tropical monsoonal climate the mean evaporation is lower than the mean annual 

rainfall.  The land uses on the soils are different depending on the climate.  Most of 

land under tropical savanna climate is used for field crops while tropical fruit orchards 

and para rubber are the major land uses for the tropical monsoonal climate. 

The field morphology and horizonation of these soils are shown in Table 6.  

General field morphology features of the Kandiustox (Pc) profiles are that they are 

deep, well drained with reddish brown to dark red topsoil and red, dark red and dusky 

red to very dusky red subsoils.  The Ap horizon (topsoil) is relatively rich in organic 

matter and soil management including tillage has given the topsoils a strong 

subangular blocky structure.  The well developed Bt horizons have very firm 

consistence when moist with a strong blocky structure that shows clay coatings on 

ped faces and pore walls.  The Bto horizons have slightly firm to very firm 

consistence when moist with a moderate to strong blocky structure parting to a 
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Table 6 Morphology of red Oxisols developed on limestone 
 

Horizon Depth  
(cm) 

Colour Structure1/ Consistence2/ Coats Pore 

Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-1) 
Ap1 0-8 5YR 4/4 3 SBK ± 3G SH, F, SS/MP very few  many  
Ap2 8-35 5YR 3/4 3 semi-ABK H, VF, SS/MP common  many  
Bt1 35-70 2.5YR 4/6 3 semi-ABK H, VF, SS/MP many  many  
Bt2 70-90 2.5YR 4/8 3 semi-ABK H, VF, SS/SP common  many  
Bt3 90-115 2.5YR 5/8 3 semi-ABK H, VF, SS/SP common  many  
Bto1 115-140 2.5YR 4/6 3 semi-ABK H, VF, MS/MP common  many  
Bto2 140-175 2.5YR 3/6 3 semi-ABK H, VF, SS/MP common  many  
Bto3 175-210+ 2.5YR 3/6 3 semi-ABK H, VF, SS/SP many  common  
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-2) 
Ap 0-20 2.5YR 3/4 3 SBK ± 3G SH, VF, SS/MP very few  common  
Bt1 20-40 2.5YR 3/3 3 semi-ABK SH, VF, SS/MP common  common  
Bt2 40-60 2.5YR 3/4 3 semi-ABK H, VF, SS/MP many  common  
Bto1 60-85 2.5YR 2.5/4 3 semi-ABK H, VF, SS/MP many  common  
Bto2 85-105 2.5YR 2.5/4 3 semi-ABK H, VF, SS/MP many  common  
Bto3 105-130 2.5YR 2.5/4 3 semi-ABK H, VF, SS/MP common  common  
Bto4 130-150 2.5YR 2.5/4 3 semi-ABK H, VF, SS/MP common  many  
Bto5 150-170 2.5YR 2.5/4 3 semi-ABK H, VF, SS/MP common  many  
Bto6 170-210+ 2.5YR 2.5/4 3 semi-ABK H, VF, SS/MP common  common  
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-3) 
Ap 0-12 2.5YR 3/6 3 SBK ± 3G SH, F, SS/MP few  many  
A 12-30 2.5YR 2.5/4 3 SBK SH, F, SS/MP few  many  
Bt1 30-50 10R 3/6 3 semi-ABK H, VF, SS/MP common  many  
Bt2 50-80 10R 4/8 3 semi-ABK H, VF, SS/MP common  many  
Bt3 80-110 2.5YR 3/6 3 semi-ABK H, VF, SS/MP common  many  
Bt4 110-140 10R 3/6 2 SBK ± 2G H, SF, SS/MP common  many  
Bto1 140-164 2.5YR 3/6 2 SBK ± 2G SH, SF, SS/SP common  many  
Bto2 164-194 2.5YR 3/6 2 SBK ± 2G SH, SF, SS/SP common  many  
Bto3 194-210+ 2.5YR 2.5/4 2 SBK ± 2G SH, SF, SS/SP common  many  
Typic Kandiudox, very-fine, ferruginous, isohyperthermic (Ak-1) 
Ap 0-10 5YR 4/6 3G S, Fri, SS/MP - many  
Bto1 10-30 2.5YR 4/6 2 ABK ± 3G SH, Fri, SS/MP common  common  
Bto2 30-52 2.5YR 4/6 2 ABK ± 3G SH, Fri, SS/MP common  common  
Bto3 52-80 2.5YR 4/6 2 SBK ± 2G S, Fri, SS/MP common  many  
Bto4 80-117 2.5YR 4/6 1-2 SBK ± 2G S, Fri, SS/MP common  common  
Bto5 117-148 2.5YR 4/6 1 ABK ± 2G S, Fri, SS/MP common  many  
Bto6 148-170 2.5YR 4/6 1 SBK ± 2G S, Fri, SS/VP common  many  
Bto7 170-200+ 2.5YR 4/6 1-2 ABK ± 2G S, Fri, SS/VP common  many  
Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-2) 
Ap 0-17 2.5YR 4/6 3 SBK ± 3G and 2 SBK H, F, SS/VP common  many  
Bto1 17-42 2.5YR 4/6 2 SBK H, F, SS/MP many  common  
Bto2 42-70 2.5YR 4/6 2 SBK H, F, MS/MP common  common  
Bto3 70-100 2.5YR 4/6 

2.5YR5/8 (3%), 
7.5YR6/8 (2%) 

2 SBK H, F, MS/MP common  common  

Bto4 100-135 2.5YR 4/6 1-2 SBK ± 3G SH, Fri, SS/MP common  many  
Bto5 135-170 2.5YR 4/6 1-2 SBK ± 3G SH, Fri, SS/MP common  many  
Bto6 170-200+ 2.5YR 4/6 2 SBK ± 3G SH, Fri, SS/MP common  many  
Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-3) 
Ap 0-18 2.5YR 3/4 3 SBK SH, F, MS/MP many  many  
Bto1 18-40 2.5YR 3/4 3 semi-ABK H, F, MS/MP many  many  
Bto2 40-60 2.5YR 3/4 2 semi-ABK SH, F, MS/MP many  common  
Bto3 60-90 2.5YR 3/6 2 SBK ± 2G SH, SF, MS/MP common  many  
Bto4 90-123 2.5YR 3/6 2 semi-ABK SH, SF, MS/MP common  many  
Bo1 123-155 2.5YR 3/6 2 semi-ABK ± 2G S, Fri, MS/MP common  many  
Bo2 155-190+ 2.5YR 3/6 1-2 semi-ABK ± 2G S, Fri, MS/MP common  many  

1/ 1 = weak, 2 = moderate, 3 = strong, ABK = angular blocky, SBK = subangular blocky, G = granular 
±  Indicates primary structure that parts to secondary structure when ruptured 

2/ dry: SH = slightly hard, H = hard, moist Fri = friable, SF = slightly firm, F = firm, VF = very firm,  
wet: SS = slightly sticky, MS = moderately sticky, MP = moderately plastic, VP = very plastic 
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granular structure.  These features are indicators of the good soil aggregation 

characteristic of the highly developed structure of this horizon which also presents 

clay coatings on ped faces and pore walls.  All horizons show common to many 

simple vesicular and tubular pores.  The field pH is neutral to moderately alkaline 

near the surface (pH 7-8) to slightly to strongly acid (pH 5.5-6) in the deeper part of 

the profile. 

The Kandiudox profiles are deep, well drained having yellowish red to dusky 

red topsoil and dark red to dusky red subsoil.  The Ap horizon is fairly rich in organic 

matter.  The Bto horizons generally have friable to firm consistence when moist with 

weak to moderate blocky structure and show clay coatings on ped faces and pore 

walls.  The Bo horizons have friable consistence when moist with weak to moderate 

blocky structure parting to granular structure.  These horizons commonly have well 

developed soil aggregates and show clay coatings on ped faces and pores walls.  The 

soils have common to many simple vesicular and tubular pores.  The field pH is 

slightly acid to neutral (pH 5.5-7) near the surface to slightly and very strongly acid 

(pH 5-6.5) in the deeper part of the profile. 

The Kandiustox and Kandiudox profiles are different in their degree of soil 

development and particularly in soil structure.  The horizon development of 

Kandiustox profiles is Ap(A)-Bt-Bto whereas Kandiudox profiles are Ap-Bto or Ap-

Bto-Bo favouring the accumulation of iron oxides and strong colours (dark red to 

dusky red) (Figure 4).  As a result of soil colours in Table 6 the soils have hue of  

5 YR or redder.  This is an indicator of hematite in the soils with higher temperature 

or lower water activity of pedogenetic conditions (Schwertmann, 1993).  Soils from 

both ustic and udic soil moisture regimes are highly weathered.  The differences in 

rainfall do not appear to have resulted in markedly different extents of weathering, 

possibly because climate has changed (Soil Survey Staff, 1999) in the areas where 

Kandiustox occurs such that precipitation is now less and soils have become drier 

(Hastings and Liengsakul, 1983), especially in the upper part of the profile.  Both 

soils have formed through weathering of calcareous sediments with residual 

accumulation chiefly of sesquioxide and kaolin-rich clay as the dominant soil forming  



 34

 

Figure 4 Profiles of red Oxisols on limestone with horizons indicative for Kandiustox 
(Ap(A)-Bt-Bto) and Kandiudox (Ap-Bto and Ap-Bto-Bo). 
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process.  Soil formation is however likely to have involved a combination of processes 

including migration of clay and sesquioxides from the Ap into the B horizon producing 

argillic and kandic horizons (Scholten and Andriesse, 1986). 

2.2. Micromorphology 

As shown in Figure 5, the general microstructure of the soils ranges from 

moderately developed to well developed subangular blocky, crumb and granular.  The 

distribution of coarse and fine materials is porphyric in all the soils, with quartz as the 

main coarse constituent. 

The microstructure of all Kandiustox (Pc) profiles is mainly subangular blocky 

in the surface soils with some crumb and granular structures toward the deeper part of 

the profiles (Figure 5a, c, e).  The size of microaggregate ranges from 10-1000 µm.  

Bto horizons show moderately developed microaggregates with clay plasma between 

the peds (Figure 5e).  The preservation of the microaggregates may be favoured by 

the presence of disseminated Fe oxides (Dick and Schwertmann, 1996).  The uniform 

ferruginous, oxidic-kaolinitic composition of soil aggregates is clearly shown by the 

optical, electron and X-ray images in Figure 6.  Aggregates are mainly composed of 

Al, Si and Fe organized into a rather uniform mixture of kaolin and Fe oxide minerals 

as all data for cubic micrometer volumes analyzed by EDS fall on the line in the 

triangular diagram that denotes mixtures of kaolin and iron oxides (Singh and Gilkes, 

1992). 

The microstructure of Kandiudox (Ak) profiles is mainly granular throughout 

(Figure 5b, d, f).  The size of microaggregates ranges from 50-1400 µm.  Bto and Bo 

horizons show highly developed microaggregates with clay plasma between peds 

(Figure 5d, f) but not as much as in the Bto of the Kandiustox profiles.  The 

preservation of microaggregates may be favoured by the presence of both gibbsite 

(Ferreira et al., 1999; Schaefer, 2001) which is a significant constituent of these soils 

and Fe oxides (Dick and Schwertmann, 1996).  The rather uniform kaolin-gibbsite- 
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Figure 5 Optical micrographs of selected horizons of Kandiustox (Pc) and Kandiudox 

(Ak).  Large aggregates with rounded quartz grains (Q) and large voids (V) 
in the Ap horizon of (a) Kandiustox and, (b) Kandiudox, (c) subangular 
blocky aggregates with granular microstructure and abundant clay coatings 
in the Bt horizon of a Kandiustox (d) a combination of granular and crumb 
microstructures with few clay coatings in the Bto horizon of a Kandiudox, 
(e) the highly developed granular and crumb microstructures with some clay 
coatings in the Bto horizon of a Kandiustox, and (f) a very strongly 
developed granular and crumb microstructure with very few clay coatings in 
the Bto horizon of a Kandiudox. (V-void, Q-quartz) 
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Figure 6 Scanning electron micrograph (back scattered image) (BS) and ternary 

diagram for the indicated points ( ) on aggregates and x-ray maps for Al, 
Si, and Fe of the Kandiustox (Pc-2) Bto horizon at 105-130 cm.  
Microaggregates are present in various sizes and consist of a quite uniform 
mixture of kaolin and iron oxides so composition data fall on the “kaolin 
line”.  Quartz grains are present and correspond to the Si-rich particles 
(white dots) seen in on Si map. 

 

iron oxide composition of the soils aggregates in Kandiudox is illustrated in Figure 7 

where the Al concentration is more than is required for kaolin so that data points for 

the cubic micrometer analyzed volumes plot away from the kaolin line towards the 

Al2O3 apex.  The iron oxide concentration in the microaggregates is somewhat 

variable, possibly indicating a more complex pedogenesis than for the Kandiustox 

profiles (Figure 7).  
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Figure 7 Scanning electron micrograph (back scattered image) (BS) and ternary 
diagram for the indicated points ( ) on aggregates and x-ray maps for Al, 
Si, and Fe of the Kandiudox (Ak-1) Bto horizon at 100-135 cm.  Rounded 
microaggregates are present in various sizes and consist of a quite uniform 
mixtures of kaolin, gibbsite and iron oxides so composition data displaced 
from the “kaolin line” towards the Al2O3 apex.  Quartz grains are present 
and correspond to the Si-rich particles (white dots) seen on the Si map. 

2.3 Iron content and soil mineralogy 

The Fe concentration of samples from horizons of these three soils varies in 

the range 81-184 g kg-1 being 106-136 g kg-1 in the Kandiustox (Pc) and 81-184 g kg-1 

in the Kandiudox (Ak) but the average distribution of Fe with depth is rather uniform 

(Figure 8a).  The Kandiudox profiles have a wider ranges of total iron content than 

that of the Kandiustox profiles as indicated by the larger value of standard deviation  
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Figure 8 Depth functions for (a) total iron concentration (g kg-1) (Fet),  (b) the ratio of 

free oxide iron (extracted with sodium dithionite (Fed)) to total iron (Fet) 
(Fed/Fet),  (c) the ratio of oxalate soluble iron (Feo) to free oxides iron (Fed) 
(Feo/Fed). 

 

in Figure 8a possibly because of different environmental conditions including greater 

removal of Si (i.e. gibbsite formation) than for the Kandiustox.  Differences in the 

composition of parent materials must also be considered.  Limestone is the main 

parent rock of the Kandiustox profiles whereas both calcareous shale and limestone 

are parent rocks of at least one Kandiudox profile, consequently the range of 

compositions will be greater for the Kandiustox.  The slightly lower value of Fed/Fet 

for the Kandiustox profiles may be a consequence of differences in parent material 

with more primary Fe-silicate minerals, which are insoluble in dithionite solution 

being present in the Kandiustox (Figure 8b). 

All soils have the low values of the Feo/Fed ratio which is characteristic of 

mature, well drained soils, and indicates the dominance of crystalline iron oxides 

(hematite and goethite) (Blume and Schwertmann, 1969) (Figure 8c), with the Feo/Fed  

ratio for the Kandiustox and Kandiudox profiles being almost identical.There are 

systematic differences in mineralogy between the Kandiustox (Pc) and Kandiudox  
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Figure 9 Typical X-ray diffraction patterns of (a) random powders of whole soil 

samples, (b) basally oriented clay samples illustrating the mineral 
composition of Kandiustox (Pc-1) and Kandiudox (Ak-1) profiles. 

 

(Ak) profiles.  Typical XRD patterns are shown in Figure 9 for both soil great groups.  

Kaolin, quartz and hematite are the dominant minerals in all of these red Oxisols at all 

depth whereas gibbsite and goethite are major minerals only in the Kandiudox (Ak-1) 

profiles.  Boehmite is also a minor constituent of the Kandiudox Ak-1 profile.  Small 

amounts of anatase and rutile are present.  The Kandiustox profiles have more 

hematite than do the Kandiudox profiles which is interpreted as being due the 

influence of warmer and drier climatic conditions (Schwertmann, 1988; Fitzpatrick, 

1988; Bigham et al., 2002).  Gibbsite, boehmite and goethite occur only in Kandiudox 

Ak-1 which may indicate that this profile has experienced more aggressive or longer 

weathering but it has also formed from a more aluminous parent material (i.e. clay 

minerals were more abundant in the shale than in limestone) (Schwertmann, 1988; 

Bigham et al., 2002). 

The coherently scattering domain (CSD) size of kaolin (001) determined from 

diffraction line broadening using Scherrer’s equation (Klug and Alexander, 1954) is 

larger in the Kandiudox profiles (Figure 10) than in the Kandiustox profiles.  This 
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may be due to the relative greater supply of Fe (c.w. Al) in the Kandiustox profiles 

causing higher levels of Fe substitution for Al in kaolin with consequent smaller 

crystal size (Hart et al., 2002, 2003) but other explanations are also possible. 

2.4 Chemical properties 

The pH-H2O values of these red Oxisols are generally low especially in their 

subsoils (Figure 11a).  The pH-KCl values show the same trend but with values being 

about one unit less than that the pH-H2O (Figure 11b), reflecting the predominance of 

acidic cations (Al3+ and H+) at exchange sites and a net negative surface charge 

(Sanchez, 1976).  The ∆pH values for the Kandiudox profiles are lower than for the 

Kandiustox profiles (Figure 11c).  

The organic matter concentrations in the red Oxisols are highest in the surface 

soil and decrease sharply with depth, as do total nitrogen concentrations (Figure 11d, e). 

The cation exchange capacity (CEC) of the soils is low which is consistent 

with dominance of low activity clays (kaolin, sesquioxides) with Kandiudox profiles 

have lower mean CEC values than do Kandiustox profiles (Figure 11f).  Variations in 

CEC with depth are related to the soil organic carbon concentration for the 

Kandiustox (Figure 11d, f) but there is not a systematic relationship between organic 

carbon and CEC for the Kandiudox. 

 

 
 
Figure 10 Mean crystal size of kaolin expressed as coherently scattering domain 

(CSD001) size for the six soils. 
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Figure 11 Depth function diagrams of some chemical properties for each soil profile 

(a) pH 1:1 H2O, (b) pH 1:1 KCl, (c) ∆pH, (d) organic matter (g kg-1), (e) 
total nitrogen (g kg-1), (f) cation exchange capacity (cmol kg-1), (g) available 
phosphorus (mg kg-1) and (h) available potassium (mg kg-1). 
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Available phosphorus has a depth function trend similar to that for organic 

matter concentration (Figure 11g).  The soils have relatively high amounts of 

available P in the surface horizon as a result of fertilization for crop production.  The 

subsurface horizons have very low amounts of available phosphorus as a result of 

both low total P contents and much P being chemically bound to sesquioxide surfaces 

in these soil types (Agbenin and Tiessen, 1994; Owusu-Bennaoh et al., 1997).   

Apart from the surface horizon of one Kandiustox (Pc) profile values of 

available K are low (i.e. <30 mg kg-1) throughout all profiles (Figure 11h) and may 

limit crop production (Land Classification Division and FAO Project Staff, 1973; 

Kheoruenromne, 1999) 

2.5 Physical properties 

The particle size distributions for these soils are shown on a texture triangle 

(Figure 12) with the texture of all samples being clay.  The Kandiudox (Ak) profiles 

contain more sand indicating that they mostly formed from more siliceous parent 

materials than the Kandiustox (Pc) profiles, which is consistent with field 

observations. 

 

Figure 12 (a) Particle-sized distribution of red Oxisol samples plotted on the texture 
triangle (b) depth function diagram of clay content (%). 
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Specific surface area values for the red Oxisol materials range from 24 to 68 

m2g-1 and slightly increase with depth.  The median value for the Kandiudox (Ak) 

profiles (41 m2g-1) is lower than for the Kandiustox (Pc) (52 m2g-1) profiles (Figure 

13) due partly to the greater sand content of the Kandiudox materials.  However the 

relationships between specific surface area and clay content are systematically 

different (Figure 14) which indicates that there are also differences in the specific 

surface area of clay in the two soil great groups(Alekseeva and Alekseev, 1999).  

Kaolinite crystals were larger in the Kandiudox (mean CSD Ka(001) value of 23 nm than 

in the Kandiustox (mean CSD Ka(001) value of 13 nm (Figure 10) which is consistent 

with this interpretation.  The greater amounts of extremely small (≈, 20 nm) (Fontes 

and Weed, 1996; Cornell and Schwertmann, 2003) iron oxide crystals in the clay 

fraction of the Kandiustox would also displace the relationship in Figure 14 towards 

higher SSA values (Schwertmann, 1988).   

Bulk density values for the Kandiustox profiles range from 1.07 to 1.29 Mg m-3 

and are not systematically different from the 0.77 to 1.36 Mg m-3 range for the 

Kandiudox profiles and published values (0.7-1.7 Mg m-3)  for other Oxisols ((0.7-1.7 

Mg m-3) El-Swaify, 1980; (0.94-1.36 Mg m-3) Larson and Padilla, 1990; (0.98-1.68 

Mg m-3) Neves et al., 2003).  The low bulk density values are due to the high porosity 

arising from the well structured condition of these soils (El-Swaify, 1980).  

Amounts of water retained at 33 kPa (field capacity) (range 22-39 weight%) 

and 1500 kPa (permanent wilting point) (range 17-29%) by these red Oxisols are both 

high (Figure 15) as is a usual feature of Oxisols (e.g. Acrustox, Macedo and Bryant, 

1987).  The water retained at 33 kPa and 1500 kPa is linearly related to clay content 

(Figure 16) but this relationship is quite different from that for many other soil types 

e.g. alluvial soils (Salchow et al., 1996), loess soils (Scheinost et al., 1997).  Water 

available to plants which is the difference between these amounts is only 5.0-9.3% 

when the soil is wet to field capacity (Figure 15).  This observation is consistent with 

data reported by Macedo and Bryant (1987), Larson and Padilla (1990) and Beinroth 

et al. (2000) who all concluded that the available water in clay rich oxide soils is 

comparable to that of sands despite the large amount of water retained in the soil.  

Thus these Red Oxisols resemble other strongly weathered tropical soils in having  
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Figure 13 Values of specific surface area of soil from horizons of the Kandiustox and 
Kandiudox profiles. 

 

 
 

Figure 14 Relationships between clay content and specific surface area for Kandiustox 
(Pc-1, Pc-2, Pc-3) and Kandiudox (Ak-1, Ak-2, Ak-3) profiles. 
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Figure 15 A comparison of horizon values of water content (% weight) at -33 kPa (a) 

and  -1500 kPa (b) tensions and plant available water content (AWC) (% 
weight) (c) for Kandiustox (Pc-1, Pc-2, Pc-3) and Kandiudox (Ak-1, Ak-2, 
Ak-3) profiles. 

 

water retention properties typical of clays at low matric potentials yet they resemble 

sands at high matric potentials (Sharma and Uehara, 1968; Sanchez, 1976). 

 

3. Properties of red Oxisols on basalt 

3.1 Environmental settings and field morphology 

Environmental settings of the red Oxisols derived from basalt are shown in Table 3.  

Climatic conditions for these soils are different and separate the soils into two sets.  

Under the tropical savanna climate the mean evaporation is higher than mean annual 

rainfall whereas under the tropical monsoonal climate the mean evaporation is lower 

than the mean annual rainfall.  Field crops especially cassava are the major land use  
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Figure 16 Relationships of water content (% weight) at -33 kPa tensions (a), -1500 kPa 

tensions (b) and plant available water content (% weight) as a function of 
clay content of red Oxisols on limestone.  Data for Acrustox samples 
(Macedo and Bryant, 1987) are included for comparison.  
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for Kandiustox (Ci) whereas tropical fruit orchards are the major land use for the 

Kandiudox (Ti). 

The field morphology and horizonation of these soils are shown in Table 7.  

General field morphology features of the Kandiustox (Ci) are that they are deep, well 

drained with dark red and dusky red to very dusky red subsoils.  Ap horizons (topsoil) 

are relatively rich in organic matter and soil management including tillage has given 

the topsoils a strong subangular blocky structure.  Bto horizons have friable to slightly 

firm consistence when moist with a moderate to strong subangular blocky structure 

parting to a granular structure.  Bo horizons have friable consistence when moist with 

moderate to strong subangular blocky structure parting to granular structure.  These 

features are indicators of the good soil aggregation characteristic of the highly 

developed structure of this horizon which also presents few clay coatings on ped faces 

and pore walls.  All horizons show many simple vesicular and tubular pores.  The 

field pH is very strongly acid to slightly acid near the surface (pH 4-6.5) to very 

strongly acid to strongly acid (pH 4.5-6) in deeper parts of the profile. 

