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Abstract 

Geochemical indicators provide valuable insights into the degree of weathering/laterization 

and help to elucidate the relationships between pedogenic processes with the 

physicochemical properties of rubified soils of Malabar region. This study investigated five 

representative laterite-associated soil series—Madgaon, Darbandora, Kinalur, Kanjirapalli 

and Athirampuzha—from the southern midland zone of Kerala, India, to assess their 

morphological, physical, chemical and elemental characteristics in relation to weathering 

intensity and metal contamination. The soils were characterized by high organic carbon 

(>1.5%) and very dark reddish-brown to dark reddish-brown Ap horizons, whereas the 

subsurface horizons exhibited dark red to red with a 2.5YR hue and clay enrichment. These 

soils have argillic/kandic horizons and classified in the subgroup of  the Ultisols and Alfisols 

orders. Significant relationships were observed between CIE Lab* colour parameters and 

selected soil properties, with regression models providing reasonable estimates of organic 

carbon (R² = 0.78, P < 0.01) and Al₂O₃ (R² = 0.67, P < 0.01). The Kanjirapalli and 

Athirampuzha series contained >20% Al₂O₃ and exhibited a high degree of weathering based 

on the Chemical Index of Alteration, Index of Laterization, Mafic Index of Alteration and 

other diagnostic weathering indices. Harker and ternary diagrams indicated intense in situ 

weathering, preferential enrichment of Al-bearing minerals and relatively weak laterization, 

as reflected by the SiO₂–Al₂O₃–Fe₂O₃ (SAF). The A–CN–K diagram indicated progressive 

loss of base cations and development of a kaolinitic to kaolinite–smectite mineral 

assemblage, while the ALF and AF–CNK–M diagrams further supported extensive 

desilication and base depletion during pedogenesis. Assessment of metal contamination 
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indicated moderate enrichment of Fe and Al, whereas Cd showed high to extremely high 

contamination based on the geo-accumulation index (Igeo) and enrichment factor. In contrast, 

Cu, Zn, Cr and Ni remained within baseline levels and exhibited low potential ecological 

risk, with a pollution load index (PLI) < 1. The results demonstrate the value of series-level 

geochemical datasets for characterizing spatial variability in weathering intensity, identifying 

pedogenic thresholds and interpreting the influence of parent material and climatic conditions 

on soil development. Such information provides a useful basis for understanding soil 

evolution and supporting sustainable land-use and soil management in the rubber-growing 

regions of Kerala. 

Keywords: CIE Lab* colour system; elemental geochemistry; Harker diagrams; metal 

contamination; pollution load index; soil series; ternary diagrams; weathering indices; 

weathering intensity; regression analysis. 

1. Introduction 

Lateritic soils occupy extensive areas of tropical and subtropical regions of India, with an 

estimated extent of about 24.8 Mha across Karnataka, Kerala, Madhya Pradesh, the Eastern 

Ghats of Odisha, Maharashtra and parts of Assam (Raychaudhuri, 1980). Following soil 

resource mapping of India at 1:250,000 scale, lateritic soils were estimated to occupy about 

18.09 Mha (5.5%), whereas red soils covered approximately 87.98 Mha (26.8%) 

(Bhattacharyya et al., 2009). In Kerala, lateritic soils classified as Ultisols occupy 

approximately 2.29 Mha, with Inceptisols covering 0.91 Mha (Bhattacharyya et al., 2009). 

These soils are morphologically characterized by strong chroma and redder hues, together 

with clay