The Kandiudox (Ti) are deep, well drained having a dark reddish brown 

topsoil and dark reddish brown to dusky red subsoil.  The Ap horizon is fairly rich in 

organic matter has given a moderate to strong subangular blocky parting to granular 

structure.  The Bto horizons generally have friable to slightly firm consistence when 

moist with moderate to strong semi angular blocky structure parting to granular 

structure and show common clay coatings on ped faces and pore walls.  The Bo 

horizons have slightly firm consistence when moist with moderate angular blocky 

structure parting to granular structure.  These horizons commonly have well 

developed soil aggregates and show clay coatings on ped faces and pores walls.  The 

soils have many simple vesicular and tubular pores.  The field pH is slightly acid (pH 

6.5) near the surface to strongly and very strongly acid (pH 5.5-5.0) in the deeper part 

of the profile. 
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Table 7 Morphology of red Oxisols developed on basalt 

Horizon Depth  
(cm) 

Colour Structure1/ Consistence2/ Coats Pore 

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-1) 
Ap1 0-10 2.5YR 3/4 3 SBK Soft, SF, MS/MP - many  
Ap2 10-27 2.5YR 2.5/4 3 semi ABK SH, SF, MS/MP - many  
Bto1 27-55 2.5YR 2.5/4 3 SBK SH, SF, MS/MP few  many  
Bto2 55-88 2.5YR 2.5/4 3 SBK ± G SH, SF, MS/MP few  many  
Bto3 88-110 2.5YR 2.5/3 3 SBK ± G SH, Fri, SS/MP few  many  
Bo1 110-132 2.5YR 2.5/3 2 SBK ± 3G SH, Fri, SS/MP - many  
Bo2 132-160 2.5YR 2.5/3 2 SBK ± 3G SH, Fri, SS/MP - many  
Bo3 160-200 2.5YR 2.5/3 2 SBK ± 3G SH, Fri, SS/MP - many  
Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-2) 
Ap 0-10 2.5YR 3/6 3 SBK ± 3G SH, SF, MS/VP - many  
Bto1 10-25 2.5YR 4/6 3 SBK ± 3G SH, Fri, MS/VP  many  
Bto2 25-52 2.5YR 4/6 2 SBK ± 3G SH, Fri, SS/MP common  many  
Bto3 52-76 2.5YR 4/6 2 SBK ± 3G SH, Fri, SS/MP common  many  
Bo1 76-103 2.5YR 4/6 3 semi-ABK ± 3G SH, Fri, SS/MP few  many  
Bo2 103-130 2.5YR 4/6  SH, Fri, SS/MP very few  many  
Bo3 130-167 2.5YR 3/6 2 semi-ABK ± 3G SH, Fri, SS/MP very few  many  
Btc 167-192+ 2.5YR 4/6 1 SBK ± alone nodule SH, F, SS/MP few  many  
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-3) 
Ap1 0-15 10R 3/3 2 SBK ± 3G SH, SF, SS/MP - many  
Ap2 15-30 10R 3/4 2 ABK H, SF, MS/MP very few  many  
Bto1 30-51 10R 3/4 3 ABK SH, SF, MS/MP common  many  
Bto2 51-73 10R 3/4 3 ABK SH, SF, MS/MP common  many  
Bto3 73-100 10R 3/4 3 ABK SH, SF, SS/MP common  many  
Bto4 100-130 10R 3/4 2 SBK ± 2G SH, SF, SS/MP common  many  
Bo1 130-160 10R 3/4 2 SBK ± 2G SH, Fri, SS/MP common  many  
Bo2 160-185 10R 3/4 3 SBK ± 2G SH, Fri, SS/MP common  many  
Bto5 185-205 10R 3/4 3 SBK ± 2G SH, Fri, SS/MP common  many  
Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-1) 
Ap1 0-12 5YR 3/4 3 SBK ± 3G L, Fri, SS/MP few  many  
Ap2 12-27 5YR 3/4 3 SBK ± 3G L, Fri, SS/MP very few  many  
Bto1 27-52 5YR 3/4 3 semi-ABK ± 3G SH, SF, SS/MP common  many  
Bto2 52-78 2.5YR 3/4 3 SBK ± 3G SH, SF, MS/MP common  many  
Bto3 78-96 2.5YR 3/4 3 semi-ABK ± 3G SH, SF, MS/MP common  many  
Bo1 96-125 2.5YR 3/4 2 semi-ABK ± 2G SH, SF, MS/MP common  many  
Bo2 125-160 2.5YR 3/4 2 semi-ABK ± 2G SH, SF, MS/MP common  many  
Bo3 160-200 2.5YR 3/4 2 semi-ABK ± 2G SH, SF, MS/MP common  many  
Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-2) 
Ap 0-14/16 5YR 3/4 3 SBK ± 3G SH, SF, SS/MP few  many  
Bto1 16-40 5YR 3/4 2 SBK ± 2G SH, Fri, MS/MP few  many  
Bto2 40-70 5YR 3/4 2 semi-ABK ± 2G SH, Fri, MS/MP common  many  
Bto3 70-95 5YR 3/4 3 semi-ABK ± 2G SH, SF, MS/MP common  many  
Bo1 95-125 5YR 3/4 2 semi-ABK ± 2G SH, SF, MS/MP few  many  
Bo2 125-150 2.5YR 3/4 2 semi-ABK ± 2G SH, SF, MS/MP common  many  
Bo3 150-175 2.5YR 3/4 2 semi-ABK ± 2G SH, SF, MS/MP common  many  
Bo4 175-200 2.5YR 3/4 2 semi-ABK ± 2G SH, SF, MS/MP common  many  

1/ 1 = weak, 2 = moderate, 3 = strong, ABK = angular blocky, SBK = subangular blocky, G = granular 
±  Indicates primary structure that parts to secondary structure when ruptured 

2/ dry SH = slightly hard, H = hard, moist Fri = friable, SF = slightly firm, F = firm, VF = very firm,  
wet SS = slightly sticky, MS = moderately sticky, MP = moderately plastic, VP = very plastic 
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The Kandiustox (Ci) and Kandiudox (Ti) are different in their degree of soil 

development and particularly in soil structure.  The horizon development of their profiles 

are Ap-Bto-Bo favouring the accumulation of iron oxides and strong colours (Figure 17) 

indicating highly weathered soils.  The differences in rainfall do not appear to have 

resulted in markedly different extents of weathering, possibly because climate has 

changed (Soil Survey Staff, 1999) in the areas where Kandiustox occurs such that 

precipitation is now less and soils have become drier (Hastings and Liengsakul, 1983), 

especially in the upper part of the profile.  Both soils have formed through weathering of 

basalt with residual accumulation chiefly of sesquioxide and kaolin-rich clay the 

dominant soil forming process.  Soils formation is however likely to have involved a 

combination of processes including migration of clay and sesquioxides from the Ap into 

the B horizons producing a kandic horizons (Scholten and Andriesse, 1986). 

3.2. Micromorphology 

As shown in Figure 18, the general microstructure of the soils are well 

developed subangular blocky, crumb and granular.  The distribution of coarse and fine 

materials is porphyric in all the soils, with quartz as the main coarse constituent. 

The microstructure of all Kandiustox (Ci) profiles is mainly crumb and 

granular structures towards the deeper part of the profiles (Figure 18a, c, e).  The size 

of microaggregate ranges from 20-1200 µm.  The Bto horizons show highly 

developed microaggregates with clay plasma between the peds (Figure 18e).  The 

preservation of the microaggregates may be favoured by the presence of disseminated 

Fe oxides (Dick and Schwertmann, 1996).  The uniform ferruginous, oxidic-kaolinitic 

composition of soil aggregates is clearly shown by the optical, electron and X-ray 

images in Figure 19.  Aggregates are mainly composed of Al, Si and Fe organized 

into a rather uniform mixture of kaolin and Fe oxide minerals as all data for cubic 

micrometer volumes analyzed by EDS fall on the line in the triangular diagram that 

denotes mixtures of kaolin and iron oxides. 
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Figure 17 Profiles with horizons indicative for the Kandiustox (Ci) (Ap-Bto-Bo) and 

Kandiudox (Ti) (Ap-Bto-Bo). 
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Figure 18 Optical micrographs of selected horizons of Kandiustox (Ci) and Kandiudox 
(Ti) on basalt.  Large aggregates with rounded quartz grains (Q) and large 
voids (V) in the Ap horizon of (a) Kandiustox (Ci-3) and, (b) Kandiudox 
(Ti-1), (c) subangular blocky aggregates with granular microstructure and 
abundant clay coatings in the Bto horizon of a Kandiustox (Ci-1) (d) a 
combination of granular and crumb microstructures with few clay coatings 
in the Bto horizon of a Kandiudox (Ti-1) developed granular and crumb 
microstructures in the Bo horizon of a Kandiustox (Ci-1), and (f) a very 
strongly developed granular and crumb microstructure with very few clay 
coatings in the Bo horizon of a Kandiudox (Ti-2). (V-void, Q-quartz) 
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Figure 19 Scanning electron micrographs (back scattered image) (BS) and ternary 

diagram for the indicated points ( ) on aggregates and X-ray maps for Al, 
Si, and Fe for the Kandiustox (Ci-2) Bto horizon at 103-130 cm.  
Microaggregates are present in various sizes and consist of a quite uniform 
mixture of kaolin and iron oxides so composition data fall on the “kaolin 
line”.  Quartz grains are present and correspond to the Si-rich particles 
(white dots) seen on the Si map. 

 

The microstructure of Kandiudox (Ti) profiles is mainly granular throughout 

(Figure 18b, d, f).  The size of microaggregates ranges from 40-2000 µm.  Bto and Bo 

horizons show highly developed microaggregates with clay plasma between peds 

(Figure 18d, f) but not as much as in the Bto of the Kandiustox (Ci) profiles.  The 

preservation of microaggregates may be favoured by the presence of Fe oxides (Dick 
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and Schwertmann, 1996).  The rather uniform ferruginous, oxidic-kaolinitic 

composition of soil aggregates is clearly shown by the optical, electron and X-ray 

images in Figure 20.  Aggregates are mainly composed of Al, Si and Fe organized 

into a rather uniform mixture of kaolin and Fe oxide minerals as all data for cubic 

micrometer volumes analyzed by EDS fall on the line in the triangular diagram that 

denotes mixtures of kaolin and iron oxides.  The iron oxide concentration in the 

microaggregates is somewhat variable, possibly indicating a more complex 

pedogenesis than for the Kandiustox profiles (Figure 20).  

3.3 Iron content and soil mineralogy 

The iron concentration of these soils ranges from 80-253 g kg-1 being 80-160 g 

kg-1 in the Kandiustox (Ci-1, Ci-2, Ci-3) and 202-253 g kg-1 in the Kandiudox (Ti-1, 

Ti-2).  The average distribution of iron with depth for each group of soils is uniform 

(Figure 21a).  The Kandiustox (Ci-1, Ci-2, Ci-3) have a higher degree of soil 

development than the Kandiudox (Ti-1, Ti-2) as indicated by the Fed/Fet ratio in 

Figure 21b.  The soils have low values of the Feo/Fed ratio which indicates the 

dominance of crystalline iron oxides (hematite).  The Kandiustox (Ci-1, Ci-2, Ci-3) 

have lower values of the Feo/Fed ratio (Figure 21c) than the Kandiudox (Ti-1, Ti-2) 

indicating a higher degree of development of these soils (Blume and Schwertmann, 

1969). 

There are slightly differences in mineralogy between the Kandiustox (Ci) and 

the Kandiudox (Ti) as goethite occurs only in Kandiudox as shown in XRD patterns 

in Figure 22.  Kaolin, quartz and hematite are the dominant minerals in both 

Kandiustox and Kandiudox.  The Kandiustox have more hematite than the Kandiudox 

due to the influence of warmer and drier climatic condition (Schwertmann, 1988; 

Fitzpatrick, 1988; Bigham et al., 2002).  

The coherently scattering domain (CSD) size of kaolin (001) determined from 

diffraction line broadening using Scherrer’s equation (Klug and Alexander, 1954) for  

the Kandiustox is larger than for the Kandiudox (Figure 23).  This may be due to the  
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Figure 20 Scanning electron micrographs (back scattered image) (BS) and ternary 
diagram for the indicated points ( ) on aggregates and X-ray maps for Al, 
Si, and Fe for the Kandiudox (Ti-2) Bo horizon at 125-150 cm.  Rounded 
microaggregates are present in various sizes and consist of a quite uniform 
mixtures of kaolin and iron oxides.  Quartz grains are present and 
correspond to the Si-rich particles (white dots) seen on the Si map. 

 

relative greater supply of Fe in the Kandiudox causing higher levels of Fe substitution 

for Al in kaolin with resulting smaller crystal size (Hart et al., 2002, 2003). 



 56

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200 250 300

Fet (g kg-1)
D

ep
th

 (c
m

)

0

20

40

60

80

100

120

140

160

180

200

0.0 0.2 0.4 0.6 0.8 1.0

Fed/Fet 

0

20

40

60

80

100

120

140

160

180

200

0.00 0.05 0.10 0.15 0.20

Feo/Fed 

 
 (a)  (b) (c) 

Figure 21 Depth functions of Kandiustox and Kandiudox on basalt for (a) total iron 
concentration (g kg-1) (Fet),  (b) the ratio of free oxides iron (extracted with 
sodium dithionite (Fed)) to total iron (Fet) (Fed/Fet),  (c) the ratio of oxalate 
soluble iron (Feo) to free oxide iron (Fed) (Feo/Fed). 

 

 
 

Figure 22 Typical X-ray diffraction patterns of (a) random powders of whole soil 
samples, (b) basally oriented clay samples illustrating the mineral 
composition of Kandiustox (Ci-1) and Kandiudox (Ti-2) profiles. 
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Figure 23 Mean crystal size of kaolin expressed as coherently scattering domain 
(CSD001) size for the five red Oxisols on basalt. 

3.4 Chemical properties 

The pH-H2O values of these red Oxisols are generally low in the range of 4.3-

5.5 (Figure 24a).  The pH-KCl values show the same trend but with values being 

about one unit less than pH-H2O for Kandiustox and a half unit for the upper part of 

the Kandiudox profiles (Figure 24b), reflecting the predominance of acidic cations 

(Al3+ and H+) at exchange sites and a net negative surface charge (Sanchez, 1976).  

The ∆pH values for the Kandiudox profiles are higher than for the Kandiustox 

profiles and the values is nearly zero at depth (Figure 24c).  

The organic matter concentrations in the red Oxisols are highest in the surface soil 

and decrease sharply with depth, as do total nitrogen concentrations (Figure 24d, e). 

The cation exchange capacity (CEC) of the soils is low which is consistent 

with dominance of low activity clays (kaolin, sesquioxides) with Kandiustox profiles 

have lower mean CEC values than Kandiudox profiles (Figure 24f). There is not any 

systematic relationship between organic carbon and CEC for the the soils developed 

on basalt. 

Available phosphorus has a depth function trend similar to that for organic 

matter concentration (Figure 24g).  The Kandiudox have relatively high amounts of 

available P due at least partly as a result of fertilization for crop production.  The 

subsurface horizons have lower amounts of available phosphorus as a result of both  

Kandiustox Kandiudox 
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Figure 24 Depth function diagrams of the mean value of some chemical properties for 
of red Oxisols on basalt. 
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low total P contents and much P being chemically bound to sesquioxide surfaces in 

these soil types (Agbenin and Tiessen, 1994; Owusu-Bennaoh et al., 1997).   

The values of available K of are low (i.e. <30 mg kg-1) throughout all profiles 

(Figure 24h) and may limit crop production (Land Classification Division and FAO 

Project Staff, 1973; Kheoruenromne, 1999). 

3.5 Physical properties 

The particle size distributions for these soils are shown on a texture triangle 

(Figure 25) with the texture of all samples being clay.   

Specific surface area values for the red Oxisol materials range from 32 to 81 

m2g-1 and slightly increase with depth.  The median value for the Kandiustox profiles 

(39 m2g-1) is lower than for the Kandiudox (75 m2g-1) profiles (Figure 26).  However 

the relationships between specific surface area and clay content are systematically 

different (Figure 27) which indicates that there are also differences in the specific 

surface area of clay in the two soil great groups.  Kandiustox (mean 17 nm) contains 

larger kaolin crystals than the Kandiudox (mean 11 nm) (Figure 23) which is 

consistent with this interpretation (Alekseeva and Alekseev, 1999).  The greater 

amounts of extremely small iron oxide crystals will also contribute to the larger SSA 

of the Kandiudox (Figure 21) (≈, 20 nm) (Fontes and Weed, 1996; Cornell and 

Schwertmann, 2003). 

Bulk density values for the Kandiustox range from 0.80 to 1.25 Mg m-3 and 

are not systematically different from the 0.76 to 0.88 Mg m-3 range for the Kandiudox 

(Ti) profiles and published values (0.7-1.7 Mg m-3)  for other Oxisols ((0.7-1.7 Mg m-

3) El-Swaify, 1980; (0.94-1.36 Mg m-3) Larson and Padilla, 1990; (0.98-1.68 Mg m-3) 

Neves et al., 2003).  The low bulk density values are due to the high porosity arising 

from the well structured condition of these soils (El-Swaify, 1980).   
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Figure 25 Texture triangle for red Oxisols on basalt. 
 

 

Figure 26 Median values of specific surface area of soil from horizons of the 
Kandiustox and Kandiudox on basalt. 
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Figure 27 Relationships between clay content and specific surface area for Kandiustox 

and Kandiudox on basalt. 
 

Amounts of water retained at both 33 kPa (field capacity) (range 25-42 

weight%) and 1500 kPa (permanent wilting point) (range 19-35%) by these red 

Oxisols are high (Figure 28) as is a usual feature of Oxisols (e.g. Acrustox, Macedo 

and Bryant, 1987).  Water available to plants when the soil is wet to field capacity is 

the difference between these amounts and is only 3-13% (Figure 28).  This 

observation is consistent with data reported by Macedo and Bryant (1987), Larson 

and Padilla (1990) and Beinroth et al. (2000) who all concluded that the available 

water in these clay and oxide rich soils is comparable to that of sands despite the large 

amount of water retained in the soil.  Thus these Thai Oxisols resemble other strongly 

weathered tropical soils in having water retention properties typical of clays at low 

matric potentials yet they resemble sands at high matric potentials (Sharma and 

Uehara, 1968; Sanchez, 1976). 
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Figure 28 A comparison of horizon mean values of water content (% by weight) at -33 
kPa and  -1500 kPa tensions and plant available water content (AWC) for 
Kandiustox and Kandiudox on basalt. 

 

4. Microstructure and water retention of Oxisols 

4.1 Microstructure 

Thin sections of soils developed from limestone and basalt (Figure 29) show 

complex microstructures (granular and subangular blocky structure) with very small 

to medium (10-1500 µm) compound packing voids between aggregates.  Soils 

developed on basalt show better microaggregation, with well-rounded micropeds 

(Figure 29c,d) whereas the Oxisols on limestone are normally less well 

microaggregated, and the granular particles are less rounded and more blocky (Figure 

29a,b) (Bennema et al., 1970; Muggler and Buurman, 2000; Schaefer, 2001; Schaefer 

et al., 2002).  A thin lining of ferriargillans occurs on ped faces and pore walls as 

shown in Figure 29a,b,c.  Oxisols formed under a tropical monsoonal climate consist 

of randomly oriented combinations of clay particles, organic matter, Fe oxides  
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 Kandiustox Kandiudox 

  
Limestone Tropical savanna (Pc-2) Tropical monsoonal (Ak-2) 
 (Bto, 105-130 cm, XPL) (Bto, 100-135 cm, XPL) 

  
Basalt Tropical savanna (Ci-2) Tropical monsoonal (Ti-2) 
 (Bo, 130-167 cm, XPL) (Bo, 150-175 cm, XPL) 
 
Figure 29 Photomicrographs of selected horizons of red Oxisols showing granular 

microstructure with compound packing voids (interaggregate pores), thin 
lining ferriargillans on ped faces and void walls (a,b,c), abundant dotted 
optically opaque materials (d).  
(V = void, Q = quartz). 

 

minerals and quartz grains (Figure 29d) (Buol and Eswaran, 1978; Santos et al., 1989; 

Beinroth et al., 2000).  

For the Kandiustox, the uniform iron oxide-kaolinite composition of soil 

aggregates is clearly shown by the optical, scanning electron and X-ray images in 

Figure 30a,b.  Aggregates are mainly composed of Al, Si and Fe organized into a rather 

uniform mixture of kaolin and Fe oxide minerals as all data for the approximately cubic 

micrometer volumes analyzed by EDS display little variation and fall on the line in the 

triangular diagram that denotes mixtures of kaolin and iron oxides.  The rather uniform 

kaolin-gibbsite-iron oxide composition of the soil aggregates in Kandiudox (Ak-1) is 

illustrated in Figure 30c where the Al concentration  

(a) (b)

(c) (d)
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Figure 30 Scanning electron micrographs (back scattered image) (BS) and ternary diagram 
for the indicated points ( ) on aggregates and X-ray maps for Al, Si, and Fe for red 
Oxisols.  Rounded microaggregates are present in various sizes and consist of quite 
uniform mixtures of kaolin and iron oxides. Composition data are displaced from 
the “kaolin line” towards the Al2O3 apex for Kandiudox (Ak-1) as gibbsite 
(Al(OH)3) is also present in the matrix.  Quartz grains are present and correspond to 
the Si-rich particles (white dots) seen on the Si maps. 

(a) 
Kandiustox (Pc-2) 
Limestone 

(b) 
Kandiustox (Ci-2) 
Basalt 

(c) 
Kandiudox (Ak-1) 
Limestone 

(d) 
Kandiudox (Ti-2) 
Basalt 
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is more than required for kaolin so that data points for the cubic micrometer analyzed 

volumes plot away from the kaolin line towards the Al2O3 apex.  The iron oxide 

concentration in the microaggregates is somewhat variable, possibly indicating a more 

complex pedogenesis than for the Kandiustox.  The composition of the Kandiudox 

(Ti) matrix is a quite uniform mixture of iron oxides and kaolin as was the case for the 

Kandiustox but with a greater variation in Fe2O3 concentration (Figure 30d). 

4.2 Water retention characteristics 

Moisture retention curves for individual horizons of all profiles are quite 

similar (Figure 31) and the curves, particularly those for Bto and Bo horizons, 

generally display a marked inflection at about pF 3.  This reflects the removal of 

water from the soil at suctions between pF 0-2.5, representing drainage of 

interaggregate pore space in a manner, which is very similar to drainage from sandy-

textured soils (Bui et al., 1989; Tsuji et al., 1975).  The major difference between 

curves for sand and Oxisols is that the water content at the end of the inflection 

remains high with some of this residual water being retained up to pF 6.  The water 

released at pF values exceeding 3 is ascribed to intraaggregate water and this large 

amount of water is due to the highly developed microstructure of red Oxisols.  

Amounts of water retained at 33 kPa (field capacity) (range 22-43 %weight) and 1500 

kPa (permanent wilting point) (range 17-34 %) are both high as is a usual feature of 

Oxisols (Macedo and Bryant, 1987).  Water available to plants which is the difference 

between these amounts is only 3-12% for soils wet to field capacity (Appendix 2).  

The N2-BET curves for these soils have been plotted on an equivalent scale to the 

water retention curves (Figure 31) and are quite consistent although they plot below 

water retention curves and have a different modal pore size value.  This difference 

presumably relates to the different reaction of H2O and N2 with surfaces of kaolin, 

iron oxides and other soil constituents.  Most of the BET curves of Ap horizons are 

lower than the curves for Bto and Bo horizons. 

The water retained at 33 kPa and 1500 kPa by these red Oxisols is not simply 

related to clay content (Figure 32) and the relationships between clay content and 

water content are quite different to those reported in the literature for other clayey soil  
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Figure 31 Volumetric water retention characteristic curves (WC) for three horizons of 
(a) Rhodic Kandiustox (Pc-2, limestone), (b) Rhodic Kandiudox (Ak-3, 
limestone), (c) Typic Kandiustox (Ci-2, basalt) and (d) Rhodic Kandiudox 
(Ti-1, basalt).  BET-N2 curves (BET) are also indicated on an equivalent 
scale. 
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Figure 32 Relationships of water content (at -1500 kPa and -33 kPa tensions) and 
available water content with clay content.  Data for Acrustox samples 
(Macedo and Bryant, 1987) and Cambisols samples (Bruand and Tessier, 
2000) are included for comparison. 

 

Ustox (Pc), limestone 
Ustox (Ci), basalt 
Udox (Ak), limestone 
Udox (Ti), basalt 
Acrustox, sediment 
(Macedo and Bryant, 1987) 
Cambisols, clay sediment 
(Bruand and Tessier, 2000) 
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types.  This difference is presumably due to the particular soil structure of Oxisols.  

There are no simple relationships between clay content and water retention for these 

Thai Oxisols.  These observations are consistent with data reported by Macedo and 

Bryant (1987), Larson and Padilla (1990) and Beinroth et al. (2000) who concluded 

that the available water in clay rich Oxisols is comparable to that of sands despite the 

large amount of water retained in the soil at field capacity.  Thus these Thai Oxisols 

resemble some other strongly weathered tropical soils in having water retention 

properties typical of sand at low matric potentials yet they resemble clay at high 

matric potentials (Sharma and Uehera, 1968; Sanchez, 1976; Holzhey and Kimble, 

1988).   

The water retention curves for Oxisols can be compared to other clay-rich 

soils, as indicated in Figure 31 for USA Udoll (43% clay) (Larson and Padilla, 1990) 

and Brazil Humic Ferralsol ( a Ferralsol in the FAO equivalent of an Oxisol) (82% 

clay) (van den Berg et al., 1997).  Both soils retain about half as much water at field 

capacity as do the Oxisols.  The Udoll does retain much of its water at pF 4 and so 

resemble the Oxisols although without the marked inflection in the characteristic 

curve.  The Humic Ferralsol has released much of its water at pF values less than 4 

with the curve being parallel to the Oxisol curves over this region even to the extent 

of showing an inflection at pF ~ 2.  A water retention curve for a Brazil Ustox (Bui et 

al., 1989) is also shown in Figure 31 and this exhibits the loss of most of water at pF 

~ 2, and the curve is approximately parallel to the red Oxisol curves. 

4.3 Porosity 

Pore size frequency distributions (Figure 33) estimated by manually 

differentiating the water retention curves (Childs and Collis-George, 1950) show a 

distinct bimodal pore size distribution for all soils with one mode at about 20 µm, 

especially in Bto and Bo horizons, corresponding to interaggregate pores and another 

mode at about 0.02 µm corresponding to intraaggregate pores.  The Kandiustox 

samples have slightly more interaggregate pores than for the other soils (Figure 34a) 

and it has been suggested that micropeds are better developed in soils under ustic 

relative to udic moisture regimes (Buol and Eswaran, 1978).  The data from the  
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Figure 33 Pore size frequency distribution calculated from the water retention data (WC) 
and BET-N2 sorption values (BET) for selected soils (a) Rhodic Kandiustox 
(Pc-2, limestone), (b) Rhodic Kandiudox (Ak-3, limestone), (c) Typic 
Kandiustox (Ci-2, basalt) and (d) Rhodic Kandiudox (Ti-1, basalt). 

(a) 

(b) 

(c) 

(d) 

(Bui et al., 1989) 

  (van den Berg et al., 1997) 

(Larson and Padilla, 1990) 

Log matric potential (pF), Equivalent pore diameter (µm) 
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Figure 34 (a) proportions of two pore types (b) proportions of cryptopores, micropores 
and ultramicropores, mesopores and macropores. (100% = total pore 
volume). 

 

literature included in Figure 33 have much smaller amounts of interaggregate pores 

than do the red Oxisols (USA Udoll (Larson and Padilla, 1990), Brazil Ferrasol (van 

den Berg et al., 1997)).  The pore size distributions derived by the BET method shows 

abundant pores in the size range of 0.02-0.002 µm with a maximum (i.e. the modal 
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value) at about 0.01 µm.  Pore volume is less than is estimated from the water 

retention data and the modal size is smaller.   

Cryptopores are less than 0.1 µm in size (Soil Science Society of America, 

1997) and correspond to those intraaggregate pores (Figure 33) that are formed by the 

arrangement of clay size particles which in the case of these red Oxisols has been 

investigated by TEM and consist predominantly of 60×10 nm platy kaolinite crystals 

and ~25 nm almost equant  iron oxide crystals (Hart et al., 2003) (Figure 35).   

The very low bulk density of these soils (0.77-1.36 Mg m-3) means that the 

kaolin crystals (2.5 Mg m-3) which comprise about 80 percent of the matrix (Figure 

30) and iron oxide crystals (5.3 Mg m-3) which comprise most of the remainder of the 

matrix are organized into an open “card house” arrangement (Figure 36).  In such an 

arrangement the pore sizes are similar to the crystal sizes (i.e. about 10-50 nm) which 

coincides with the peak sizes of cryptopores determined from the differential water 

retention (~20 nm) and BET (~10 nm) plots in Figure 33. 

Cryptopores contribute 23-35% of the total porosity of these Oxisols and these 

pores which are smaller than 5 µm cannot be imaged by SEM on thin sections.  The 

relative abundance of macropores, mesopores and micropores was estimated using 

image analysis of scanning electron micrographs (Figure 37).  The Oxisols have a 

total volume of pores larger than 5 µm of about 20-50% which is much lower than the 

total pore volume estimated from water retention measurements (40-60%) due to the 

high abundance of cryptopores.  The relative proportions of micropores and 

mesopores remain constant with macropores varying in abundance from 30-90 

percent of the measured porosity.  There are no systematic differences in the 

proportions of the four pore types between the four soils (Figure 34b). 
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Figure 35 TEM micrographs of kaolin concentrates and iron oxide concentrates from 

red Oxisols showing  (a) euhedral to subrounded platy kaolin crystals, 
Rhodic Kandiustox (Pc-2, limestone), median size 67±28 nm, (b) mostly 
euhedral platy kaolin crystals, Typic Kandiudox (Ak-2, limestone), median 
size 67±35 nm, (c) mostly euhedral platy kaolin crystals, Typic Kandiustox 
(Ci-2, basalt), median size 60±27 nm, (d) many euhedral and a few partly 
rolled kaolin crystals, Rhodic Kandiudox (Ti-1, basalt), median size 46±22 
nm, (e) anhedral, tubular iron oxides crystals, Rhodic Kandiustox (Pc-2, 
limestone), 20-27 nm, (f) anhedral, tubular iron oxides crystals, Typic 
Kandiudox (Ak-2, limestone), 22-29 nm, (g) anhedral, tubular iron oxides 
crystals, Typic Kandiustox (Ci, basalt), 19-33 nm, (h) anhedral, tubular iron 
oxides crystals, Rhodic Kandiudox (Ti, basalt), 12-16 nm, scale bar in each 
figure indicated 100 nm. 

 

 

Figure 36 Organization of kaolin and iron oxide crystals into an open “card house” 
arrangement in the matrix of red Oxisols. (A Model). 
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Figure 37 Relative proportions of micropores, mesopores and macropores obtained by 
image analysis of scanning electron micrographs of thin sections of (a) Bto 
horizon of Typic Kandiustox (Pc-3) pore size range 5-120 µm occupy 22% 
of the micrograph area, (b) Bo horizon of Rhodic Kandiudox (Ak-3) pore 
size range 5-180 µm occupy 27% of the micrograph area, (c) Typic 
Kandiustox (Ci-2) pore size range 5-120 µm occupy 26% of the micrograph 
area and (d) Rhodic Kandiudox (Ti-1) pore size range 5-250 µm occupy 
22% of the micrograph area (e) ternary diagram or micro-, meso-, and 
macropores. (p = pore, Q = quartz). 

Micropore = 5-30 µm 
Mesopore = 30-75 µm 
Macropore = >75 µm 
(Soil Science Society of America, 1997) 

Ustox, limestone, basalt 
Udox, limestone, basalt 
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5. Synthesis 

5.1 Field morphology  

All red Oxisols developed on colluvium and residuum. Their surrounding 

landforms are mostly undulating having 1-8 percent slope.  They are well drained 

with rapid permeability.  Land use on them is mostly field crops under tropical 

savanna climate whereas para rubber and fruit trees are the major crops under tropical 

monsoonal climate. 

Colors of these red Oxisols range from dark reddish brown (5YR 3/4) to dark 

red (10R 3/6) and these colors are generally a function of the Fe content of the parent 

material.  Red Oxisols on limestone have hues of 2.5YR to 10R and redder are used as 

an indication of hematite in soils while the soils on basalt have hues of 5YR to 2.5YR 

and is thus intermediate to goethite and hematite.  The soils developed on basalt under 

tropical monsoonal climate have low chroma and value probably due to the presence 

of large amounts of manganese. (Bigham et al., 1978; Paramananthan and Eswaran, 

1980; Schwertmann, 1993; Kämpf, et al., 2000).  The texture of these red Oxisols is 

clay.  This is common for red Oxisols developed on limestone and basalt 

(Paramananthan and Eswaran, 1980).  Red Oxisols under tropical savanna climate 

have moderate to strong angular, semi-angular and subangular blocky structure 

parting to moderate to strong granular structure with mostly slightly firm to very firm 

consistence.  Red Oxisols under tropical monsoonal climate however have weak to 

moderate angular, semi-angular and subangular blocky structure parting to moderate 

granular structure with mostly friable to slightly firm consistence in Bto and Bo 

horizons partially coincide with results of previous study (Paramananthan and 

Eswaran, 1980; Imhoff et al., 2002).   

5.2 Micromorphology 

As the thin sections of soils developed from limestone and basalt are 

illustrated in Figure 29.  They show complex microstructures (granular, crumb and 

subangular blocky structure) that are different in degree of development.  Soils 
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developed on basalt show better microaggregation, with well-rounded microped 

whereas the soils on limestone are normally the least microaggregated, and the 

granular particles are less rounded and more blocky (Bennema et al., 1970; Muggler 

and Buurman, 2000; Schaefer, 2001; Schaefer et al., 2002).  A thin lining of 

ferriargillans is found on ped faces and pore walls as shown in Figure 29 (a,b,c) while 

soils under tropical monsoonal climate show random oriented combination of clay 

particles, organic matter and Fe-bearing minerals (Buol and Eswaran, 1978; Sheng-

geng, 1986; Santos et al., 1989; Beinroth et al., 2000).  

In their aggregates or micropeds have the same ratio of SiO2/Al2O3 but 

different in Fe2O3 and TiO2 content.  The soils from basalt tend to have Fe2O3 and 

TiO2 content higher than the soil from limestone (Figure 38) (Schaefer, 2001). 

5.3 Physical properties 

Particle size distribution reflects the abundance of clay size particles.  It is 

closely related their parent material and the extent of their weathering (Xian-liang, 

1986; Neufeldt, 1999; Beinroth et al., 2000). 

The soils generally have a low bulk density ranging between 0.79-1.36 Mg m-3 

that shows no systematically decrease with increasing clay content  (El-Swaify, 1980; 

Neves et al., 2003).   

The moisture characteristics curves of these soils show two major desorption 

zones.  Water in the inter-aggregate pores drains rapidly between 0 and 10 kPa (pF 

2.0).  Another desorption zone occurs when the intra-aggregate pores begin to drain at 

about 1500 kPa (pF 4.2).  The frequency distribution of pores was estimated from the 

water retention curve data.  Bimodal distributions were obtained, with one mode 

corresponding to a pore radius around 40 µm and the other centered on a radius of 

0.06 µm.  Soils developed on limestone and basalt that relatively low frequency of 

intra-aggregate pores, which is a function of its lesser structural development, reflects 

the ustic soil moisture regime (Tsuji et al., 1975; Buol and Eswaran, 1978; Beaudou 

and Chatelin, 1979; El-Swaify, 1980; Bui et al., 1989; Neufeldt, 1999; Beinroth et al., 

2000). 
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Figure 38 A diagram showing chemical composition of microaggregates determined 

by electron microprobe analysis. 
 

5.4 Chemical properties 

pH of these soils are in a range of 4.3-7.6 in top soils and 4.4-6.5 in subsoils.  

Red Oxisols are dominated by variable charge minerals with a low permanent 

negative charge on the clay minerals.  Organic matter content decreases with depth in 

range 1.3-41.3 g kg-1.  The cation exchange capacity of these soils ranges from 3.18-

22.25 cmol kg-1 with a median of 9.69 cmol kg-1.  The CEC of red Oxisols is low 

because they contain mainly low activity clays, have low pH values and little organic 

matter. 

5.5 Chemical composition 

Normalized Al-Si-Fe oxide relationships are consistent with the soils 

containing mainly kaolinite, quartz and Fe oxides.  Some of soils in tropical 

monsoonal have more Al oxide than required for the kaolin line that shows those soil 

contain some of gibbsite.  Soils derived from basalt generally have Fe2O3 and TiO2 

higher than the other (Marques et al., 2004).  Most of Oxisols in the tropical 

monsoonal zone have more iron oxide than the Oxisols in the tropical savanna zone.   

Normalized Al-Si-Fe-Ti relationship 
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5.6 Mineralogical properties 

Kaolinite, hematite, goethite and quartz are the dominant minerals in these 

soils as determined by XRD.  Gibbsite, anatase and rutile were detected.  The clay 

fraction of all red Oxisols is dominated by kaolinite.  Kaolinite in tropical savanna 

Oxisols has a mean crystal size of 15 nm which is essentially the same as the value of 

16 nm for tropical monsoonal Oxisols (Allen and Hajek,1989; van Wambeke, 1992).  

Hematite and goethite are minor minerals in these soils.  Traces of gibbsite occur in 

Tropical Monsoonal Oxisols but not in tropical savanna Oxisols (Eswaran et al., 

1977; Beinroth et al., 2000).  Quartz is dominant in the silt fraction. Traces of anatase, 

rutile, kaolinite and hematite are found in the silt fraction for both climates but in the 

tropical monsoonal soils, traces of goethite and gibbsite also occur.  

5.7 Comparative all properties  

Difference among the soils can be observed and detected in their color, 

structure, microstructure, bulk density, porosity, pH, CEC and mineralogy (Table 8).  

Differences between soils on limestone and basalt can also be observed in the 

development of their microstructure.  The soils on basalt have more highly developed 

microped so they have higher porosity and lower bulk density than do the soils 

developed on limestone. The differences due to climatic influence in these soils are 

directly related to the intensity of rainfall on their mineralogical characteristics. As 

gibbsite and higher amount of goethite are found only in the soils under tropical 

monsoonal climate. 

6. An approach for effective management practices  

Soil fertility assessment is from the analytical basis properties for 

recommendation fertilizer of plant production (Kheoruenromne, 1999).  The 

properties are organic matter content, base saturation percentage, cation exchange 

capacity, available phosphorus and available potassium.  Soil fertility assessment of 

red Oxisols (Table 9) indicated that the soils under intensive cropping system (Pc-1, 

Pc-2, Pc-3, Ak-2, Ti-1 and Ti-2) have medium fertility as a result of successive  
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Table 9 Comparative properties of red Oxisols. 
 

 Limestone Basalt 

 Pc (Tropical 
savanna) 

Ak (Tropical 
monsoonal) Ci (Tropical savanna) Ti (Tropical 

monsoonal) 

Color Dark reddish 
brown to dark red 

Dark reddish brown 
to red 

Dark reddish 
brown to dusky red 

Dark reddish brown 
to reddish brown 

Structure* 2-3, semi-
ABK+SBK to 2 G 

1-2, semi-
ABK+SBK to 2-3 
G 

2-3, semi-
ABK+SBK to 2-3 
G 

2-3, semi-
ABK+SBK to 2G 

Microstructure poorly developed 
microped 

moderately 
developed microped 

moderately 
developed 
microped 

highly developed 
microped 

Bulk density 1.07-1.29 Mg m-3 1.03-1.36 Mg m-3 0.97-1.25 Mg m-3 0.79-1.16 Mg m-3 
Porosity lower lower higher higher 
pH 6.3-7.6//4.4-6.3 5.4-6.5//5.1-5.9 4.3-5.5//4.3-4.9 5.1-6.2//4.4-5.6 
CEC 9.5-20.4 cmol kg-1 3.2-12.9 cmol kg-1 5.4-9.9 cmol kg-1 6.4-22.25 cmol kg-1 
Mineralogy Kao, Hm, Gt Kao, Hm, Gt, Gib Kao, Hm, Gt Kao, Gt, Hm, Gib 

* 1 = Weak, 2 = Moderate, 3 = Strong; ABK = Angular blocky structure; SBK = 
Subangular blocky structure; G = Granular structure  

 

fertilization for a long period while the soils under rainfed condition have low soil 

fertility status.    

The red Oxisols with clayey texture show unique water retention behaviour.  

Although they are fine textured, they release water rapidly at high matric potentials, 

as do coarser-textured soils, because of the presence of micro-aggregates.  The 

moisture characteristics curves of well-aggregated red Oxisols show two major 

desorption zones.  Water in the inter-aggregate pores drains rapidly between 0 and 10 

kPa.  Another desorption zone occurs when the intra-aggregate pores begin to drain at 

about 1500 kPa, which reflects a bimodal pore size distribution.  The drainage of the 

inter-aggregate pore space in the red Oxisols is very similar to drainage of sandy-

textured soils, except that the water content at the end of the inflection remains much 

higher than for sands.  From this result indicates that the soils do need irrigation in 

some period for intensive crop production.   

Fertilizer application is needed to maintain suitable level of plant nutrient and 

organic matter management in the topsoil may require to promote plant nutrition 

supply and water holding capacity.  
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Table 9 Fertility assessment for red Oxisols using some soil chemical properties. 
 
Profile Depth OM1 Available P Available K CEC BS Sum of Rating2

 (cm) g kg-1 score1 mg kg-1 score mg kg-1 score cmol kg-1 score % score score  
Pc-1 0-30 31 2 20.9 2 279.9 3 19.9 2 67 2 11 Medium

 30-100 6 1 3.7 1 42.5 1 13.5 2 44 2 7 Low 
Pc-2 0-30 30 2 4.9 1 130.6 3 15.6 2 75 2 10 Medium

 30-100 8 1 1.5 1 26.7 1 12.5 2 44 2 7 Low 
Pc-3 0-30 24 2 5.6 1 70.0 2 13.3 2 90 3 10 Medium

 30-100 7 1 2.1 1 21.9 1 11.0 2 26 1 6 Low 
Ak-1 0-30 18 2 0.6 1 5.4 1 8.7 1 10 1 6 Low 

 30-100 7 1 0.3 1 6.1 1 3.5 1 8 1 5 Low 
Ak-2 0-30 14 1 75.4 3 28.7 1 8.8 1 39 2 8 Medium

 30-100 8 1 2.3 1 21.4 1 7.7 1 32 1 5 Low 
Ak-3 0-30 9 1 13.7 2 23.5 1 10.4 2 23 1 7 Low 

 30-100 3 1 1.2 1 9.2 1 10.2 2 16 1 7 Low 
Ci-1 0-30 16 2 8.6 1 10.0 1 7.6 1 7 1 6 Low 

 30-100 7 1 0.9 1 3.7 1 7.7 1 4 1 5 Low 
Ci-2 0-30 10 1 3.3 1 6.2 1 9.1 1 9 1 5 Low 

 30-100 4 1 1.0 1 4.4 1 7.4 1 2 1 5 Low 
Ci-3 0-30 22 2 9.8 1 16.1 1 7.6 1 7 1 6 Low 

 30-100 12 1 3.4 1 5.1 1 7.8 1 5 1 5 Low 
Ti-1 0-30 33 2 50.6 3 16.7 1 13.4 2 9 1 9 Medium

 30-100 7 1 20.7 2 17.6 1 11.0 2 23 1 7 Low 
Ti-2 0-30 28 2 57.9 3 34.8 1 17.1 2 9 1 9 Medium

 30-100 11 1 24.1 2 12.4 1 10.5 2 2 1 7 Low 
1 OM (g kg-1) <15 = 1, 15-35 = 2, >35 = 3; Available P (mg kg-1) <10 = 1, 10-25 = 2, >25 = 3; 

Available K (mg kg-1) <60 = 1, 60-90 = 2, >90 = 3; CEC(cmol kg-1) <10 = 1, 10-20 = 2, >20 = 
3; BS (%) <35 = 1, 35-75 = 2, >75 = 3 

2 Sum of scores from OM, Available P, Available K, CEC and BS; ≤ 7, low; 8-12, medium; ≥13, 
high 



 80

CONCLUSION 

Results of this study of the properties of red Oxisols on limestone and basalt in 

Thailand reveal several interesting points relating to influences of climate and parent 

materials.  All of these red Oxisols are highly weathered soils rich in iron oxides and 

with clays dominated by kaolin.  Their field morphologies are similar but profile 

horizonation differs due to different moisture conditions.  Kaolin, quartz and hematite 

are the dominant minerals in all soils whereas gibbsite and goethite are major 

minerals only in a Kandiudox (Ak-1) under tropical monsoonal climate and a greater 

amount of hematite is present in Kandiustox.  The soils generally have good physical 

properties but available water is small for such clay-rich soils due to an abundance of 

micropores which strongly retain water.  Chemical properties related to soil fertility 

are poor and certainly need amelioration to achieve best agricultural production.  

Differences in specific surface area of Kandiustox and Kandiudox relate to 

differences in both clay content and the properties minerals in their clay fraction.  

These red Oxisols show differences of microstructure that reflect the limestone and 

basalt parent materials and different soil moisture regimes.  Kandiustox developed on 

basalt (Ci) has better microaggregation.  The matrix of the soils is a uniform mixture 

of iron oxide and kaolin except for a Kandiudox derived from limestone (Ak) that has 

a quite uniform kaolin-gibbsite-iron oxide composition.  Water retention curves for 

individual horizons of all profiles are similar showing an inflection at suctions 

between pF 0-2.5 and a second inflection at values exceeding pF 3.  The amounts of 

water retained at field capacity and at permanent wilting point are high, being in the 

range of 22-43 percent by weight and 17-34 percent by weight, respectively.  The 

amount of water available to plants is only 3-12 percent.  There are no consistent 

relationships between water retained at either 33 kPa or 1500 kPa and clay content.  

The pore size distribution estimated by the water retention curves show a distinct 

bimodal pore size distribution with one mode at about 20 µm corresponding to 

interaggregate pores and other mode at about 0.02 µm corresponding to 

intraaggregate pores.  The Kandiustox derived from basalt (Ci) have a larger amount 

of interaggregate pores than the other studied soils as a result of better 
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microaggregation.  The pore volume derived from the BET method is less than 

estimated from water retention, however the corresponding pore size distribution 

indicates the presence of abundant pores in the size range of 0.02-0.002 µm as do the 

water retention data.  Cryptopores in these red Oxisols contribute 23-35 percent of the 

total porosity. The Kandiustox (Ci, basalt) have the lowest proportion of cryptopores 

compared with the other studied soils.  These data have provided a clear definition of 

the structure (fabric) of red Oxisols at resolutions from nanometer to millimeter.  The 

unusual water retention characteristics of these soils can be readily understood by a 

reference to the existence of stable soil structure at several orders of sizes.  In 

particular, the large amount of water released at high pF values is simply due to the 

stable, card-house arrangement of nanometric kaolin and iron oxide crystals. 

Difference among the soils can be observed and detected in their color, 

structure, microstructure, bulk density, porosity, pH, CEC and mineralogy.  

Differences between soils on limestone and basalt can also be observed in the 

development of their microstructure.  The soils on basalt have more highly developed 

microped so they have higher porosity and lower bulk density than do the soils 

developed on limestone. The differences due to climatic influence in these soils are 

directly related to the intensity of rainfall on their mineralogical characteristics. As 

gibbsite and higher amount of goethite are found only in the soils under tropical 

monsoonal climate. 

The approach for effective management practices includes irrigation in some 

period for intensive crop production, fertilizer application to maintain suitable level of 

plant nutrient and organic matter management in the topsoil to promote plant nutrition 

supply and water holding capacity. 
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APPENDIX 1  

SOIL PROFILE DESCRIPTION 
Pc-1 

I Information on the site  
 

Profile symbol : Pc-1 
Soil name : Pak Chong series (Pc) 
Classification : Typic Kandiustox  
Date of examination : December 15, 2001  
Described by : Irb Kheoruenromne, Saowanuch Tawornpruek, Punyisa 

Trakoonyingcharoen, Suphicha  Thanachit, Patharodom 
Chainarong and Pornprom Promdecha 

Location : Fast growing tree plot adjacent to Olive in valley, National 
Corn and Sorghum Research Center, Tambon Pang Asok, 
Amphoe Pak Chong, Changwat Nakhon Ratchasima 

Elevation : Approximately 402 m (MSL)  
Map sheet number : 5238 II Coordination  : 47Q 749960E, 1618856N

Landform 
1. Physiographic position : Karst corrosion flat footslope 
2. Surrounding land form : Gently undulating 
3. Slope on which profile site : 2%  Aspect : South-east 
Land use  : Fast growing tree, olive, corn, mango 
Annual rainfall : Approximately 1,200 mm  
Mean temperature : Approximately 26oC 
Climate : Tropical Savanna 
Others : Agricultural 

II General information on the soil  
 

Parent material : Residuum derived from limestone 
Drainage : Well drained  
Permeability : Moderate 
Runoff : Moderate 
Depth of ground water : Deeper than 210 cm at time of sampling  

 
III Profile description  
 
Horizon Depth (cm) Description  

Ap1 0-8 Reddish brown (5YR 4/4); clay; strong fine and medium subangular 
blocky parting to strong fine and medium granular structure; slightly hard 
dry, firm moist, slightly sticky and moderately plastic; very few faint clay 
coats on ped faces; many very fine, fine vesicular pores; many very fine 
and fine roots; common traces of dead roots, common vertical cracks; 
neutral (field pH 7.0); abrupt, smooth boundary to Ap2. 
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Ap2 8-35 Dark reddish brown (5YR 3/4); clay; strong fine and medium semi-

angular blocky structure; hard dry, very firm moist, slightly sticky and 
moderately plastic; common distinct clay coats on ped faces and pore 
walls; many very fine, fine vesicular and few fine simple tubular pores; 
many very fine and fine roots; very few limestone fragments, some traces 
of dead roots, common vertical cracks; neutral (field pH 7.0); clear, 
smooth boundary to Bt1. 

Bt1 35-70 Dark red (2.5YR 4/6); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, slightly sticky and moderately 
plastic; many prominent clay coats on ped faces and pore walls; many 
very fine and fine, few medium vesicular and few fine simple tubular 
pores; common very fine and fine roots; few traces of dead roots, common 
vertical cracks; neutral (field pH 7.0); clear, smooth boundary to Bt2. 

Bt2 70-90 Dark red (2.5YR 4/8); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, slightly sticky and slightly plastic; 
common distinct clay coats on ped faces and pore walls; many very fine 
and fine, few medium vesicular and few fine simple tubular pores; 
common very fine and fine roots; very few very fine sand grains; few 
small clay balls, common vertical cracks; moderately acid (field pH 6.0); 
gradual, smooth boundary to Bt3. 

Bt3 90-115 Red (2.5YR 5/8); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, slightly sticky and slightly plastic; 
common distinct clay coats on ped faces and pore walls; many very fine, 
common fine vesicular and few fine simple tubular pores; common very 
fine and fine roots; some fecal pellets, few small clay balls; strongly acid 
(field pH 5.5); clear, smooth boundary to Bto1. 

Bto1 115-140 Dark red (2.5YR 4/6); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, moderately sticky and moderately 
plastic; common distinct fine clay coats on ped faces and pore walls; 
many very fine, common fine vesicular pores; few very fine and fine 
roots; few traces of dead roots; strongly acid (field pH 5.5); gradual, 
smooth boundary to Bto2. 

Bto2 140-175 Dark red (2.5YR 3/6); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, slightly sticky and moderately 
plastic; common distinct clay coats on ped faces and pore walls; many 
very fine, common fine, few medium vesicular and simple tubular pores; 
few very fine and fine roots; few clay balls; strongly acid (field pH 5.5); 
clear, smooth boundary to Bto3. 

Bto3 175-210 Dark red (2.5YR 3/6); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, slightly sticky and slightly plastic; 
many distinct, few prominent clay coats on ped faces and pore walls; 
commom very fine and fine vesicular pores; few very fine and fine roots; 
very few sand grains; strongly acid (field pH 5.5). 
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Pc-2 

I Information on the site  
 

Profile symbol : Pc-2 
Soil name : Pak Chong series (Pc) 
Classification : Rhodic Kandiustox 
Date of examination : December 14, 2001  
Described by : Irb Kheoruenromne, Saowanuch Tawornpruek, Punyisa 

Trakoonyingcharoen, Suphicha  Thanachit, Patharodom 
Chainarong and Tanapol Srisupha-olan 

Location : Plot E11, National Corn and Sorghum Research Center, 
Tambon Pang Asok, Amphoe Pak Chong, Changwat 
Nakhon Ratchasima 

Elevation : Approximately 354 m (MSL)  
Map sheet number : 5238 II Coordination  : 47Q 749537E, 1620332N

Landform 
1. Physiographic position : Karst corrosion plain 
2. Surrounding land form : Gently undulating 
3. Slope on which profile site : 1%  Aspect : North-west 
Land use  : Corn production experimental plot 
Annual rainfall : Approximately 1,200 mm  
Mean temperature : Approximately 26oC 
Climate : Tropical Savanna 
Others : Agricultural 

II General information on the soil  
 

Parent material : Residuum derived from limestone 
Drainage : Well drained  
Permeability : Moderate 
Runoff : Moderate 
Depth of ground water : Deeper than 210 cm at time of sampling  

 
III  Profile description  
 
Horizon Depth (cm) Description  

Ap 0-20 Dusky red (2.5YR 3/4); clay; strong fine and medium subangular blocky 
partially to strong coarse granular structure; slightly hard dry, very firm 
moist, slightly sticky and moderately plastic; very few thin clay coats on 
ped faces; common very fine and fine vesicular pores; common very fine 
and fine roots; common vertical cracks, few small termite nests; 
moderately alkaline (field pH 8.0); clear, smooth boundary to Bt1. 

Bt1 20-40 Dusky red (2.5YR 3/3); clay; strong fine and medium semi-angular 
blocky structure; slightly hard dry, very firm moist, slightly sticky and 
moderately plastic; common distinct clay coats on ped faces and pore 
walls; common very fine, fine vesicular and fine tubular pores; common 
very fine and fine roots; common vertical cracks, few fine clay ball; 
neutral (field pH 7.0); clear, smooth boundary to Bt2. 



 102

 
Bt2 40-60 Dusky red (2.5YR 3/4); clay; strong fine and medium semi-angular 

blocky structure; hard dry, very firm moist, slightly sticky and 
moderately plastic; many distinct clay coats on ped faces and pore walls; 
common very fine, fine vesicular and few fine simple tubular pores; 
common very fine and fine roots; few vertical cracks; slightly acid (field 
pH 6.5); clear, smooth boundary to Bto1. 

Bto1 60-85 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium semi-
angular blocky structure; hard dry, very firm moist, slightly sticky and 
moderately plastic; many distinct clay coats on ped faces and pore walls; 
common very fine, fine vesicular and few fine simple tubular pores; few 
very fine and fine roots; few vertical cracks; strongly acid (field pH 5.5); 
gradual, smooth boundary to Bto2. 

Bto2 85-105 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium semi-
angular blocky structure; hard dry, very firm moist, slightly sticky and 
moderately plastic; many distinct clay coats on ped faces and pore walls; 
common very fine, fine vesicular and few fine simple tubular pores; few 
very fine and fine roots; few vertical cracks, some traces of dead roots; 
strongly acid (field pH 5.5); gradual, smooth boundary to Bto3. 

Bto3 105-130 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium semi-
angular blocky structure; hard dry, very firm moist, slightly sticky and 
moderately plastic; common distinct clay coats on ped faces and pore 
walls; common very fine and fine vesicular pores; few very fine and fine 
roots; few vertical cracks, few fine clay balls; strongly acid (field pH 
5.5); clear, smooth boundary to Bto4. 

Bto4 130-150 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium semi-
angular blocky structure; hard dry, very firm moist, slightly sticky and 
moderately plastic; common distinct clay coats on ped faces and pore 
walls; many very fine, common fine vesicular pores; very few very fine 
and fine roots; few vertical cracks, few fine clay balls; strongly acid (field 
pH 5.5); gradual, smooth boundary to Bto5. 

Bto5 150-170 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium semi-
angular blocky structure; hard dry, very firm moist, slightly sticky and 
moderately plastic; common distinct clay coats on ped faces and pore 
walls; many very fine, common fine vesicular pores; practically no roots; 
few vertical cracks; few fine clay balls; moderately acid (field pH 6.0); 
gradual, smooth boundary to Bto6. 

Bto6 170-210 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium semi-
angular blocky structure; hard dry, very firm moist, slightly sticky and 
moderately plastic; common distinct clay coats on ped faces and pore 
walls; common very fine, fine vesicular pores; practically no roots; few 
fine clay balls; moderately acid (field pH 6.0). 
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Pc-3 

I Information on the site  
 

Profile symbol : Pc-3 
Soil name : Pak Chong series (Pc) 
Classification : Rhodic Kandiustox 
Date of examination : December 15, 2001  
Described by : Irb Kheoruenromne, Saowanuch Tawornpruek, Punyisa 

Trakoonyingcharoen, Suphicha Thanachit, Patharodom 
Chainarong and Pornprom Promdecha 

Location : North fringe lapies quarry, south side of Mitraparb road at 
km 153, Ban Yat Samakkhi, Tambon Pang Asok, Amphoe 
Pak Chong, Changwat Nakhon Ratchasima 

Elevation : Approximately 360 m (MSL)  
Map sheet number : 5238 II Coordination  : 47Q 746799E, 1620010N

Landform 
1. Physiographic position : Karst corrosion plain on perimeter of buried lapies 
2. Surrounding land form : Slightly undulating 
3. Slope on which profile site : 2%  Aspect : South-west 
Land use  : Left idled under grass, bamboo 
Annual rainfall : Approximately 1,200 mm  
Mean temperature : Approximately 26oC 
Climate : Tropical Savanna 
Others : Engineering 

II General information on the soil  
 

Parent material : Residuum derived from limestone 
Drainage : Well drained  
Permeability : Moderate 
Runoff : Moderate 
Depth of ground water : Deeper than 210 cm at time of sampling  

II Profile description  
 
Horizon Depth (cm) Description 

Ap 0-12 Dark red (2.5YR 3/6); clay; strong fine and medium subangular blocky 
partially to strong coarse granular structure; slightly hard dry, firm moist, 
slightly sticky and moderately plastic; few faint clay coats on ped faces 
and pore walls; many very fine and fine vesicular pores; many very fine 
and fine, common medium roots; few rounded fine sand grains; 
moderately alkaline (field pH 8.0); clear, smooth boundary to A. 

A 12-30 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium subangular 
blocky structure; slightly hard dry, firm moist, slightly sticky and 
moderately plastic; few distinct clay coats on ped faces and pore walls; 
many very fine and fine vesicular pores; common very fine and fine, few 
medium roots; moderately alkaline (field pH 8.0); clear, smooth boundary 
to Bt1. 
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Bt1 30-50 Dusky red (10R 3/6); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, slightly sticky and moderately 
plastic; common fine distinct clay coats on ped faces and pore walls; 
many very fine, fine and few medium vesicular pores; common very fine 
and fine, few medium roots; common small sized clay balls; few traces of 
dead roots; neutral (field pH 7.0); clear, smooth boundary to Bt2. 

Bt2 50-80 Red (10R 4/8); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, slightly sticky and moderately 
plastic; common distinct clay coats on ped faces and pore walls; many 
very fine, fine and few medium vesicular and few fine simple tubular 
pores; common very fine and fine roots; few small sized clay balls, few 
traces of dead roots; moderately acid (field pH 6.0); gradual, smooth 
boundary to Bt3. 

Bt3 80-110 Dark red (2.5YR 3/6); clay; strong fine and medium semi-angular blocky 
structure; hard dry, very firm moist, slightly sticky and moderately 
plastic; common distinct clay coats on ped faces and pore walls; many 
very fine, fine and few medium vesicular and few fine simple tubular 
pores; common very fine and fine roots; few small sized clay balls, few 
traces of dead roots; moderately acid (field pH 6.0); clear, smooth 
boundary to Bt4. 

Bt4 110-140 Dark red (10R 3/6); clay; moderate fine and medium subangular blocky 
parting to moderate fine granular structure; hard dry, slightly firm moist, 
slightly sticky and moderately plastic; common distinct clay coats on ped 
faces and pore walls; many very fine, fine vesicular and fine simple 
tubular pores; common very fine and fine roots; few small sized clay 
balls, few traces of dead roots; moderately acid (field pH 6.0); clear, 
smooth boundary to Bto1. 

Bto1 140-164 Dark red (2.5YR 3/6); clay; moderate fine and medium subangular 
blocky parting to moderate fine granular structure; slightly hard dry, 
slightly firm moist, slightly sticky and slightly plastic; common distinct 
clay coats on ped faces and pore walls; many very fine, fine vesicular and 
fine simple tubular pores; few very fine, fine and medium roots; few small 
sized clay balls, few traces of dead roots; moderately acid (field pH 6.0); 
gradual, smooth boundary to Bto2. 

Bto2 164-194 Dark red (2.5YR 3/6); clay; moderate fine and medium subangular 
blocky parting to moderate fine granular structure; slightly hard dry, 
slightly firm moist, slightly sticky and slightly plastic; common distinct 
clay coats on ped faces and pore walls; many very fine, fine vesicular and 
fine simple tubular pores; few very fine, fine and medium roots; few small 
sized clay balls, few traces of dead roots; moderately acid (field pH 6.0); 
gradual, smooth boundary to Bto3. 

Bto3 194-210 Very dusky red (2.5YR 2.5/4); clay; moderate fine and medium 
subangular blocky parting to moderate fine granular structure; slightly 
hard dry, slightly firm moist, slightly sticky and slightly plastic; common 
fine faint clay coats on ped faces and pore walls; many very fine, fine 
vesicular pores; few very fine and fine, few medium roots; few fine clay 
balls, few traces of dead roots; moderately acid (field pH 6.0). 
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Ak-1 

I Information on the site  
 

Profile symbol : Ak-1 
Soil name : Ao Luk series (Ak) 
Classification : Typic Kandiudox 
Date of examination : September 23, 2002  
Described by : Irb Kheoruenromne, Piboon Kanghae, Saowanuch 

Tawornpruek, Punyisa Trakoonyingcharoen, Sumitra 
Watana, Suphicha  Thanachit and Thanapol  Srisupha-
olarn 

Location : Adjacent to Wang Tarn Tip Resort and Restaurant, 1.6 km 
from Ban Nai Sa-Ban Thung road (4033), Ban Nai Sa,  
Tambon Kaotoug, Amphoe Muang, Changwat Krabi 

Elevation : Approximately 128 m (MSL)  
Map sheet number : 4725II Coordination  : 47Q 477649E, 0902500N

Landform 
1. Physiographic position : Crestal slope of residual hill in Karst corrosion plain 
2. Surrounding land form : Rolling 
3. Slope on which profile site : 8%  Aspect : East 
Land use  : Rain forest species, para rubber, papaya, coconut, banana 
Annual rainfall : Approximately 2,400 mm   
Mean temperature : Approximately 28oC   
Climate : Tropical Monsoonal 
Others : Agricultural and borrowing pit area 

II General information on the soil  
 

Parent material : Residuum derived mainly from limestone 
Drainage : Well drained  
Permeability : Moderate 
Runoff : Moderate 
Depth of ground water : Deeper than 2 m at time of sampling  

 
III  Profile description  
 
Horizon Depth (cm) Description  

Ap 0-10 Yellowish red (5YR 4/6); clay; strong fine and medium granular 
structure; soft dry, friable moist, slightly sticky and moderately plastic; 
many very fine, fine vesicular pores; many very fine, fine and common 
medium roots; present of some clay balls; neutral (field pH 7.0); clear, 
smooth boundary to Bto1. 

Bto1 10-30 Red (2.5YR 4/6); clay; moderate fine and medium semi-angular blocky 
parting to strong very fine and fine granular structure; slightly hard dry, 
friable moist, slightly sticky and moderately plastic; common distinct 
clay coats on ped faces and pore walls; common very fine and fine 
vesicular and few fine simple and dendritic tubular pores; many very fine, 
fine and common medium roots; very few fine rounded rock fragments; 
slightly acid (field pH 6.5); gradual, smooth boundary to Bto2. 
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Bto2 30-52 Red (2.5YR 4/6); clay; moderate fine and medium semi-angular blocky 

parting to strong very fine and fine granular structure; slightly hard dry, 
friable moist, slightly sticky and moderately plastic; common distinct 
clay coats on ped faces and pore walls; common very fine, fine and few 
medium vesicular and few fine simple tubular pores; many very fine, fine 
and common medium roots; present of few fine clay balls; few termite 
nest; slightly acid (field pH 6.5); gradual, smooth boundary to Bto3. 

Bto3 52-80 Red (2.5YR 4/6); clay; moderate fine and medium subangular blocky 
parting to fine and medium granular structure; soft dry, friable moist, 
slightly sticky and moderately plastic; common distinct clay coats on ped 
faces and pore walls; many very fine and few medium vesicular and few 
very fine simple tubular pores; many very fine, fine and common medium 
roots; present of few fine clay balls and few medium size (0.5 cm) of clay 
balls, few fine crack; moderately acid (field pH 6.0); gradual, smooth 
boundary to Bto4. 

Bto4 80-117 Red (2.5YR 4/6); clay; moderately weak fine and medium subangular 
blocky parting to fine and medium granular structure; soft dry, friable 
moist, slightly sticky and moderately plastic; common distinct clay coats 
on ped faces and pore walls; common very fine, fine and very few 
medium vesicular and few fine simple and dendritic tubular pores; many 
very fine, fine and common medium roots; few fine black spot of 
unknown nature and very few fine rounded rock fragments; moderately 
acid (field pH 6.0); clear, smooth boundary to Bto5. 

Bto5 117-148 Red (2.5YR 4/6); clay; weak fine and medium semi-angular blocky 
parting to mainly moderate very fine granular structure; soft dry, friable 
moist, slightly sticky and moderately plastic; common distinct clay coats 
on ped faces and pore walls; many very fine, fine and medium vesicular 
and few fine simple tubular pores; common very fine, fine and few 
medium roots; few fine cracks, few very fine rounded unknown nature 
and present of 0.5 cm clay balls; moderately acid (field pH 6.0); gradual, 
smooth boundary to Bto6. 

Bto6 148-170 Red (2.5YR 4/6); clay; weak fine and medium subangular blocky parting 
to mainly fine, moderate fine and very fine granular structure; soft dry, 
friable moist, slightly sticky and very plastic; common faint clay coats on 
ped faces and pore walls; many very fine, fine and medium vesicular 
pores; common very fine, fine and few medium roots; moderately acid 
(field pH 6.0); clear, smooth boundary to Bto7. 

Bto7 170-200 Red (2.5YR 4/6); clay; moderately weak fine and medium semi-angular 
blocky parting to mainly fine, moderate fine and very fine granular 
structure; soft dry, friable moist, slightly sticky and very plastic; common 
faint clay coats on ped faces and pore walls; many very fine, fine and few 
medium vesicular and few fine simple tubular pores; few very fine and 
fine roots; present of very few fine (0.1-0.2 cm) clay balls; moderately 
acid (field pH 6.0). 

Remark: clay coats area are smaller size from Bto1 to Bto5.  (Bto1=Bto2>Bto3>Bto4=Bto5) 
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Ak-2 

I Information on the site  
 

Profile symbol : Ak-2 
Soil name : Ao Luk series (Ak) 
Classification : Typic Kandiudox 
Date of examination : September 25, 2002  
Described by : Irb Kheoruenromne, Piboon Kanghae, Saowanuch 

Tawornpruek, Punyisa Trakoonyingcharoen, Sumitra 
Watana, Suphicha  Thanachit and Thanapol  Srisupha-
olarn 

Location : At 3.5 km, road to Ban Tam Singh from Petchakasem road 
(41) (Chumphon to Sawi), Ban Huay Non, Tambon Khun 
Krating Amphoe Muang, Changwat Chumphon 

Elevation : Approximately 78 m (MSL)  
Map sheet number : 4829 IV Coordination  : 47Q 511129E, 1156948N

Landform 
1. Physiographic position : Karst corrosion plain 
2. Surrounding land form : Slightly undulating 
3. Slope on which profile site : 3%  Aspect : East-west 
Land use  : Tropical Rainforest species, durian, pepper (Tropical 

orchards) 
Annual rainfall : Approximately 2,500 mm   
Mean temperature : Approximately 28oC   
Climate : Tropical Monsoonal 
Others : Agricultural and sparse settlement 

II General information on the soil  
 

Parent material : Residuum derived from limestone 
Drainage : Well drained  
Permeability : Moderate 
Runoff : Slow 
Depth of ground water : Deeper than 2 m at time of sampling  

 
III  Profile description  
 
Horizon Depth (cm) Description  

Ap 0-17 Red (2.5YR 4/6); clay; strong fine and medium subangular blocky 
partially parting to strong fine granular structure; hard dry, firm moist, 
slightly sticky and very plastic; common distinct clay coats on ped faces 
and pore walls; many very fine, fine and few medium vesicular pores; 
many very fine, fine roots; few traces of charcoal fragments, few fine 
cracks, few fine quartz fragments and few traces of dead roots; neutral 
(field pH 7.0); clear, smooth boundary to Bto1. 
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Bto1 17-42 Red (2.5YR 4/6); clay; moderate fine and medium subangular blocky 

structure; hard dry, firm moist, slightly sticky and moderately plastic; 
many prominent clay coats on ped faces and pore walls; common very 
fine, many fine and few medium vesicular and few fine simple tubular 
pores; common very fine, fine roots; few small concretions and nodules of 
Mn oxide; neutral (field pH 7.0); gradual, smooth boundary to Bto2. 

Bto2 42-70 Red (2.5YR 4/6); clay; moderate fine and medium subangular blocky 
structure; hard dry, firm moist, moderately sticky and moderately plastic; 
common distinct clay coats on ped faces and pore walls;  common very 
fine, fine vesicular and few fine simple tubular pores; few very fine, fine 
roots; very few small variegated sand, very few small concretions and 
nodules, traces of dead roots; very strongly acid (field pH 5.0); gradual, 
smooth boundary to Bto3. 

Bto3 70-100 Red (2.5YR 4/6); red (2.5YR5/8) 3%, and reddish yellow (7.5YR6/8) 2% 
mottles; clay; moderate fine and medium subangular blocky structure; 
hard dry, firm moist, moderately sticky and moderately plastic; common 
distinct clay coats on ped faces and pore walls; common very fine, fine 
and few medium vesicular and few fine simple tubular pores; few very 
fine, fine roots; few fine cracks, few clay balls; traces of dead roots; very 
strongly acid (field pH 5.0); gradual, smooth boundary to Bto4. 

Bto4 100-135 Red (2.5YR 4/6); clay; moderately weak fine and medium subangular 
blocky readily parting to strong fine and very fine granular structure; 
slightly hard dry, friable moist, slightly sticky and moderately plastic; 
common faint clay coats on ped faces and pore walls; many very fine, 
common fine and few medium vesicular and few fine and medium simple 
tubular pores; very few fine, very fine and fine roots; few fine cracks, few 
clay balls, few fine nodules and concretions, traces of dead roots; 
strongly acid (field pH 5.0); clear, smooth boundary to Bto5. 

Bto5 135-170 Red (2.5YR 4/6); slightly gravelly clay; moderately weak fine and 
medium subangular blocky readily parting to strong fine and very fine 
granular structure; slightly hard dry, friable moist, slightly sticky and 
moderately plastic; common faint clay coats on ped faces and pore walls; 
many very fine, fine and common medium vesicular pores; practically no 
roots; few fine cracks, few clay balls, common small nodules and 
concretions; strongly acid (field pH 5.0); clear, smooth boundary to Bto6. 

Bto6 170-200 Red (2.5YR 4/6); slightly gravelly clay; moderate fine and medium 
subangular blocky partially parting to strong fine granular structure; 
slightly hard dry, friable moist, slightly sticky and moderately plastic; 
common faint clay coats on ped faces and pore walls; many very fine, 
fine and common medium vesicular pores; practically no roots; common 
fine concretions (MnO2) (5YR3/2, 5YR 2.5/1) strongly acid (field pH 
5.0). 

Remark: few clay balls throughout from Bto3 downward, be easy to wash hands. 
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Ak-3 

I Information on the site  
 

Profile symbol : Ak-3 
Soil name : Ao Luk series (Ak) 
Classification : Rhodic Kandiudox 
Date of examination : October 2, 2002  
Described by : Irb Kheoruenromne, Piboon Kanghae, Saowanuch 

Tawornpruek, Punyisa Trakoonyingcharoen, Sumitra 
Watana, Suphicha  Thanachit and Thanapol  Srisupha-
olarn 

Location : Ban Thala Sub, Tambon Thala Sub, Amphoe Pathiu, 
Changwat Chumphon 

Elevation : Approximately 81 m (MSL)  
Map sheet number : 4830 III Coordination  : 47Q 526529E, 1182434N

Landform 
1. Physiographic position : Rise crestal slope in karst corrosion plain 
2. Surrounding land form : Undulating 
3. Slope on which profile site : 1%  Aspect : East-west 
Land use  : Tropical Rain forest species, Durian, Pepper (Tropical 

orchards) 
Annual rainfall : Approximately 2,500 mm   
Mean temperature : Approximately 28oC   
Climate : Tropical Monsoonal 
Others : Agricultural and sparse settlement 

II General information on the soil  
 

Parent material : Residuum derived from limestone 
Drainage : Well drained  
Permeability : Rapid 
Runoff : Slow 
Depth of ground water : Deeper than 2 m at time of sampling  

 
III Profile description  
 
Horizon Depth (cm) Description  

Ap 0-18 Dark reddish brown (2.5YR 3/4); clay; strong fine and medium 
subangular blocky structure; slightly hard dry, firm moist, slightly sticky 
and moderately plastic; many distinct clay coats on ped faces and pore 
walls; many very fine, common fine and few medium vesicular and few 
fine simple tubular pores; many very fine, fine roots; few traces of dead 
roots, few small clay balls; strongly acid (field pH 5.5); clear, smooth 
boundary to Bto1. 

Bto1 18-40 Dark reddish brown (2.5YR 3/4); clay; strong fine and medium semi-
angular blocky structure; hard dry, firm moist, slightly sticky and 
moderately plastic; many prominent clay coats on ped faces and pore 
walls; many very fine, fine and common medium vesicular, few fine 
simple and dendritic tubular pores; many very fine, fine roots; few traces 
of dead roots; very strongly acid (field pH 5.0); gradual, smooth 
boundary to Bto2. 



 110

 
Bto2 40-60 Dark reddish brown (2.5YR 3/4); clay; moderate fine and medium semi-

angular blocky structure; slightly hard dry, firm moist, slightly sticky and 
moderately plastic; many prominent clay coats on ped faces and pore 
walls; common very fine, fine and medium vesicular, common fine 
simple and dendritic tubular pores; common very fine, fine roots; 
common clay balls (2mm), plasticity somewhat slightly sticky plastic; 
very strongly acid (field pH 5.0); clear, smooth boundary to Bto3. 

Bto3 60-90 Dark red (2.5YR 3/6); clay; moderate fine and medium subangular 
blocky partially parting to moderate fine granular structure; slightly hard 
dry, slightly firm moist, slightly sticky and moderately plastic; common 
faint clay coats on ped faces and pore walls; many very fine, fine and 
medium vesicular, few fine simple and dendritic tubular pores; few very 
fine, fine roots; few fine clay balls (smaller than Bto2), plasticity 
somewhat slightly sticky plastic, small termite nest; very strongly acid 
(field pH 4.5); gradual, smooth boundary to Bto4. 

Bto4 90-123 Dark red (2.5YR 3/6); clay; moderate fine and medium semi-angular 
blocky structure; slightly hard dry, slightly firm moist, slightly sticky and 
moderately plastic; common distinct clay coats on ped faces and pore 
walls; many very fine, fine and common medium vesicular, few fine 
simple and dendritic tubular pores; few very fine, fine roots; few clay 
balls (2 mm), plasticity somewhat slightly sticky plastic; very strongly 
acid (field pH 5.0); clear, smooth boundary to Bo1. 

Bo1 123-155 Dark red (2.5YR 3/6); clay; moderately weak fine and medium semi-
angular blocky partially parting to mainly fine granular structure; soft 
dry, friable moist, slightly sticky and moderately plastic; common faint 
clay coats on ped faces; many very fine, fine and common medium 
vesicular, common fine simple and dendritic tubular pores; few very fine, 
fine roots; few small clay balls; very strongly acid (field pH 5.0); gradual, 
smooth boundary to Bo2. 

Bo2 155-190+ Dark red (2.5YR 3/6); clay; moderately weak fine and medium semi-
angular blocky partially parting to mainly fine granular structure; soft 
dry, friable moist, slightly sticky and moderately plastic; common faint 
clay coats on ped faces; many very fine, fine and common medium 
vesicular, common fine simple and dendritic tubular pores; very few very 
fine, fine roots; few small clay balls; very strongly acid (field pH 5.0). 
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Ci-1 

I Information on the site  
 

Profile symbol : Ci-1 
Soil name : Chok Chai series (Ci) 
Classification : Rhodic Kandiustox 
Date of examination : January 24, 2003  
Described by : Irb Kheoruenromne, Piboon Kanghae, Saowanuch 

Tawornpruek, Punyisa Trakoonyingcharoen, Suphicha  
Thanachit, Thanapol Srisupha-olarn and Wimolnan Kanket 

Location : Cassava field, 800 m, east of Nong kakae-Nonghin Kone 
road (at Km 6.8), Ban Nong Hindat, Tambon 
Sawanphraya, Amphoe Khonburi, Changwat Nakhon 
Ratchasima 

Elevation : Approximately 266 m (MSL)  
Map sheet number : 5438 II Coordination  : 48Q 0217709E, 1605290N

Landform 
1. Physiographic position : Lava corrosion plain 
2. Surrounding land form : Gently undulating 
3. Slope on which profile site : 1%  Aspect : West 
Land use  : Cassavafield, Kapook, Mango, and local weed (corn) 
Annual rainfall : Approximately 1,300 mm  
Mean temperature : Approximately 26oC 
Climate : Tropical savanna 
Others : Agricultural 

II General information on the soil  
 

Parent material : Residuum derived from weathered basalt 
Drainage : Well drained  
Permeability : Rapid 
Runoff : Slow 
Depth of ground water : Deeper than 200 cm at time of sampling  

 
 
III Profile description  
 
Horizon Depth (cm) Description  

Ap1 0-10 Dusky red (2.5YR 3/4); clay; strong fine and medium subangular  blocky 
structure; soft dry, slightly firm moist, moderately sticky and moderately 
plastic; many very fine, fine and common medium vesicular pores; many 
very fine and fine roots; few traces of dead roots, common narrow vertical 
cracks through the horizons; very strongly acid (field pH 4.5); clear, 
smooth boundary to Ap2. 

Ap2 10-27 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium semi-
angular  blocky structure; slightly hard dry, slightly firm moist, 
moderately sticky and moderately plastic; many very fine, fine and 
common medium vesicular pores; common very fine and fine roots; 
common clay balls, few rounded and sub-rounded rock fragments, few 
narrow vertical cracks through the horizons; very strongly acid (field pH 
5.0); clear, smooth boundary to Bto1. 
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Bto1 27-55 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium subangular  

blocky structure; slightly hard dry, slightly firm moist, moderately sticky 
and moderately plastic; few faint clay coats on pore walls; many very 
fine, fine and few medium vesicular and few fine simple tubular pores; 
few very fine, fine and medium roots; few fine rounded and sub-rounded 
rock fragments; strongly acid (field pH 5.5); gradual, smooth boundary to 
Bto2. 

Bto2 55-88 Very dusky red (2.5YR 2.5/4); clay; strong fine and medium subangular 
blocky partially parting to coarse  granular structure; slightly hard dry, 
slightly firm moist, moderately sticky and moderately plastic; few faint 
clay coats on ped faces and pore walls; many very fine and fine vesicular 
and few fine simple tubular pores; few very fine, fine and medium roots; 
few very fine rounded and sub-rounded rock fragments, few clay balls, 
few accommodations of clay as hollow clay balls; strongly acid (field pH 
5.5); clear, smooth boundary to Bto3. 

Bto3 88-110 Very dusky red (2.5YR 2.5/3); clay; strong fine and medium subangular 
blocky partially parting to fine  granular structure; slightly hard dry, 
friable moist, slightly sticky and moderately plastic; few faint very fine 
clay coats on pore walls; many very fine, fine and few medium vesicular 
and few fine simple tubular pores; very few very fine and fine roots; few 
fine rounded rock fragments, few clay balls, few traces of dead roots; 
strongly acid (field pH 5.5); gradual, smooth boundary to Bo1. 

Bo1 110-132 Very dusky red (2.5YR 2.5/3); clay; moderate fine and medium 
subangular blocky partially parting to strong fine  granular structure; 
slightly hard dry, friable moist, slightly sticky and moderately plastic; 
practically no clay coatings; many very fine and few fine vesicular and 
few fine simple tubular pores; very few very fine and fine roots; few fine 
rounded rock embedded in the matrix, few clay balls; strongly acid (field 
pH 5.5); diffuse, smooth boundary to Bo2. 

Bo2 132-160 Very dusky red (2.5YR 2.5/3); clay; moderate fine and medium 
subangular blocky partially parting to strong fine  granular structure; 
slightly hard dry, friable moist, slightly sticky and moderately plastic; 
practically no clay coating; many very fine and few fine vesicular and 
simple tubular pores; practically no roots; few fine rounded rock 
fragments, few clay balls, few traces of burned roots; strongly acid (field 
pH 5.5); diffuse, smooth boundary to Bo3. 

Bo3 160-200 Very dusky red (2.5YR 2.5/3); clay; moderate fine and medium 
subangular blocky partially parting to strong fine  granular structure; 
slightly hard dry, friable moist, slightly sticky and moderately plastic; 
practically no clay coating; many very fine and few fine vesicular and 
simple tubular pores; practically no roots; few fine rounded rock 
fragments, few clay balls, few traces of burned roots; strongly acid (field 
pH 5.5). 
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Ci-2 

I Information on the site  
 

Profile symbol : Ci-2 
Soil name : Chok Chai series (Ci) 
Classification : Typic Kandiustox 
Date of examination : January 25, 2003  
Described by : Irb Kheoruenromne, Piboon Kanghae, Saowanuch 

Tawornpruek, Punyisa Trakoonyingcharoen, Suphicha  
Thanachit, Thanapol Srisupha-olarn and Wimolnan Kanket 

Location : 92 Moo 4, 5 Km from Khonburi-Senseng road (2119) (at 
Km 11), Ban Nong Hindat, Tambon Sawanphraya, 
Amphoe Khonburi, Changwat Nakhon Ratchasima 

Elevation : Approximately 265 m (MSL)  
Map sheet number : 5438 II Coordination  : 48Q 0215712E, 1605259N

Landform 
1. Physiographic position : Lava corrosion plain 
2. Surrounding land form : Gently undulating 
3. Slope on which profile site : 1.5%  Aspect : West 
Land use  : Cassavafield, Mango, Bamboo, Kapook, Sugarcane, 

Papaya, Banana and Tamarind 
Annual rainfall : Approximately 1,300 mm  
Mean temperature : Approximately 26oC 
Climate : Tropical savanna 
Others : Agricultural and settlements 

II General information on the soil  
 

Parent material : Colluvium and residuum derived from weathered basalt 
Drainage : Well drained  
Permeability : Rapid 
Runoff : Slow 
Depth of ground water : Deeper than 200 cm at time of sampling  

III  Profile description  
 
Horizon Depth (cm) Description  

Ap 0-10 Dark red (2.5YR 3/6); clay; strong fine and medium subangular blocky 
partially parting to strong coarse granular structure; slightly hard dry, 
slightly firm moist, moderately sticky and very plastic; many very fine 
and common fine vesicular pores; common very fine and fine roots; 
common clay balls and few fine rounded rocks fragments, common 
narrow vertical cracks cutting vertically through a horizon; slightly acid 
(field pH 6.5); gradual, smooth boundary to Bto1. 

Bto1 10-25 Dark red (2.5YR 4/6); clay; strong fine and medium subangular blocky 
partially parting to strong coarse granular structure; slightly hard dry, 
friable moist, moderately sticky and very plastic; common fine faint clay 
coats on ped faces; many very fine and fine vesicular pores; common very 
fine and fine roots; common clay balls and few fine rounded rocks 
fragments, common narrow vertical cracks cutting vertically through a 
horizon; moderately acid (field pH 6.0); gradual, smooth boundary to Bto2. 
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Bto2 25-52 Dark red (2.5YR 4/6); clay; moderate fine and medium subangular 
blocky partially parting to strong medium and coarse granular structure; 
slightly hard dry, friable moist, slightly sticky and moderately plastic; 
common fine faint clay coats on ped faces and pore walls; many very 
fine, common fine and few medium vesicular and few fine simple tubular 
and dendritic pores; few very fine and fine roots; few clay balls and few 
fine sub-rounded rocks fragments, few vertical cracks across part of 
horizon, few traces of dead roots; moderately acid (field pH 6.0); clear, 
smooth boundary to Bto3. 

Bto3 52-76 Dark red (2.5YR 4/6); clay; moderate fine and medium subangular 
blocky partially parting to strong medium and coarse granular structure; 
slightly hard dry, friable moist, slightly sticky and moderately plastic; 
common fine faint clay coats on ped faces and pore walls; many very 
fine, common fine and few medium vesicular and few fine simple tubular 
and dendritic pores; very few very fine and fine roots; few clay balls and 
few fine sub-rounded rocks fragments, some evidences of facal pellets 
and some volute powdery materials; very strongly acid (field pH 5.0); 
clear, smooth boundary to Bo1. 

Bo1 76-103 Dark red (2.5YR 4/6); clay; strong fine and medium semi-angular blocky 
partially parting to strong coarse granular structure; slightly hard dry, 
friable moist, slightly sticky and moderately plastic; very few faint clay 
coats on ped faces and pore walls; many very fine, fine and few medium 
vesicular pores; very few very fine and fine roots; few clay balls and few 
fine sub-rounded rocks fragments; very strongly acid (field pH 5.0); 
diffuse, smooth boundary to Bo2. 

Bo2 103-130 Dark red (2.5YR 4/6); clay; strong fine and medium semi-angular blocky 
partially parting to strong coarse granular structure; slightly hard dry, 
friable moist, slightly sticky and moderately plastic; very few faint clay 
coats on ped faces and pore walls; many very fine and fine and common 
medium vesicular and few fine simple tubular pores; very few very fine 
and fine roots; few clay balls and few fine sub-rounded rocks fragments, 
some white powdery materials; very strongly acid (field pH 5.0); gradual, 
smooth boundary to Bo3. 

Bo3 130-167 Dark red (2.5YR 3/6); clay; moderate fine and medium semi-angular 
blocky partially parting to strong very fine granular structure; slightly 
hard dry, friable moist, slightly sticky and moderately plastic; very few 
faint clay coats on ped faces and pore walls; many very fine and fine 
vesicular and few fine simple tubular pores; practically no roots; few clay 
balls and few fine sub-rounded rocks fragments, few fine cracks, some 
white powdery materials; very strongly acid (field pH 5.0); abrupt, 
smooth boundary to Btc. 

Btc 167-192+ Dark red (2.5YR 4/6); very gravelly clay; weak coarse subangular blocky 
structure parting along nodule; slightly hard dry, firm moist, slightly 
sticky and moderately plastic; few faint clay coats on pore walls and 
nodule surface; practically no roots; nodule sizes range from 2 mm up to 
15 mm diameter (rock, iron and manganese nodules), internal nodule 
colors 10R3/4 and  10YR2/1 ; very strongly acid (field pH 4.5). 
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Ci-3 

I Information on the site  
 

Profile symbol : Ci-3 
Soil name : Chok Chai series (Ci) 
Classification : Rhodic Kandiustox 
Date of examination : January 26, 2003  
Described by : Irb Kheoruenromne, Piboon Kanghae, Saowanuch 

Tawornpruek, Punyisa Trakoonyingcharoen, Suphicha  
Thanachit, Thanapol Srisupha-olarn and Wimolnan Kanket 

Location : Cassava field, Ban Pana Nong Hin, Tambon Chae, 
Amphoe Khonburi, Changwat Nakhon Ratchasima 

Elevation : Approximately 265 m (MSL)  
Map sheet number : 5438 II Coordination  : 48Q 0205863E, 1616056N

Landform 
1. Physiographic position : Top of lava corrosion plain (Crest) 
2. Surrounding land form : Gently undulating 
3. Slope on which profile site : 0%  Aspect : - 
Land use  : Cassava field, Jackfruit, Mango 
Annual rainfall : Approximately 1,300 mm  
Mean temperature : Approximately 26oC 
Climate : Tropical savanna 
Others : Agricultural  

II General information on the soil  
 

Parent material : Residuum derived from weathered basalt 
Drainage : Well drained  
Permeability : Rapid 
Runoff : Slow 
Depth of ground water : Deeper than 200 cm at time of sampling  
 

II Profile description  
 
Horizon Depth (cm) Description  

Ap1 0-15 Dusky red (10R 3/3); clay; moderate fine and medium subangular blocky 
parting to strong fine granular structure; slightly hard dry, slightly firm 
moist, slightly sticky and moderately plastic; many very fine and fine 
vesicular pores; many very fine and fine roots; common fine clay balls, 
few traces of dead roots, few fine rounded rock fragments; very strongly 
acid (field pH 4.0); abrupt, smooth boundary to Ap2. 

Ap2 15-30 Weak red (10R 4/3); clay; strong coarse angular blocky structure; hard 
dry, firm moist, moderately sticky and moderately plastic; very few fine 
faint clay coats on ped faces and pore walls; many very fine, common 
fine and medium vesicular pores; many very fine and common fine roots; 
common fine clay balls, common fine rounded rock fragments; very 
strongly acid (field pH 4.0); clear, smooth boundary to Bto1. 
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Bto1 30-51 Dusky red (10R 3/4); clay; strong medium and coarse angular blocky 

structure; slightly hard dry, slightly firm moist, moderately sticky and 
moderately plastic; common fine distinct clay coats on ped faces and pore 
walls; many very fine, common fine and few medium vesicular and few 
fine simple tubular pores; many very fine and common fine roots; few fine 
clay balls, few fine rounded rock fragments, few traces of dead roots; 
very strongly acid (field pH 4.0); gradual, smooth boundary to Bto2. 

Bto2 51-73 Dusky red (10R 3/4); clay; strong medium and coarse angular blocky 
structure; slightly hard dry, slightly firm moist, moderately sticky and 
moderately plastic; common fine distinct clay coats on ped faces and pore 
walls; many very fine, common fine and few medium vesicular and few 
fine simple tubular pores; many very fine and common fine roots; 
common fine clay balls, few fine rounded rock fragments, few traces of 
dead roots; very strongly acid (field pH 4.0); gradual, smooth boundary 
to Bto3. 

Bto3 73-100 Dusky red (10R 3/4); clay; strong medium and coarse angular blocky 
structure; slightly hard dry, slightly firm moist, slightly sticky and 
moderately plastic; common fine distinct clay coats on ped faces and pore 
walls; many very fine, common fine and few medium vesicular and few 
fine simple tubular pores; common very fine and fine roots; common fine 
clay balls, few fine rounded rock fragments, few traces of dead roots; 
very strongly acid (field pH 4.5); gradual, smooth boundary to Bto4. 

Bto4 100-130 Dusky red (10R 3/4); clay; moderate fine and medium subangular blocky 
partially parting to medium and coarse granular structure; slightly hard 
dry, slightly firm moist, slightly sticky and moderately plastic; common 
fine faint clay coats on ped faces and pore walls; many very fine, 
common fine and few medium vesicular and few fine simple tubular 
pores; common very fine and fine roots; common fine clay balls, very few 
fine rounded rock fragments, few traces of dead roots; very strongly acid 
(field pH 4.5); clear, smooth boundary to Bo1. 

Bo1 130-160 Dusky red (10R 3/4); clay; moderate fine and medium subangular blocky 
parting to coarse granular structure; slightly hard dry, friable moist, 
slightly sticky and moderately plastic; common distinct clay coats on ped 
faces and pore walls; many very fine, common fine and few medium 
vesicular and few fine simple tubular pores; few very fine and fine roots; 
common fine clay balls, very few fine rounded rock fragments; very 
strongly acid (field pH 4.5); gradual, smooth boundary to Bo2. 

Bo2 160-185 Dusky red (10R 3/4); clay; strong fine and medium subangular blocky 
partially parting to medium and coarse granular structure; slightly hard 
dry, friable moist, slightly sticky and moderately plastic; common distinct 
clay coats on ped faces and pore walls; many very fine and common fine 
vesicular and few medium simple tubular pores; few very fine and fine 
roots; common fine clay balls, very few fine rounded rock fragments; 
very strongly acid (field pH 4.5); clear, smooth boundary to Bto5. 

Bto5 185-205 Dusky red (10R 3/4); clay; strong fine and medium subangular blocky 
parting to very fine and fine granular structure; slightly hard dry, friable 
moist, moderately sticky and moderately plastic; common distinct clay 
coats on ped faces and pore walls; many very fine, common fine and few 
medium vesicular pores; practically no roots; common clay balls, very 
few fine rounded rock fragments; very strongly acid (field pH 5.0). 

 



 117

Ti-1 

I Information on the site  
 

Profile symbol : Ti-1 
Soil name : Tha Mai series (Ti) 
Classification : Rhodic Hapludox 
Date of examination : February 8, 2003  
Described by : Irb Kheoruenromne, Piboon Kanghae, Saowanuch 

Tawornpruek, Punyisa Trakoonyingcharoen, Suphicha  
Thanachit, Thanapol  Srisupha-olarn and Tonglor 
Suttisong 

Location : At 3.5 km, road to Ban Tam Singh from Petchakasem road 
(41) (Chumphon to Sawi), Ban Cham Ko, Tambon Ploy 
Whan Amphoe Tha Mai, Changwat Chantaburi 

Elevation : Approximately 40 m (MSL)  
Map sheet number : 5434III Coordination  : 48Q 0179202E, 1395764N

Landform 
1. Physiographic position : Upper dissected footslope of lava corrosion hill 
2. Surrounding land form : Slightly undulating 
3. Slope on which profile site : 3%  Aspect : North-west 
Land use  : Tropical orchards and settlement/ durian, langsat, 

mangosteen, banana, evergreen species 
Annual rainfall : Approximately 3,030+ mm 
Mean temperature : Approximately 26oC 
Climate : Tropical monsoonal 
Others : Agricultural and sparse settlement 

II General information on the soil  
 

Parent material : Residuum derived from weathered basalt 
Drainage : Well drained  
Permeability : Rapid 
Runoff : Slow 
Depth of ground water : Deeper than 2 m at time of sampling  

 
III  Profile description  
 
Horizon Depth (cm) Description  

Ap1 0-12 Dark reddish brown (5YR 3/4); clay; strong fine and medium subangular 
blocky parting to strong very fine and fine granular structure; loose dry, 
friable moist, slightly sticky and moderately plastic; few fine faint clay 
coats on ped faces and pore walls; many very fine, fine vesicular pores; 
many very fine, fine and medium roots; common fine clay balls, few 
traces of dead roots, very few very fine rock fragments; slightly acid 
(field pH 6.5); clear, smooth boundary to Ap2. 
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Ap2 12-27 Dark reddish brown (5YR 3/4); clay; strong fine and medium subangular 

blocky parting to strong very fine and fine granular structure; loose dry, 
friable moist, slightly sticky and moderately plastic; very few very fine 
faint clay coats on pore walls; common very fine, fine vesicular pores; 
many very fine, fine and medium roots; common fine clay balls, few 
traces of dead roots and charcoal fragment, few fine rock fragments; very 
strongly acid (field pH 5.0); clear, smooth boundary to Bto1. 

Bto1 27-52 Dark reddish brown (5YR 3/4); clay; strong medium and coarse semi-
angular blocky partially parting to granular structure; slightly hard dry, 
slightly firm moist, slightly sticky and moderately plastic; common 
distinct clay coats on ped faces and pore walls; many very fine, fine 
vesicular and common fine simple tubular pores; very few very fine and 
fine roots; common fine clay balls, few traces of dead roots, few fine rock 
fragments; very strongly acid (field pH 5.0); gradual, smooth boundary to 
Bto2. 

Bto2 52-78 Dusky red (2.5YR 3/4); clay; strong medium and coarse subangular 
blocky parting to granular structure; slightly hard dry, slightly firm moist, 
moderately sticky and moderately plastic; common distinct clay coats on 
ped faces and pore walls; many very fine, fine vesicular and common fine 
simple tubular pores; few fine and medium roots; common fine clay balls, 
few fine rock fragments; very strongly acid (field pH 5.0); gradual, 
smooth boundary to Bto3. 

Bto3 78-96 Dusky red (2.5YR 3/4); clay; strong medium and coarse semi-angular 
blocky parting to medium and fine granular structure; slightly hard dry, 
slightly firm moist, moderately sticky and moderately plastic; common 
distinct clay coats on ped faces and pore walls; many very fine, fine and 
few medium vesicular and common fine simple and dendritic tubular 
pores; few fine and medium roots; common fine clay balls, few traces of 
dead roots, few fine rock fragment, faunal activities; strongly acid (field 
pH 5.5); clear, smooth boundary to Bo1. 

Bo1 96-125 Dusky red (2.5YR 3/4); clay; moderate fine and medium semi-angular 
blocky parting to granular structure; slightly hard dry, slightly firm moist, 
moderately sticky and moderately plastic; common fine faint clay coats 
on pore walls mainly; many very fine, fine and few medium vesicular 
pores; few fine and medium roots; common clay balls, very few rock 
fragment; strongly acid (field pH 5.5); clear, smooth boundary to Bo2. 

Bo2 125-160 Dusky red (2.5YR 3/4); clay; moderate fine and medium semi-angular 
blocky parting to granular structure; slightly hard dry, slightly firm moist, 
moderately sticky and moderately plastic; common fine faint and few 
distinct clay coats on pore walls mainly; many very fine, common fine 
and few medium vesicular and few fine simple tubular pores; few fine 
and medium roots; common clay balls, very few rock fragment; very 
strongly acid (field pH 5.0); gradual, smooth boundary to Bo2. 

Bo3 160-200 Dusky red (2.5YR 3/4); clay; moderate fine and medium semi-angular 
blocky parting to granular structure; slightly hard dry, slightly firm moist, 
moderately sticky and moderately plastic; common fine faint and few 
distinct clay coats on pore walls mainly; many very fine, fine and 
common medium vesicular and common fine simple tubular pores; very 
few fine and medium roots; common clay balls, very few rock fragment; 
very strongly acid (field pH 5.0). 
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Ti-2 

I Information on the site  
 

Profile symbol : Ti-2 
Soil name : Tha Mai series (Ti) 
Classification : Typic Hapludox 
Date of examination : February 8, 2003  
Described by : Irb Kheoruenromne, Piboon Kanghae, Saowanuch 

Tawornpruek, Punyisa Trakoonyingcharoen, Suphicha  
Thanachit, Thanapol  Srisupha-olarn and Tonglor 
Suttisong  

Location : Mr. Sakieum Sathandee’ orchards, Ban Moo 1, Tambon Si 
Phaya, Amphoe Tha Mai, Changwat Chantaburi 

Elevation : Approximately 30 m (MSL)  
Map sheet number : 5434III Coordination  : 48Q 0179338E, 1393219N

Landform 
1. Physiographic position : Top of dissected lava corrosion plain 
2. Surrounding land form : Undulating 
3. Slope on which profile site : 3%  Aspect : North-east 
Land use  : Tropical orchards/ durian, longan langsat, papaya  
Annual rainfall : Approximately 3,030mm 
Mean temperature : Approximately 26oC 
Climate : Tropical Monsoonal 
Others : Agricultural  

II General information on the soil  
 

Parent material : Residuum derived from weathered basalt 
Drainage : Well drained  
Permeability : Rapid 
Runoff : Moderate 
Depth of ground water : Deeper than 2 m at time of sampling  

 
III Profile description  
 
Horizon Depth (cm) Description 

Ap 0-14/16 Dark reddish brown (5YR 3/4); clay; strong medium and coarse 
subangular blocky partially parting to strong medium and coarse granular 
structure; slightly hard dry, slightly firm moist, slightly sticky and 
moderately plastic; few fine faint clay coats on pore walls; many very 
fine, fine and few medium vesicular pores; common very fine and fine 
roots; common clay balls, few traces of dead roots and charcoal 
fragments, few fine rounded rock fragments; slightly acid (field pH 6.5); 
clear, smooth boundary to Bto1. 

Bto1 16-40 Dark reddish brown (5YR 3/4); clay; strong fine and medium subangular 
blocky parting to fine granular structure; slightly hard dry, friable moist, 
moderately sticky and moderately plastic; few fine faint clay coats on 
pore walls; many very fine, fine and few medium vesicular pores; few 
very fine and fine roots; common clay balls, few traces of dead roots, few 
fine rounded rock fragments; strongly acid (field pH 5.5); gradual, 
smooth boundary to Bto2. 
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Bto2 40-70 Dark reddish brown (5YR 3/4); clay; moderate medium and coarse semi-

angular blocky parting to medium and fine granular structure; slightly 
hard dry, friable moist, moderately sticky and moderately plastic; 
common faint clay coats mostly on pore walls; many very fine, fine and 
few medium vesicular and few fine simple tubular pores; few very fine, 
fine and medium roots; common fine clay balls, few charcoal fragments, 
few fine rounded rock fragments; strongly acid (field pH 5.5); gradual, 
smooth boundary to Bto3. 

Bto3 70-95 Dark reddish brown (5YR 3/4); clay; strong medium and coarse semi-
angular blocky parting to medium and fine granular structure; slightly 
hard dry, slightly firm moist, moderately sticky and moderately plastic; 
common faint and few distinct clay coats on ped faces and pore walls; 
many very fine, common fine and few medium vesicular and few fine 
simple tubular pores; very few very fine, fine and medium roots; common 
clay balls, few fine rounded rock fragments; very strongly acid (field pH 
5.0); clear, smooth boundary to Bo1. 

Bo1 95-125 Dusky red (2.5YR 3/4); clay; moderate fine and medium semi-angular 
blocky parting to fine granular structure; slightly hard dry, slightly firm 
moist, moderately sticky and moderately plastic; few faint clay coats 
mostly on pore walls; many very fine, common fine and few medium 
vesicular and common fine simple and dendritic tubular pores; very few 
very fine, fine and medium roots; common clay balls, few fine rounded 
rock fragments; strongly acid (field pH 5.5); clear, smooth boundary to 
Bo2. 

Bo2 125-150 Dusky red (2.5YR 3/4); clay; moderate fine and medium semi-angular 
blocky parting to fine granular structure; slightly hard dry, slightly firm 
moist, moderately sticky and moderately plastic; common faint clay coats 
on ped faces and pore walls; many very fine, common fine and few 
medium vesicular and common fine simple and dendritic tubular pores; 
very few very fine, fine and few medium roots; common clay balls, few 
fine rounded rock fragments; strongly acid (field pH 5.5); gradual, 
smooth boundary to Bo3. 

Bo3 150-175 Dusky red (2.5YR 3/4); clay; moderate fine and medium semi-angular 
blocky parting to fine granular structure; slightly hard dry, slightly firm 
moist, moderately sticky and moderately plastic; common faint clay coats 
on ped faces and pore walls; many very fine, common fine and few 
medium vesicular and common fine simple and dendritic tubular pores; 
very few very fine, fine and few medium roots; common clay balls, few 
fine rounded rock fragments; strongly acid (field pH 5.5); gradual, 
smooth boundary to Bo4. 

Bo4 175-200 Dusky red (2.5YR 3/4); clay; moderate fine and medium semi-angular 
blocky parting to fine granular structure; slightly hard dry, slightly firm 
moist, moderately sticky and moderately plastic; common faint clay coats 
on ped faces and pore walls; many very fine, fine and few medium 
vesicular and few fine simple and dendritic tubular pores; very few very 
fine, fine and few medium roots; common fine clay balls, very few fine 
rock fragments; strongly acid (field pH 5.5). 
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APPENDIX 2 
 
Appendix Table 1 Physical properties of red Oxisols 
 
Horizon Depth 

(cm) Sand Silt Clay Bulk 
density SSA1 Water content (%) AWC2

  (--------- g kg-1 ----------) Mg m-3 (m2 g-1) at -33 kPa at -1 500 kPa (%) 
Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-1) 
Ap1 0-8 46 150 804 1.09 49.84    
Ap2 8-35 44 156 800 1.22 52.81 32.94 26.61 6.34 
Bt1 35-70 22 38 940 1.26 65.76 36.98 28.41 8.57 
Bt2 70-90 16 16 968 1.19 66.74    
Bt3 90-115 20 32 948 1.19 67.84 38.15 28.21 9.93 
Bto1 115-140 18 30 952 1.16 66.39 37.42 28.83 8.59 
Bto2 140-175 20 44 936 1.14 65.72    
Bto3 175-210+ 19 41 940 1.23 65.34 35.99 27.62 8.37 
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-2) 
Ap 0-20 68 208 724 1.13 38.13 32.94 25.02 7.92 
Bt1 20-40 63 165 772 1.25 41.77 29.64 24.22 5.43 
Bt2 40-60 35 37 928 1.25 46.52    
Bto1 60-85 65 107 828 1.18 52.16 34.61 26.34 8.27 
Bto2 85-105 3 29 968 1.22 53.36    
Bto3 105-130 5 67 928 1.19 52.13 34.33 26.41 7.92 
Bto4 130-150 35 45 920 1.19 54.02    
Bto5 150-170 24 32 944 1.09 52.00 35.01 26.90 8.11 
Bto6 170-210+ 24 24 952 1.11 52.94    
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-3) 
Ap 0-12 113 487 400 1.25 32.93    
A 12-30 67 158 776 1.29 41.41 30.28 22.94 7.34 
Bt1 30-50 34 46 920 1.21 46.79 32.42 24.91 7.50 
Bt2 50-80 26 6 968 1.15 58.78    
Bt3 80-110 30 34 936 1.09 50.87 34.63 25.88 8.75 
Bt4 110-140 29 55 916 1.07 51.24    
Bto1 140-164 31 49 920 1.08 51.05 34.54 25.22 9.32 
Bto2 164-194 27 74 900 1.10 51.25    
Bto3 194-210+ 30 2 968 1.15 50.95 33.76 24.46 9.30 
Typic Kandiudox, very-fine, ferruginous, isohyperthermic (Ak-1) 
Ap 0-10 92 280 628 0.77 37.15 29.46 23.12 6.34 
Bto1 10-30 48 80 872 1.03 43.42    
Bto2 30-52 48 80 872 1.18 45.31 32.21 25.71 6.50 
Bto3 52-80 47 49 904 1.16 45.86    
Bto4 80-117 43 93 864 1.07 45.40 32.95 26.77 6.18 
Bto5 117-148 44 89 868 1.13 46.72    
Bto6 148-170 44 84 872 1.04 35.56 35.35 26.62 8.73 
Bto7 170-200+ 42 79 880 1.07 43.31 32.92 27.36 5.56 
Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-2) 
Ap 0-17 132 76 792 1.25 35.26 28.58 21.86 6.72 
Bto1 17-42 109 39 852 1.06 40.63    
Bto2 42-70 59 17 924 1.08 42.32 34.26 28.92 5.34 
Bto3 70-100 60 17 924 1.14 43.11    
Bto4 100-135 55 77 868 1.10 45.21 34.18 27.69 6.49 
Bto5 135-170 70 78 852 1.31 43.30    
Bto6 170-200+ 76 48 876 1.22 42.14 32.44 26.39 6.05 
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Appendix Table 1 (Continued) 
 
Horizon Depth  Sand Silt Clay Bulk 

density SSA1 Water content (%) AWC2

 (cm) (--------- g kg-1 ----------) Mg m-3 (m2 g-1) at -33 kPa at -1 500 kPa (%) 

Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-3) 
Ap 0-18 320 96 584 1.36 23.97 22.13 17.14 5.00 
Bto1 18-40 137 43 820 1.18 38.58 30.19 24.95 5.25 
Bto2 40-60 120 80 800 1.19 40.05    
Bto3 60-90 153 24 824 1.25 36.91 29.63 23.85 5.78 
Bto4 90-123 171 69 760 1.26 36.30 27.78 21.44 6.34 
Bo1 123-155 147 53 800 1.11 38.59    
Bo2 155-190+ 139 33 828 1.07 38.71 29.10 21.72 7.38 
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-1) 
Ap1 0-10 115 129 756 1.12 33.69    
Ap2 10-27 106 62 832 1.13 36.85 28.30 19.10 9.20 
Bto1 27-55 88 73 840 1.05 38.83    
Bto2 55-88 73 71 856 0.99 41.47 29.45 22.94 6.50 
Bto3 88-110 72 72 856 1.00 41.26    
Bo1 110-132 81 63 856 1.03 41.80 29.48 21.80 7.67 
Bo2 132-160 91 89 820 1.02 41.40    
Bo3 160-200 90 106 804 1.01 42.37 28.74 22.68 6.06 
Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-2) 
Ap 0-10 188 116 696 0.95 35.21 25.34 22.36 2.98 
Bto1 10-25 148 100 752 1.10 39.72    
Bto2 25-52 150 78 772 1.09 40.11 28.69 19.44 9.25 
Bto3 52-76 145 67 788 0.97 42.19    
Bo1 76-103 134 74 792 1.07 42.23 28.00 18.82 9.18 
Bo2 103-130 137 83 780 1.07 42.06    
Bo3 130-167 135 113 752 1.11 41.01 27.36 19.81 7.56 
Btc 167-192+ 188 116 696  42.24    
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-3) 
Ap1 0-15 108 100 792 0.97 32.20 28.65 22.17 6.48 
Ap2 15-30 105 380 516 1.25 34.03    
Bto1 30-51 82 50 868 1.20 35.46 29.49 20.00 9.49 
Bto2 51-73 85 103 812 1.17 36.86    
Bto3 73-100 83 89 828 1.19 37.66 29.34 20.72 8.62 
Bto4 100-130 81 95 824 1.05 37.67    
Bo1 130-160 71 81 848 1.09 38.32 29.23 22.34 6.89 
Bo2 160-185 71 65 864 1.08 38.30    
Bto5 185-205 72 84 844 1.15 38.52    
Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-1) 
Ap1 0-12 237 391 372 0.82 70.75 43.19 32.84 10.34 
Ap2 12-27 136 408 456 0.80 76.02    
Bto1 27-52 44 153 804 0.87 79.41 41.27 33.19 8.08 
Bto2 52-78 35 149 816 0.76 78.50    
Bto3 78-96 35 232 733 0.80 79.02 42.25 34.51 7.74 
Bo1 96-125 33 219 748 0.81 79.07 41.23 28.56 12.68 
Bo2 125-160 30 135 836 0.77 80.10    
Bo3 160-200 25 215 760 0.85 81.14 39.89 33.95 5.94 
Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-2) 
Ap 0-14/16 264 301 436 0.79 61.73 38.87 32.57 6.30 
Bto1 16-40 152 322 527 0.83 67.27    
Bto2 40-70 84 231 685 0.81 69.68 38.70 26.80 11.90 
Bto3 70-95 44 188 768 0.83 73.99    
Bo1 95-125 48 188 764 0.84 74.93 39.84 31.24 8.61 
Bo2 125-150 44 173 783 0.83 74.83    
Bo3 150-175 42 162 796 0.88 75.21 39.68 26.96 12.72 
Bo4 175-200 40 156 804 0.82 74.84    

1 SSA = Specific surface area
2 AWC = Available water content 
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Appendix Table 2 Chemical properties of red Oxisols 
 
Horizon Depth pH (1:1) OM Total N Avail. P Avail. K Extr. Al EA Extractable Bases CEC ECEC BS 

           H  2O KCl    Ca  Mg Na K
      (cm) (%) (%) (----mg kg-1----) (------------------------------------ cmolc kg-1-------------------------------------) (%)

Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-1) 
Ap1      0-8 6.30 6.00 4.13 0.21 18.75 678.02          

                
                
                 
                 

                 
                 
                

          
                
                 

                 
                 
                 
                 
                 
                

        
              

                 
                 
                 
                 

                 
                 
                

0.02 12.10 21.50 0.41 0.11 1.73 20.38 23.77 66.25
Ap2 8-35 6.35 6.05 2.72 0.15 21.67 135.17

 
0.03 9.70 19.20 0.35 0.07 0.35 19.75 20.00 67.31

Bt1 35-70 6.35 5.65 0.61 0.05 2.38 44.09 0.02 10.90 11.81 0.43 0.25 0.11 13.75 12.62 53.62
Bt2 70-90 4.70 4.15 0.27 0.00 2.50 26.66 1.46 14.90 6.94 0.42 0.23 0.07 11.38 9.12 33.96
Bt3 90-115 4.60 3.65 0.41 0.00 1.50 21.93 3.54 16.10 3.08 0.26 0.71 0.06 13.75 7.64 20.31
Bto1 115-140 4.60 3.80 0.29 0.04 0.58 31.01 4.19 17.30 4.04 0.18 0.16 0.08 15.13 8.65 20.49
Bto2 140-175 4.40 3.90 0.30 0.05 0.58 37.91 3.86 16.50 1.13 0.15 0.15 0.10 14.50 5.39 8.50
Bto3 175-210+ 5.05 3.80 0.21 0.05 0.45 37.65 2.85 13.70 5.37 0.13 0.12 0.10 14.50 8.57 29.45
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-2) 

      Ap 0-20 6.95 6.30 3.59 0.17 6.50 171.69
 

0.03 6.10 17.54 0.28 0.26 0.44 15.13 18.54 75.22
Bt1 20-40 7.10 6.10 1.87 0.11 1.60 48.39 0.03 6.50 17.51 0.18 0.08 0.12 16.63 17.93 73.36
Bt2 40-60 6.30 5.45 0.77 0.07 1.60 31.86 0.03 8.90 10.99 1.78 0.08 0.08 12.13 12.96 59.22
Bto1 60-85 4.90 4.05 0.55 0.05 1.60 19.50 1.20 13.30 6.29 1.35 0.06 0.05 11.63 8.95 36.82
Bto2 85-105 5.15 3.75 0.46 0.05 1.00 17.48 3.00 16.10 2.61 0.07 0.05 0.04 11.50 5.78 14.71
Bto3 105-130 4.65 3.75 0.44 0.04 0.50 16.77 3.27 13.70 1.01 0.10 0.04 0.04 10.63 4.46 7.99
Bto4 130-150 4.80 3.85 0.34 0.04 0.58 23.55 2.92 11.30 0.80 0.20 0.17 0.06 11.38 4.14 9.79
Bto5 150-170 4.45 3.85 0.41 0.04 0.50 23.06 2.71 10.50 0.90 0.23 0.16 0.06 11.88 4.06 11.40
Bto6 170-210+ 4.50 3.95 0.28 0.04 0.50 25.88 2.32 11.70 1.42 0.20 0.05 0.07 10.63 4.05 12.90
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-3) 

      Ap 0-12 7.60 7.05 3.65 0.17 8.00 132.44
 

0.02 4.90 106.03
 

0.34 0.64 0.34 14.00 107.38
 

95.64
A 12-30 7.50 6.93 1.57 0.09 4.00 28.30 0.03 6.10 40.28 0.18 0.13 0.07 12.88 40.69 86.96
Bt1 30-50 6.10 5.35 0.89 0.06 3.70 18.16 0.04 11.30 9.40 0.10 0.13 0.05 11.50 9.72 46.15
Bt2 50-80 5.05 4.05 0.65 0.07 2.00 29.56 1.58 12.50 3.25 0.08 0.07 0.08 11.13 5.04 21.73
Bt3 80-110 4.65 3.90 0.61 0.05 0.75 13.99 2.80 13.30 1.01 0.48 0.11 0.04 10.38 4.44 10.97
Bt4 110-140 4.95 3.80 0.48 0.05 0.50 12.30 3.25 14.50 0.45 0.46 0.09 0.03 9.50 4.28 6.63
Bto1 140-164 4.90 3.70 0.47 0.04 4.50 7.08 3.12 14.10 0.20 0.34 0.05 0.02 9.75 3.73 4.13
Bto2 164-194 4.90 3.65 0.55 0.04 0.95 8.64 2.73 13.30 0.26 0.26 0.09 0.02 9.75 3.36 4.53
Bto3 194-210+ 4.95 3.65 0.54 0.04 0.45 12.31 2.22 13.70 0.37 0.24 0.30 0.03 9.70 3.16 6.45 123
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Appendix Table 2 (Continued) 
 
Horizon Depth pH (1:1) OM Total N Avail. P Avail. K Extr. Al EA Extractable Bases CEC ECEC BS 

           H  2O KCl    Ca  Mg Na K
      (cm) (%) (%) (----mg kg-1----) (------------------------------------cmolc kg-1-------------------------------------) (%)

Typic Kandiudox, very-fine, ferruginous, isohyperthermic (Ak-1) 
Ap      0-10 6.00 4.60 2.49 0.03 1.15           

                 
                 
                 
                 
                 
                 
                

           
                
                 
                 
                 
                 
                

           
                
                
                
                
                

               

10.36 0.05 12.50 2.24 0.06 0.42 0.13 12.94 2.90 18.58
Bto1 10-30 5.80 5.10 1.46 0.02 0.30 2.88 0.05 11.50 0.19 0.12 0.38 0.04 6.56 0.78 5.96
Bto2 30-52 5.90 5.20 0.92 0.02 0.25 2.79 0.00 10.50 0.17 0.12 1.06 0.04 4.06 1.39 11.67
Bto3 52-80 5.80 5.00 0.67 0.02 0.25 6.28 0.03 9.00 0.08 0.09 0.32 0.08 3.19 0.60 5.94
Bto4 80-117 5.75 5.20 0.49 0.02 0.30 9.42 0.05 9.75 0.13 0.07 0.49 0.12 3.19 0.86 7.71
Bto5 117-148 5.90 5.30 0.43 0.01 0.20 6.36

5.44
0.04
0.05

10.00
11.50

0.46
0.10

0.27
0.04

0.74
0.27

0.08
0.07

6.56
7.31

1.59
0.52

13.43
3.93Bto6

Bto7
148-170
170-200+

5.70
5.60

5.20
5.20

0.43
0.37

0.01
0.01

0.15
0.10 3.68 0.05 13.50 0.23 0.05 0.40 0.05 6.69 0.78 5.09

Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-2) 
      Ap 0-17 6.50 5.60 1.77 0.08 130.91

 
33.17 0.06 8.25 2.56 2.65 0.56 0.42 9.19 6.26 42.93

Bto1 17-42 5.70 3.80 0.98 0.06 2.74 22.77 1.24 10.00 2.60 1.08 0.96 0.29 8.31 6.16 33.00
Bto2 42-70 5.50 3.90 0.74 0.04 1.85 22.21 1.39 9.50 2.90 1.02 0.63 0.28 6.94 6.22 33.74
Bto3 70-100 5.40 3.50 0.67 0.04 2.60 20.21 1.29 10.00 2.90 1.00 0.30 0.26 8.06 5.75 30.84
Bto4 100-135 5.10 3.80 0.34 0.04 0.45 8.49 3.01 10.00 0.87 0.53 0.18 0.11 7.69 4.70 14.47
Bto5 135-170 5.30 3.70 0.46 0.02 0.35 4.24 2.37 9.00 0.87 0.55 0.20 0.05 7.69 4.05 15.74
Bto6 170-200+ 5.50 3.50 0.13 0.04 0.30 3.79 2.41 9.00 0.95 0.59 0.85 0.05 7.56 4.84 21.30
Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-3) 

     Ap 0-18 5.30 3.80 1.16 0.11 20.45 26.37 0.36 10.63 2.90 0.03 0.57 0.34 10.81 4.21 26.56
Bto1 18-40 5.40 4.00 0.43 0.02 3.64 19.19 0.47 9.38 1.20 0.41 0.13 0.25 9.81 2.46 17.53
Bto2 40-60 5.40 4.00 0.31 0.04 1.00 10.48 0.43 8.88 1.24 0.47 0.26 0.13 9.31 2.53 19.12
Bto3 60-90 5.40 4.00 0.25 0.04 0.60 5.72 0.49 8.63 0.95 0.40 0.26 0.07 10.81 2.17 16.29
Bto4 90-123 5.50 4.10 0.19 0.03 0.70 7.07 1.00 9.13 0.49 0.24 0.24 0.09 10.19 2.05 10.35
Bo1 123-155 5.40 4.00 0.13 0.03 0.60 7.24 1.02 9.13 0.48 0.26 0.05 0.09 5.81 1.90 8.81
Bo2 155-190+ 5.40 4.00 0.13 0.03 0.40 7.50 1.03 11.63 0.45 0.24 0.30 0.10 6.31 2.12 8.53
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Appendix Table 2 (Continued) 
 

Horizon Depth pH (1:1) OM Total N Avail. P Avail. K Extr. Al EA Extractable Bases CEC ECEC BS 
           H  2O KCl    Ca  Mg Na K

    (cm)   (%) (%) (----mg kg-1----) (------------------------------------cmolc kg-1-------------------------------------) (%)

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-1) 
Ap1 0-10     4.30 3.50 2.42 0.10 17.96           

                
                
                
                
                
                
                

           
                
                
                
                
                
                

               

           
                
                
                
                
                
                
                

               

17.55 1.15 18.50 0.49 0.03 0.61 0.22 9.44 10.59 6.81
Ap2 10-27 4.50 3.60 1.31 0.07 4.35 6.51 1.66 19.00 0.40 0.35 0.71 0.08 6.50 8.16 7.53
Bto1 27-55 4.70 3.70 0.91 0.05 1.15 4.29 1.42 19.50 0.30 0.26 0.15 0.05 8.06 9.48 3.75
Bto2 55-88 4.50 3.60 0.72 0.04 0.80 3.14 1.86 13.00 0.14 0.15 0.21 0.04 6.94 8.79 4.01
Bto3 88-110 4.50 3.80 0.36 0.03 0.80 3.76 1.98 14.00 0.03 0.14 0.13 0.05 9.31 11.29 2.44
Bo1 110-132 4.70 3.70 0.36 0.02 0.50 4.72 1.61 14.00 0.02 0.12 0.09 0.06 6.81 8.42 1.97
Bo2 132-160 4.40 3.70 0.50 0.03 0.50 3.33 1.72 10.00 0.01 0.07 0.13 0.04 7.44 9.16 2.41
Bo3 160-200 4.60 3.80 0.37 0.02 0.50 3.47 1.54 14.00 0.01 0.06 0.11 0.04 5.69 7.22 1.59
Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-2) 

     Ap 0-10 5.50 4.50 1.57 0.04 4.50 9.55 1.15 17.00 3.94 0.05 0.19 0.12 9.69 10.84 20.17
Bto1 10-25 5.10 4.00 0.82 0.03 3.10 4.63 0.69 18.00 0.66 0.03 0.08 0.06 9.19 9.88 4.41
Bto2 25-52 4.70 3.80 0.53 0.04 1.50 4.46 1.13 17.00 0.20 0.29 0.03 0.06 7.94 9.06 3.34
Bto3 52-76 4.60 3.60 0.41 0.02 0.80 3.91 1.22 17.00 0.03 0.10 0.12 0.05 6.69 7.91 1.74
Bo1 76-103 4.70 3.80 0.36 0.02 0.80 4.93 1.23 27.50 0.03 0.08 0.12 0.06 7.69 8.92 1.02
Bo2 103-130 4.80 3.90 0.28 0.03 0.80 5.01 1.17 28.00 0.05 0.14 0.12 0.06 6.56 7.74 1.31
Bo3 130-167 4.70 3.90 0.53 0.02 1.25 5.04 1.49 30.00 0.05 0.11 0.19 0.06 5.44 6.92 1.36
Btc 167-192+ 4.80 4.00 0.46 0.02 1.50 5.53 1.47 29.00 0.06 0.08 0.19 0.07 7.19 8.66 1.37
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-3) 

     Ap1 0-15 4.30 3.70 2.50 0.07 13.15 21.52 0.65 12.00 0.49 0.03 0.08 0.28 9.06 9.71 6.82
Ap2 15-30 4.50 3.80 1.92 0.06 6.49 10.73 0.57 12.00 0.54 0.02 0.10 0.14 6.19 6.75 6.27
Bto1 30-51 4.50 3.70 1.50 0.03 4.24 6.22 1.04 10.00 0.30 0.22 0.21 0.08 9.94 10.96 7.47
Bto2 51-73 4.40 3.60 1.27 0.02 3.74 5.04 1.39 10.00 0.18 0.11 0.06 0.06 6.06 7.45 3.95
Bto3 73-100 4.50 3.80 0.80 0.03 2.50 4.33 1.16 10.00 0.14 0.11 0.08 0.06 7.44 8.59 3.74
Bto4 100-130 4.70 3.70 0.69 0.03 2.45 2.94 1.03 11.00 0.10 0.25 0.12 0.04 7.88 8.91 4.40
Bo1 130-160 4.90 3.90 0.47 0.01 1.50 3.81 0.94 8.00 0.02 0.07 0.12 0.05 6.44 7.37 3.06
Bo2 160-185 4.80 3.90 0.33 0.02 1.30 4.48 0.87 9.00 0.01 0.04 0.23 0.06 5.81 6.66 3.66
Bto5 185-205+ 4.90 3.90 0.53 0.01 1.20 3.05 0.64 7.00 0.01 0.04 0.17 0.04 5.94 6.56 3.58
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Appendix Table 2 (Continued) 
 
Horizon Depth pH (1:1) OM Total N Avail. P Avail. K Extr. Al EA Extractable Bases CEC ECEC BS 

           H  2O KCl    Ca  Mg Na K
      (cm) (%) (%) (----mg kg-1----) (------------------------------------cmolc kg-1-------------------------------------) (%)

Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-1) 
Ap1 0-12     5.10 4.60 4.52 0.10 98.59           

                
                
                
                
                
                
                

           
               

                
                
                
                
                
                

22.67 0.15 67.00 5.62 1.06 0.29 0.29 11.50 11.65 9.78
Ap2 12-27 4.80 4.25 2.82 0.08 18.73 11.47 0.52 62.00 3.35 0.62 0.05 0.15 15.38 15.89 6.30
Bto1 27-52 4.90 4.50 1.06 0.03 18.44 19.27 0.07 56.00 0.50 0.52 0.09 0.25 11.13 11.19 19.34
Bto2 52-78 5.10 4.75 0.60 0.03 22.43 17.34 0.02 56.00 0.67 0.35 0.06 0.22 11.00 11.02 23.58
Bto3 78-96 5.15 4.75 0.53 0.02 19.95 16.73 0.04 40.00 0.62 0.26 0.12 0.21 11.00 11.04 28.63
Bo1 96-125 4.90 4.50 0.46 0.02 24.73 13.19 0.11 40.00 0.19 0.31 0.18 0.17 11.13 11.23 11.88
Bo2 125-160 4.80 4.40 0.41 0.02 26.23 10.38 0.15 51.00 0.10 0.26 0.48 0.13 9.38 9.52 6.15
Bo3 160-200 4.60 4.30 0.27 0.02 17.86 7.42 0.17 54.00 0.09 0.18 0.57 0.09 10.38 10.54 5.25
Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-2) 

     Ap 0-14/16
 

5.25 4.55 3.42 0.10 72.43 48.93 0.05 46.50 6.40 1.05 0.22 0.63 16.13 16.17 15.14
Bto1 16-40 4.70 4.10 2.04 0.05 41.32 18.61 0.26 48.50 0.35 0.24 0.57 0.24 18.13 18.39 2.80
Bto2 40-70 4.60 4.30 1.32 0.05 22.86 10.50 0.11 43.50 0.46 0.35 0.20 0.13 9.38 9.49 2.57
Bto3 70-95 4.45 4.15 0.50 0.02 20.99 12.25 0.10 39.50 0.22 0.24 0.14 0.16 9.50 9.60 1.89
Bo1 95-125 4.45 4.35 0.48 0.02 13.24 12.68 0.05 22.00 0.29 0.33 0.05 0.16 6.50 6.55 3.66
Bo2 125-150 4.60 4.40 0.29 0.01 6.75 4.26 0.03 22.00 0.43 0.47 0.09 0.05 8.75 8.78 4.57
Bo3 150-175 4.40 4.65 0.19 0.02 3.75 4.20 0.05 20.00 0.35 0.23 0.18 0.05 6.38 6.43 3.92
Bo4 175-200 4.40 4.60 0.36 0.01 2.25 4.93 0.05 21.00 0.25 0.17 0.27 0.06 8.63 8.68 3.49
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Appendix Table 3 Total analysis by XRF of bulk soil sample of red Oxisols and extractable Fe contents by dithionite (Fed), oxalate 
(Feo) and ratio of Fed/Fet and Feo/Fed of the whole soils 

 
Horizon Depth Al2O3 SiO2 TiO2 Fe2O3 MnO CaO        K2O MgO P2O5 V Cr Ni Zn Y Zr Fed Feo Fed/Fet Feo/Fed

     (cm) (----------------------------------- g kg-1 --------------------------------------) (------------------- mg kg-1-----------------) (--- g kg-1---)

Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-1) 
Ap1       0-8 293.2 521.6 21.6 142.8 3.7 7.0              

                     
                     
                     
                     
                     
                     
                     

              
                     
                     

                     
                     
                     
                     
                     
                     

             
                     

                     
                     
                     
                     

                     
                     
                     

3.5 4.7 1.9 397 659 219 315 104 444 96.0 2.8 0.81 0.03
Ap2 8-35 303.9 511.1 21.5 145.5 3.5 6.7 2.5 3.6 1.7 399 636 202 313 100 460 95.7 2.8 0.79 0.03
Bt1 35-70 341.0 490.4 15.4 140.6 1.4 3.7 2.1 4.2 1.2 382 603 168 304 79 351 82.1 2.9 0.69 0.04
Bt2 70-90 345.8 488.9 14.6 140.2 1.2 2.2 2.1 4.1 1.0 398 634 155 291 79 346 60.7 2.4 0.51 0.04
Bt3 90-115 349.7 485.7 14.9 140.3 1.3 1.4 2.1 3.8 0.9 384 635 169 298 85 330 71.4 2.1 0.60 0.03
Bto1 115-140 342.7 488.0 16.1 144.3 1.4 1.1 2.1 3.5 0.8 384 632 186 295 94 354 71.1 2.0 0.58 0.03
Bto2 140-175 339.7 488.5 16.9 145.4 1.6 1.3 2.1 3.7 0.8 384 671 186 301 91 371 83.2 2.2 0.67 0.03
Bto3 175-210+ 340.1 487.6 16.8 145.1 1.3 1.8 2.1 4.4 0.7 412 690 179 307 90 367 76.0 2.0 0.61 0.03

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-2) 
       Ap 0-20 300.2 505.1 24.1 153.9 2.2 6.0 3.0 4.2 1.3 477 583 209 219 81 470 79.1 2.4 0.61 0.03

Bt1 20-40 348.6 473.7 15.4 152.7 0.8 2.0 2.1 4.0 0.7 494 522 238 224 73 308 100.8 2.9 0.77 0.03
Bt2 40-60 332.7 483.4 18.2 154.6 0.9 3.3 2.2 3.9 0.9 519 559 232 213 83 350 76.8 3.1 0.57 0.04
Bto1 60-85 311.9 499.2 23.7 151.5 1.9 4.5 2.5 3.7 1.1 533 574 198 213 78 414 72.3 3.2 0.53 0.04
Bto2 85-105 365.6 467.7 13.1 145.5 0.7 0.9 1.9 3.8 0.8 498 530 247 211 72 250 83.7 2.4 0.65 0.03
Bto3 105-130 361.1 468.1 14.6 148.5 0.8 0.7 2.0 3.5 0.7 522 567 214 215 78 270 84.5 2.0 0.64 0.02
Bto4 130-150 353.8 471.2 16.2 151.1 0.9 0.6 2.1 3.4 0.6 535 588 236 213 80 297 91.6 2.0 0.68 0.02
Bto5 150-170 355.5 469.1 16.9 150.8 0.8 0.6 2.0 3.6 0.6 536 562 204 215 79 298 100.6 2.0 0.75 0.02
Bto6 170-210+ 353.6 469.0 16.9 152.1 0.9 0.8 2.1 4.0 0.6 533 610 208 217 78 309 90.0 1.8 0.66 0.02

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-3) 
       Ap 0-12 273.6 463.3 19.5 129.4 1.5 102.0 1.3 8.1 1.2 378 630 131 157 76 340 64.6 2.6 0.61 0.04

A 12-30 322.1 495.9 19.1 150.4 0.9 7.1 0.9 2.6 1.0 500 791 148 176 77 377 95.6 2.6 0.72 0.03
Bt1 30-50 347.7 486.0 16.2 142.9 0.6 3.0 0.8 1.9 0.9 462 636 183 189 73 303 84.4 1.9 0.67 0.02
Bt2 50-80 362.5 472.4 14.7 144.4 0.6 1.4 0.7 2.5 0.8 465 675 186 188 79 282 82.9 2.0 0.65 0.02
Bt3 80-110 364.8 469.7 15.4 144.8 0.6 0.6 0.7 2.6 0.7 470 639 144 172 87 266 77.3 1.9 0.60 0.02
Bt4 110-140 356.6 477.9 16.7 143.3 0.6 0.4 0.8 2.9 0.7 436 607 204 174 76 323 95.2 1.5 0.74 0.02
Bto1 140-164 358.5 474.6 17.2 145.2 0.7 0.3 0.7 2.1 0.7 455 684 163 183 72 325 84.3 1.4 0.65 0.02
Bto2 164-194 356.6 476.1 17.2 145.3 0.7 0.3 0.7 2.5 0.7 462 645 156 178 76 324 107.4 1.5 0.84 0.01
Bto3 194-210+ 355.7 474.9 17.4 147.1 0.7 0.5 0.7 2.4 0.7 492 650 189 187 73 323 102.6 1.4 0.79 0.01
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Appendix Table 3 (Continued) 
 
Horizon Depth Al2O3 SiO2 TiO2 Fe2O3 MnO CaO        K2O MgO P2O5 V Cr Ni Zn Y Zr Fed Feo Fed/Fet Feo/Fed

 (cm) (----------------------------------- g kg-1 --------------------------------------) (------------------- mg kg-1-----------------) (--- g kg-1---)   

Typic Kandiudox, very-fine, ferruginous, isohyperthermic (Ak-1) 
Ap       0-10 474.5 278.9 21.5 218.1 1.1 0.9              

                    
                    
                    
                    
                    
                    
                    

              
                     
                     
                     
                     
                     
                     

              
                     
                     
                     
                     

                     
                     

0.8 2.6 1.7 434 203 74 81 55 528 135.2 2.4 0.80 0.02
Bto1 10-30 491.9 258.5 22.2 221.5 1.3 0.2 0.7 2.2 1.4 399 210 0 79 33 457 122.4 2.1 0.67 0.02
Bto2 30-52 491.7 255.1 22.6 224.6 1.3 0.2 0.7 2.2 1.5 385 201 0 80 38 441 137.1 2.2 0.76 0.02
Bto3 52-80 492.1 255.8 22.8 223.4 1.5 0.2 0.7 2.1 1.4 418 142 0 76 45 450 136.2 2.3 0.74 0.02
Bto4 80-117 492.3 256.4 22.8 222.1 1.5 0.2 0.8 2.5 1.4 413 159 0 73 38 443 127.2 2.2 0.69 0.02
Bto5 117-148 494.6 250.0 23.2 225.5 1.6 0.2 0.7 3.1 1.2 402 148 0 81 39 432 131.3 2.1 0.72 0.02
Bto6 148-170 499.8 247.5 22.9 223.5 1.6 0.2 0.7 2.4 1.2 393 167 0 72 40 427 138.4 2.1 0.75 0.02
Bto7 170-200+ 500.2 248.7 22.7 221.8 1.6 0.2 0.8 2.5 1.4 384 141 0 85 50 452 124.3 2.0 0.67 0.02

Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-2) 
       Ap 0-17 302.6 576.8 19.6 92.7 2.1 2.3 0.7 1.5 1.7 218 309 6 69 73 797 52.1 4.3 0.63 0.08

Bto1 17-42 349.7 529.4 16.4 99.5 0.8 0.9 0.6 2.2 0.5 229 252 20 93 51 576 55.9 2.7 0.64 0.05
Bto2 42-70 374.9 514.1 13.9 92.3 0.6 0.8 0.6 2.4 0.5 206 177 17 89 44 447 53.7 2.2 0.66 0.04
Bto3 70-100 375.5 512.9 14.1 92.7 0.6 0.8 0.6 2.4 0.5 194 167 21 88 47 449 54.8 2.2 0.68 0.04
Bto4 100-135 378.2 508.0 15.0 94.0 0.8 0.5 0.5 2.7 0.4 190 117 26 89 52 459 56.7 1.9 0.69 0.03
Bto5 135-170 371.6 504.1 16.5 103.4 1.0 0.5 0.5 2.1 0.4 241 137 50 89 52 510 64.1 1.8 0.71 0.03
Bto6 170-200+ 367.3 500.1 17.1 111.0 1.0 0.5 0.5 2.2 0.4 227 182 33 85 61 513 67.8 1.7 0.70 0.03

Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-3) 
       Ap 0-18 310.8 556.7 12.4 116.7 0.5 0.6 0.5 1.6 0.4 221 168 0 70 37 408 89.4 2.2 0.86 0.02

Bto1 18-40 303.5 563.6 12.9 116.3 0.6 0.6 0.6 1.4 0.5 228 178 5 81 45 438 81.5 2.8 0.79 0.03
Bto2 40-60 193.9 694.4 15.4 91.2 1.2 0.6 0.7 1.7 1.0 182 143 5 54 68 691 59.4 3.5 0.73 0.06
Bto3 60-90 288.7 581.8 13.4 112.6 0.4 0.4 0.4 1.7 0.4 231 170 0 58 53 518 70.6 1.6 0.70 0.02
Bto4 90-123 285.6 583.1 14.2 113.5 0.5 0.2 0.5 2.0 0.4 217 191 5 69 50 521 86.0 1.6 0.85 0.02
Bo1 123-155 298.7 567.7 14.2 115.7 0.5 0.2 0.3 2.3 0.4 230 157 5 74 46 501 75.7 1.6 0.74 0.02
Bo2 155-190+ 300.7 564.9 14.5 116.3 0.5 0.2 0.3 2.2 0.5 224 144 28 74 45 528 73.4 1.7 0.72 0.02
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Appendix Table 3 (Continued) 
 
Horizon Depth Al2O3 SiO2 TiO2 Fe2O3 MnO CaO        K2O MgO P2O5 V Cr Ni Zn Y Zr Fed Feo Fed/Fet Feo/Fed

 (cm) (----------------------------------- g kg-1 --------------------------------------) (------------------- mg kg-1-----------------) (--- g kg-1---)   

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-1) 
Ap1       0-10 286.5 527.6 47.3 131.2 1.5 0.7              

                     
                     
                     
                     

                     
                     
                     

              
                     
                     
                     

                     
                     
                     

                     

              
                     
                     
                     
                     
                     

                     
                     
                     

1.3 2.1 1.7 109 237 168 128 43 441 75.0 2.9 0.66 0.04
Ap2 10-27 293.5 521.3 45.9 133.3 1.2 0.5 1.2 1.9 1.4 133 348 215 142 44 453 61.4 2.8 0.53 0.05
Bto1 27-55 304.8 513.3 45.2 132.1 0.6 0.5 1.0 1.3 1.1 109 287 157 136 39 420 65.0 2.2 0.57 0.03
Bto2 55-88 323.5 495.8 43.3 132.1 0.6 0.3 1.0 2.2 1.1 76 314 202 138 34 383 62.3 2.2 0.55 0.03
Bto3 88-110 328.0 496.2 42.4 128.4 0.6 0.2 1.0 2.2 1.0 137 263 194 143 39 374 60.6 1.9 0.54 0.03
Bo1 110-132 321.8 499.6 43.8 130.6 0.5 0.1 1.0 1.7 1.0 126 270 214 143 36 391 64.0 2.0 0.57 0.03
Bo2 132-160 312.8 502.7 44.8 134.8 0.6 0.1 1.1 2.1 1.0 117 322 183 139 31 392 63.9 2.0 0.54 0.03
Bo3 160-200 314.8 498.3 46.0 135.8 0.6 0.1 1.1 2.3 1.0 105 314 189 132 41 415 69.4 2.1 0.58 0.03

Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-2) 
       Ap 0-10 272.9 586.4 41.7 92.3 0.9 1.6 1.4 1.5 1.3 69 265 173 137 43 434 47.4 2.4 0.59 0.05

Bto1 10-25 290.5 563.2 40.4 100.3 0.5 0.8 1.3 1.8 1.2 86 400 192 143 41 391 48.4 2.3 0.56 0.05
Bto2 25-52 288.5 568.8 42.1 95.1 0.5 0.3 1.4 2.3 1.0 88 278 188 138 39 431 48.7 2.1 0.59 0.04
Bto3 52-76 292.8 565.0 42.7 95.1 0.5 0.1 1.4 1.5 0.9 64 236 167 132 45 437 48.3 1.8 0.58 0.04
Bo1 76-103 302.3 555.0 41.4 96.8 0.4 0.1 1.4 1.7 0.8 69 296 172 140 41 421 48.9 1.9 0.58 0.04
Bo2 103-130 302.0 557.4 41.7 95.0 0.6 0.1 1.4 1.0 0.8 163 246 246 147 50 541 44.0 1.7 0.52 0.04
Bo3 130-167 299.2 558.1 43.4 94.9 0.7 0.1 1.4 1.5 0.8 163 252 240 141 51 532 36.7 1.7 0.44 0.05
Btc 167-192+ 295.9 536.8 43.0 119.5 1.1 0.2 1.3 1.1 1.0 207 479 249 142 55 564 46.4 1.7 0.43 0.04

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-3) 
       Ap1 0-15 280.7 494.2 39.9 178.0 1.7 0.7 0.9 2.1 1.7 254 204 188 111 49 479 97.3 3.0 0.62 0.03

Ap2 15-30 279.4 495.7 40.0 178.0 1.8 0.7 0.8 2.2 1.5 270 308 162 117 47 503 107.7 2.8 0.69 0.03
Bto1 30-51 295.5 481.4 39.0 178.1 1.0 0.5 0.8 2.4 1.3 274 239 197 95 51 465 121.6 2.5 0.77 0.02
Bto2 51-73 295.3 482.0 39.6 177.6 1.0 0.3 0.8 2.1 1.3 266 177 191 105 45 496 106.4 2.2 0.67 0.02
Bto3 73-100 295.6 479.5 39.6 179.6 1.0 0.3 0.8 2.2 1.2 287 242 179 107 42 485 105.6 2.2 0.66 0.02
Bto4 100-130 299.5 478.3 39.3 178.2 1.0 0.2 0.8 1.6 1.1 265 216 192 106 49 479 118.6 2.3 0.75 0.02
Bo1 130-160 305.6 474.3 38.3 177.8 1.1 0.1 0.8 1.0 1.0 250 226 182 117 42 441 123.9 2.4 0.78 0.02
Bo2 160-185 310.6 468.8 38.1 176.9 1.2 0.1 0.7 2.5 1.1 251 203 177 95 49 465 132.7 2.6 0.84 0.02
Bto5 185-205+ 307.2 471.2 38.6 177.8 1.3 0.1 0.8 2.0 1.0 252 231 185 104 41 458 116.9 2.6 0.75 0.02
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Appendix Table 3 (Continued) 
 
Horizon Depth Al2O3 SiO2 TiO2 Fe2O3 MnO CaO        K2O MgO P2O5 V Cr Ni Zn Y Zr Fed Feo Fed/Fet Feo/Fed

 (cm) (----------------------------------- g kg-1 --------------------------------------) (------------------- mg kg-1-----------------) (--- g kg-1---)   

Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-1) 
Ap1       0-12 275.1 340.2 64.4 288.2 6.5 2.6              

                     
                     
                     
                     

                     
                     
                     

7.0 2.9 1.3 6.1 15.2 300 610 417 281 76 603 91.1 15.3 0.44 0.17 
Bto1 16-40 284.8 380.5 66.7 238.4 7.0 1.3 1.1 6.3 14.0 305 564 385 234 78 643 116.4 16.4 0.58 0.14 
Bto2 40-70 288.4 375.9 66.8 241.7 6.5 1.2 0.9 6.4 12.3 304 547 387 205 79 631 107.6 15.9 0.53 0.15 
Bto3 70-95 293.2 371.6 67.8 243.7 5.1 1.0 0.9 5.1 11.5 309 481 356 215 84 642 104.0 15.3 0.50 0.15 
Bo1 95-125 290.4 372.2 68.4 246.1 4.4 1.1 0.9 4.8 11.7       

      3.7 1.1 0.9 6.2 10.8 79 
3.8 1.1 1.0 5.4 10.5 332 518 364 206 82 658 90.7 13.1 0.43 0.14 

Bo4 175-200 287.5 370.6 70.1 250.4 3.9 0.8 0.9 5.5 10.2 349 500 355 209 83 644 133.7 14.6 0.63 0.11 

1.1 6.8 15.3 255 534 320 247 78 638 104.0 17.6 0.44 0.17
Ap2 12-27 278.3 338.8 65.6 289.6 6.3 1.1 0.8 5.9 13.7 265 510 287 248 76 643 111.7 20.9 0.46 0.19
Bto1 27-52 281.2 342.1 64.1 287.1 5.4 1.2 0.9 5.7 12.3 281 444 304 228 79 654 103.4 16.4 0.42 0.16
Bto2 52-78 280.3 338.1 64.9 290.4 5.1 1.3 1.0 6.4 12.6 287 459 296 237 82 674 114.9 17.7 0.46 0.15
Bto3 78-96 282.2 340.6 64.1 288.1 4.2 1.0 1.0 6.1 12.8 279 488 313 208 76 642 112.7 17.0 0.47 0.15
Bo1 96-125 281.9 336.0 65.0 291.6 4.7 1.2 1.0 5.8 12.9 264 480 319 241 85 695 118.0 18.4 0.47 0.16
Bo2 125-160 280.0 339.2 64.8 291.3 4.0 0.7 0.9 6.3 12.8 268 487 296 227 81 670 93.4 15.9 0.37 0.17
Bo3 160-200 279.8 338.8 65.3 292.7 3.8 0.7 0.9 5.6 12.4 289 416 306 239 77 677 110.7 15.9 0.44 0.14

Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-2) 
 0-14/16 280.5 375.1 66.4 245.5 Ap

307 501 371 205 
313 471 355 185 

76 652
700 

94.0
86.3 

15.2
13.9 

0.45
0.40 

0.16
0.16 Bo2

Bo3 
125-150
150-175 

287.8
287.3 

369.1
370.4 

70.1
70.0 

250.3
250.7 
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Appendix Table 4 Minerals in clay fraction of red Oxisols in Thailand 
 
Horizon Depth (cm) Kao Hem Goe Int Mhm Ant Gib Boe Qtz 

Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-1) 
Ap2 8-35 xxxx x - - - - - - - 
Bt2 70-90 xxxx x - - - - - - - 
Bto1 115-140 xxxx x - - - - - - - 

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-2) 
Ap 0-20 xxxx x - Tr. - - - - Tr. 
Bt2 40-60 xxxx x - Tr. - - - - Tr. 
Bto1 60-85 xxxx x - Tr. - - - - Tr. 
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-3) 
A 12-30 xxxx x Tr. Tr. - - - - Tr. 
Bt3 80-110 xxxx x Tr. Tr. - - - - Tr. 
Bto1 140-164 xxxx x Tr. - - - - - Tr. 
Typic Kandiudox, very-fine, ferruginous, isohyperthermic (Ak-1) 
Ap 0-10 xx x x - - - xx x - 
Bto2 30-52 xx x x - - - xx x - 
Bto4 80-117 xx x x - - - xx x - 

Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-2) 
Ap 0-17 xxxx x Tr. - - Tr. - - Tr. 
Bto2 42-70 xxxx x Tr. Tr. - - - - Tr. 
Bto4 100-135 xxxx x Tr. Tr. - - - - Tr. 
Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-3) 
Ap 0-18 xxxx x Tr. Tr. - - - - Tr. 
Bto3 60-90 xxxx x Tr. Tr. - - - - Tr. 
Bo1 123-155 xxxx x Tr. Tr. - Tr. - - Tr. 
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-1) 
Ap2 10-27 xxxx x - - - - - - - 
Bto2 55-88 xxxx x - - - - - - Tr. 
Bo1 110-132 xxxx x - - - - - - Tr. 
Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-2) 
Ap 0-10 xxxx x Tr. - - - - - - 
Bto2 25-52 xxxx x Tr. - - Tr. - - - 
Bo1 76-103 xxxx x Tr. - - Tr. - - Tr. 
Btc 167-192+ xxxx x Tr. - - Tr. - - Tr. 
Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-3) 
Ap1 0-15 xxxx x Tr. - - Tr. - - - 
Bto1 30-51 xxxx x Tr. - - Tr. - - Tr. 
Bo1 130-160 xxxx x Tr. - - Tr. - - Tr. 
Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-1) 
Ap1 0-12 xxxx x Tr. Tr. x Tr. Tr. - Tr. 
Bto1 27-52 xxxx x x - Tr. Tr. Tr. - Tr. 
Bo1 96-125 xxxx x x Tr. Tr. Tr. Tr. - Tr. 
Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-2) 
Ap 0-14/16 xxxx x Tr. Tr. Tr. Tr. - - Tr. 
Bto2 40-70 xxxx x Tr. Tr. Tr. Tr. - - Tr. 
Bo1 95-125 xxxx x Tr. Tr. Tr. Tr. - - Tr. 

Minerals : Kao = kaolinite,Hem = hematite, Goe = goethite, Int = interstratified of 1.0 and 1.4 nm clay, 
Mhm = maghemite, Ant = Anatase, Gib = gibbsite, Boe = Boehmite and Qtz = quartz  

: xxxx = >60%, xxx = 40-60%, xx = 20-40%,  x = 5-20%, Tr. = <5% 
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Appendix Table 5 Minerals in silt fraction of red Oxisols in 
Thailand 

 
Horizon Depth (cm) Quartz Anatase Rutile Gibbsite Hematite Goethite Maghemite Kaolinite

Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-1) 
Ap2 8-35 xxxx Tr. Tr. - Tr. - - Tr. 
Bt2 70-90 xxxx Tr. Tr. - Tr. - - Tr. 
Bto1 115-140 xxxx Tr. Tr. - Tr. - - Tr. 

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-2) 
Ap 0-20 xxxx Tr. Tr. - Tr. - - Tr. 
Bt2 40-60 xxxx Tr. Tr. - Tr. - - Tr. 
Bto1 60-85 xxxx Tr. Tr. - Tr. - - Tr. 

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Pc-3) 
A 12-30 xxxx Tr. Tr. - Tr. - - Tr. 
Bt3 80-110 xxxx Tr. Tr. - Tr. - - Tr. 
Bto1 140-164 xxxx Tr. Tr. - Tr. - - Tr. 

Typic Kandiudox, very-fine, ferruginous, isohyperthermic (Ak-1) 
Ap 0-10 xxxx Tr. Tr. Tr. Tr. Tr. - Tr. 
Bto2 30-52 xxx Tr. Tr. x Tr. Tr. - Tr. 
Bto4 80-117 xxx Tr. Tr. x Tr. Tr. - Tr. 

Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-2) 
Ap 0-17 xxxx Tr. Tr. - - - - Tr. 
Bto2 42-70 xxxx Tr. Tr. - - - - Tr. 
Bto4 100-135 xxxx Tr. Tr. - Tr. - - Tr. 

Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ak-3) 
Ap 0-18 xxxx Tr. Tr. - Tr. - - Tr. 
Bto3 60-90 xxxx Tr. Tr. - - Tr. - Tr. 
Bo1 123-155 xxxx Tr. Tr. - Tr. - - Tr. 

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-1) 
Ap2 10-27 xxxx - - - Tr. - - Tr. 
Bto2 55-88 xxxx - - - Tr. - - Tr. 
Bo1 110-132 xxxx Tr. - - Tr. - - Tr. 

Typic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-2) 
Ap 0-10 xxxx Tr. - - Tr. - - Tr. 
Bto2 25-52 xxxx Tr. - - Tr. - - Tr. 
Bo1 76-103 xxxx Tr. - - Tr. - - Tr. 
Btc 167-192+ xxxx Tr. Tr. - Tr. Tr. - Tr. 

Rhodic Kandiustox, very-fine, kaolinitic, isohyperthermic (Ci-3) 
Ap1 0-15 xxx - - - Tr. - - Tr. 
Bto1 30-51 xxxx Tr. - - Tr. - - Tr. 
Bo1 130-160 xxxx - Tr. - Tr. - - Tr. 

Rhodic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-1) 
Ap1 0-12 xxx Tr. - - x x x Tr. 
Bto1 27-52 xxx Tr. - Tr. x Tr. x Tr. 
Bo1 96-125 xxx - - Tr. x Tr. x Tr. 

Typic Kandiudox, very-fine, kaolinitic, isohyperthermic (Ti-2) 
Ap 0-14/16 xxx Tr. - - x - x Tr. 
Bto2 40-70 xxx - - Tr. x - x Tr. 
Bo1 95-125 xxx Tr. - Tr. x - x Tr. 

xxxx = >60%, xxx = 40-60%, xx = 20-40%,  x = 5-20%, Tr. = <5% 
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APPENDIX 3  

METHODS OF LABORATORY ANALYSES 

Physical analyses 

1. Particle size analysis 

Particle size analysis was carried out to evaluate soil texture.  A mass of 10 g 
air dried soil sample was pretreated with 30% hydrogen peroxide to remove organic 
matter.  For dispersion of soil, the suspension was placed in a milk shake container 
and 10 ml of 5% sodium hexametaphosphate, a dispersing agent, was added. The 
volume of the contents was made up to about 200 ml with deionized water.   

The contents were stirred for 15 minutes on the milk shake mixer.  The 
contents were then sieved through a 300-mesh (0.047 mm) sieve into a one litre 
cylinder and volume was made up to about 200 ml with deionized water.   The sand 
grains that remained in the sieve were dried at 105oC for overnight and were weighed.  
The suspension in the cylinder was stirred well with an agitator in an up-down motion 
for 30 s. The pipette method was used as a direct sampling procedure.  Twenty 
millilitres of suspension was pipetted out from a depth of 10 cm for clay at 
appropriate times based on Stoke’s Law (i.e. at 28oC for <0.002 mm sized fraction 
sampling time at 10 cm depth is 6.5 hr).  Suspensions were dried at 105oC and 
weighed (Gee and Bauder, 1986).  The amount of sand, silt and clay were calculated.  
The percentage of clay (<2 µm), silt (0.002 to 0.05 mm) and sand (0.05 to <2 mm) 
were plotted on ternary plots, and soils were classified using soil textural triangle 
classes (Soil Survey Staff, 1999).  

The clay fraction for mineralogical analysis was separated using the above 
procedure to obtain 10 g of clay fraction.  The clay suspension was transferred from 
the measuring cylinder to a plastic container, by repeated suspention and decantation, 
until little clay was left in suspension.  The clay suspension was next flocculated by 
adding excess solid NaCl, and the supernatant was then decanted.  The flocculated 
clay was transferred to a centrifuged tube to wash and remove excess salt. The 
procedure was repeated several times until the conductivity of suspension was equal 
to that of the deionized water. The washed clay fraction was dried in an oven at 60 oC 
for further analysis.  

2. Bulk density (BD) 

Bulk density is the mass of dry solid per unit bulk volume of the soil.  The 
bulk volume includes the volume of both solid and pore space.  Bulk density varies 
with structural condition of the soil.  It is often used as a measure of soil structure.  
The undisturbed clod sample (size of about 40 g oven-dry weight) was oven dried at 
105oC.  The clod and attached thread were weighed in and air the clod was then 
dipped into paraffin wax. The paraffin wax-coated clod was weighed in air and in 
water.  The difference in these weights provides the weight of water that has same 



 134

volume as the bulk volume of the paraffin wax-coated clod. The density of water and 
paraffin, weights of oven-dry clod, in air, clod plus paraffin coating in air and in water 
were used to calculate the bulk density which is reported in units of Mg m-3 (Blake 
and Hartge, 1986). 

3. Water retention 

Soil water retention measurements were made at potentials of -0.1, -10, -33 
(field capacity),  -100, -500, -1500 kPa (permanent wilting point) on ceramic pressure 
plates.  Constant humidity chambers containing saturated solutions of sodium 
chloride, calcium nitrate and zinc chloride provided water vapor pressures equivalent 
to potentials of -39, -98 and -316 MPa, respectively (O’Brien, 1948).  Plant available 
water was calculated as the difference between the water retained at field capacity and 
permanent wilting point (Klute, 1986).   

4. Specific surface area 

The surface area of the bulk soil samples was determined by BET nitrogen 
sorption method (Aylmore et al., 1970).  Sample was degassed overnight at 105 oC 
and measurements made using a Micromeritrics Gemini III 2375 surface area 
analyzer. 

5. Pore size distribution 

Pore size frequency distributions.  The pore size distribution of the bulk soil 
samples was estimated by manually differentiating the water retention curves (Childs 
and Collis-George, 1950) and measured using multipoint BET nitrogen sorption 
(Aylmore et al., 1970) with a Micromeritrics Gemini III 2375 surface area analyzer.  
In addition, thin sections were investigated under a JEOL 6400 scanning electron 
microscope operated at 15 kV electron beam accelerating voltage and 0.45 mA beam 
current.  Materials were analyzed to determine their pore size distribution by using the 
image analysis software Scion Image for Windows (Hein, 2001). 

Chemical analyses 

1. Soil reaction (pH) 

Soil pH was determined in water and 1N KCl at a solid to solution ratio of 1:1.  
The contents were stirred with a glass rod for 30 minutes before measuring the pH by 
a standardized pH meter (National Soil Survey Centre, 1996). 

2. Organic matter 

The organic matter content of soil was indirectly estimated through 
multiplication of the organic carbon concentration by 1.724.  The organic carbon was 
determined according to the Walkley and Black wet oxidation procedure. This 
involved wet combustion of organic carbon with a mixture of potassium dichromate 
and sulfuric acid.  After reaction the residual dichromate was titrated against ferrous 
sulphate (Nelson and Sommers, 1996).  A weight of 0.5 g of soil (< 0.5 mm) was 
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placed in a 250 ml Erlenmeyer flask. Five ml of 1N K2Cr2O7 was added and the flask 
was swirled gently to disperse the soil into suspension. Then 10 ml of concentrated 
H2SO4 was added to the flask, swirled gently until the soil and reagents were mixed. 
The solution takes on a greenish cast and then changes to dark green.  The flask was 
allowed to stand with occasional swirling for 30 minutes. Then 30 ml of deionized 
water was added to the flask, swirled gently then 3-4 drops of o-phenanthroline 
indicator were added and the solution was titrated with 1N FeSO4 until the colour 
changed to a red end point.   

3. Total nitrogen 

The total nitrogen was determined by micro-Kjeldahl method (Jackson, 1965).  
Place 1 g of ground soil sample in dry micro-Kjeldahl flask, add 2 ml of water and 
after swirling the flask for a few minutes, allow it to stand for a further 30 minutes.  
Then add 0.1 g of potassium sulfate-catalyst mixture and 5 ml of concentrated H2SO4 
and heat the flask cautiously on the digestion stand until the digest clear.  After 
completion of digestion, allow the flask to cool and transfer the solution to 50 ml 
volumetric flask and make the solution to volume.  To determine the ammonium-N by 
distillation.  Pipette aliquot 10 ml into distillation flask and add 5 ml of 10N NaOH.  
Place a 25 ml Erlenmeyer flask containing 5 ml of H3BO3-indicator solution under the 
condenser of the distillation apparatus.  When about 25 ml of distillate have been 
collected, remove the flask and stop distillation.  Determine ammonium-N in the 
distillate by titration with 0.05 N H2SO4.  The color change at the end point is from 
green to pink. 

4. Extractable bases  

The bases (Ca2+, Mg2+, Na+ and K+) that are extracted by NH4OAc extraction 
are generally exchangeable bases located on the cation exchange sites of the soil 
(Thomas, 1982a).  A soil sample weighing 5 g was placed in an Erlenmeyer flask and 
approximately 50 ml 1N NH4OAc, at pH 7.0, were added, swirled and allowed to 
stand overnight.  The contents were next filtered using a Buchner funnel with No. 42 
Whatman filter paper and a 250-ml suction flask.  The volume of the extract was 
made up to 100 ml.  Ca and Mg contents in the leachate were determined by atomic 
absorption spectrophotometry.  Extractable K and Na contents in the leachate were 
determined by flame photometry. 

5. Extractable acidity 

Extractable acidity is the acidity released from the soil by Barium chloride-
triethanolamine solution buffer (BaCl2-TEA) at pH 8.2 (Thomas, 1982b).  It includes 
all acidity generated by replacement of the hydrogen and aluminum ions from 
permanent and pH-dependent exchange sites.  A soil sample weighing 5 g was placed 
in an Erlenmeyer flask and 15 ml of buffer solution at 8.2 (0.5N BaCl2 H2O and 0.2 N 
triethanolamine) were added. The contents were stirred and allowed to equilibrate for 
30 min before filtering using the Buchner funnel procedure.  The contents were given 
3 additional washings with 20 ml buffer solution and 5 washing with 20 ml of the 
replacing solution (0.5N BaCl2 H2O and 0.4 ml of buffer solution in 1L). The volume 
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of the extracts was made up to 100 ml and 5 drops of mixed indicator (bromocresol 
green and methyl red in 95% ethyl alcohol) were added.  The extract was titrated with 
0.17N HCl.  The acid was added drop by drop until the colour changed from green to 
an end point of purplish red colour.  The amount of HCl consumed was used to 
calculate the extractable acidity expressed as cmol H+ kg-1. 

6. Extractable Al 

Extractable Al is exchangeable aluminum extracted by 1N KCl.  It is a major 
constituent of exchangeable cations only in strongly acid soils with pH less than 5.0.  
It contributes to the effective cation exchangeable capacity (ECEC).  A soil sample 
weighing 10 g was placed in 125 ml Erlenmeyer flask and 15 ml of 1N KCl were 
added. The contents were stirred and allowed to equilibrate for 30 min.  The contents 
were filtered by the Buchner funnel procedure and washed 3 times with 5-10 ml 1N 
KCl before making the volume to 100 ml.  An aliquot of 5 ml was pipetted into a 50-
ml volumetric flaks, to which 2 ml of 1% Thioglycolic acid and 10 ml of aluminon 
reagent were added before making the volume to 50 ml with deionized water.  The 
contents were placed in a boiling-water bath for 4 min and cooled down to room 
temperature, and then transferred to reading tube.  Light transmittance was measured 
with a spectrophotometer at 535 µm and Al determined by reference to a standard 
curve. (Bertsch and Bloom, 1996). 

7. Available P 

Available phosphorus was determined by the Bray II method (Bray and Kurtz, 
1945).  Weigh 2.5 g of soil into an extraction bottle, add 25 ml of Bray II extracting 
solugtion.  Shake the container 1 minute, and filter the suspension through Whatman 
No.42 paper.  Pipette aliquot 1-5 ml into 25 ml volumetric flask.  Adjust the pH to 5 
using P-nitrophenol indicator.  Add water to 20 ml and then add 4 ml of reagent B and 
make the solution to volume.  The color is stable for 24 hours and the maximum 
intensity is obtained in ten minutes.  The color intensity is measured on a 
spectrophotometer at 882 nm.  Prepare a standard curve from aliquot of standard 10 
ppm P in the range of 0-1 ppm in final volume.  Follow the same procedure described 
for the soil extract.  Plot the transmittances of the standards against the ppm P in final 
volume on semi-logarithmic graph paper. 

ppm of P in soil = A×B×C 
 D×E 

 
Where, A = ppm of P in solution 
B = final volume (ml) 
C = ml of extracting solution 
D = ml of aliquot used 
E = g of soil use 
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8. Cation exchange capacity (CEC) 

The CEC is defined as the sum total of the exchangeable cations that a soil can 
adsorb.  It is dependent upon the negative charges of soil component.  Two main 
methods of CEC determination were used (Rhoades, 1982; Chapman, 1965; National 
Soil Survey Centre, 1996): 

CEC by NH4OAc at pH 7.0 was determined by saturating the exchange sites 
with an index cation (NH4

+), washing the soil free of entrained index cation, 
displacing the index cation (NH4

+) adsorbed by soil and measuring the index cation.   
A soil sample weighing 5 g was placed in an Erlenmeyer flask, to which 50 ml of 1N 
NH4OAc, pH 7.0 were added. The flask was stirred occasionally and allowed to stand 
overnight.  The contents were filtered by the Buchner funnel procedure.  The soil was 
next given 5 washings with 10 ml of 1N NH4OAc, 5 washings with 25 ml 1N NH4Cl, 
pH 7.0 and 6 washings with 25 ml of 95% Ethyl alcohol. The aliquots from these 
washings were discarded.  The index cation was next displaced by giving 5 washings 
with 25 ml of 10% acidified NaCl, and filtrates were collected in filtering flasks.  The 
filtrates were transferred to Kjeldahl flask to which 25 ml of 50% NaOH were added.  
A fifty ml of 4% boric acid was placed into a 100 ml flask and 5 drops of bromocresol 
green methyl red indicator were added. The Kjeldahl flask was connected to the 
distillation unit and the boric solution flask with condenser, and was then distilled for 
45 min. The solution was titrated with 0.1N H2SO4 until colour changed from pink to 
the green end point.  The volume of H2SO4 was recorded and used to calculate the 
CEC as cmol kg-1. 

The cation exchange capacity (CEC) at pH 8.2 was calculated by summing the 
NH4OAc extractable bases plus the BaCl2-TEA extractable acidity (at pH 8.2) 
(National Soil Survey Center, 1996). 

9. Effective cation exchange capacity (ECEC) 

The ECEC was computed from the sum of NH4OAc extractable bases plus the 
KCl extractable Al (National Soil Survey Centre, 1996).  

10. Base saturation 

Base saturation percentage by NH4OAc at pH 7.0 is equal to the sum of bases 
extracted by NH4OAc, divided by the CEC by NH4OAc, and multiplied by 100. Base 
saturation percentage by sum of cations is equal to the sum of bases extracted by 
NH4OAc, divided by the CEC by sum of cations, and multiplied by 100. (National 
Soil Survey Center, 1996). 

11. Extractable iron, aluminium and manganese 

11.1 Dithionite-Citrate-Bicarbonate (DCB) extraction 

The amounts of iron extracted from soils by various dissolution 
methods (so called specific reagents) are commonly taken to indicate particular forms 
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of this element in soil. The results are useful in studies of soil classification, soil 
genesis and soil behavior. Dithionite-citrate-bicarbonate removes finely divided 
hematite, goethite, lepidocrocite, ferrihydrite and non-crystalline Fe-oxide minerals. 
The method extracts virtually no Fe or Al from most crystalline silicate minerals, and 
thus provides an estimate of  “free oxide” (i.e. non silicate Fe) in soils.  

One gram of soil (< 0.5 mm) was weighed into a 100 ml centrifuge 
tube to which 45 ml of buffer solution (0.3 M Na-citrate + 0.1 M Na-bicarbonate) 
were added. The tube was then placed in a water bath at 80 °C. One gram of Na-
dithionite powder was added to the tube, the mixture was stirred constantly for 1 
minutes and occasionally during next 15 minutes.  Ten ml of NaCl saturated solution 
and 10 ml acetone were added to promote flocculation. The tube contents were 
centrifuged for 15 minutes at 2000 rpm. Clear supernatant was decanted into a 250 ml 
volumetric flask. This extraction procedure was repeated twice, then the volume was 
made up to 250 ml with deionized water and the solution was kept for further 
analysis. For determinination of iron by atomic absorption spectrophotometry (AAS), 
standard solutions of these elements were prepared in a matrix of extracting solution 
(Mehra and Jackson, 1960). 

11.2 Oxalate Extraction 

The oxalate procedure was to remove  sesquioxide weathering 
products from soils.  In principle, the sample is shaken with a complexing acidic 
ammonium oxalate solution dissolving the active or poorly crystalline compounds of 
iron, which are determined for the extract by AAS. 

A subsample of one gram of soil (< 0.5 mm) was weighed into a 250 
ml centrifuge tube. Fifty ml of 0.2 M ammonium oxalate solution at pH 3.0 were 
added to the tube. The tube was shaken for 4 h in darkness. Next five drops of 0.4% 
Superfloc were added to the tube, which was swirled and then centrifuged. Clear 
supernatant was kept for further analysis by AAS (McKeague and Day, 1966; Hodges 
and Zelazny, 1980). 

11.3. Pyrophosphate Extraction 

In addition to crystalline oxides and silicates of Fe, Al and Mn, 
various organic complexes occur in soils. Pyrophosphate solution has been used to 
extract organic complexes of iron (McKeague, 1967).   

A subsample of 1 g of soil (< 0.5 mm) was weighed into a 200 ml 
shaking tube and 100 ml of 0.1 M sodium pyrophosphate solution were added before 
shaking overnight. Fifty ml of solution were transferred into a 50 ml centrifuge tube, 3 
drops of 0.4% Superfloc were added, and mixed thoroughly before centrifuging the 
tubes. Clear supernatant was kept for measuring iron by AAS.  

12. X-ray fluorescence(XRF) analysis for bulk soil samples 

Major and minor element concentrations in separated samples were 
determined using a Philips PW1400 XRF spectrometer fitted with a rhodium tube.  
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Sample of 0.700 g was fused with 7.000 g of lithium meta/tetraborate flux at 1050°C 
in a platinum crucible.  The molten mixture was cast into a disc in a platinum-gold 
alloy mold.  The elemental compositions were determined by the same techniques as 
using α-factors provided by Philips as in the bulk lateritic soil samples. (Karathanasis 
and Hajek, 1996; Norrish and Hutton, 1964). 

Mineralogical analysis 

X-ray diffraction analysis was used to identify and to make semiquantitative 
measurements of the crystalline mineral components of soil.  The clay fraction of soil 
from selected horizons was determined on oriented samples.  The clay fraction from 
sedimentation was pretreated using 4 treatments. The clay after Mg2+ and K+ 
saturation were coated onto ceramic plates, sprayed with ≈10% glycerol on the Mg2+ 
saturation coated ceramic plates for the glycerol treatment, and heated to 550 oC on K+ 
saturation coated ceramic plates for heat treatment (Brown and Brindley, 1980).  
Minerals were determined for all horizons with X-ray diffraction (XRD) analysis 
using a Philips PW-3020 diffractometer with a graphite diffracted beam monochromator 
(Cu Kα, 50kV 20mA).  Clay fractions were scanned respectively from 4 to 40° 2θ and 4 
to 70° 2θ, using a step size of 0.02° 2θ and a scan speed of 0.04° 2θ sec-1. Relative 
proportions of various minerals were calculated by comparing the XRD peak intensity 
with the intensity for standard minerals (Whittig and Allardice, 1986; Brown and 
Brindley, 1980).  

Random powder XRD patterns of whole soil samples were scanned from 5-70° 
2θ using a scan speed of 0.02o min-1 on Philips PW-3020 diffractometer equipped 
with a graphite diffracted beam monochromator (Cu Kα, 50kV 20mA). A 
semiquantitative estimate of the relative proportions of minerals was obtained by 
comparing the ratio of integrated intensities of major reflections.  Relative proportions 
of various minerals were calculated by comparing XRD peak intensities with the 
intensities for standard minerals. The following reflections were used as they were 
distinct and free of major interferences: 104 hematite, 110 goethite, 001 kaolinite, 101 
quartz, 002 illite, 101 anatase, 220 feldspar and 002 gibbsite.  Minor corrections of 
spacing for peak shifts due to instrumental error were made by reference to reflections 
due to quartz, which was present in all samples (Klug and Alexander, 1954). 

Analysis of thin sections 

The thin section samples were first analysed by optical microscopy. Areas of 
interest were selected and coated with carbon for examination using a backscattered 
electron image and elemental mapping on a JEOL 6400 SEM operated at 15kV of 
electron beam accelerating voltage.  Electron microprobe analysis (EMPA) and 
energy dispersive spectroscopy (EDS) quantitative microanalysis were used to 
determine the chemical composition of distinct micromorphological features (White 
and Dixon, 1995).  
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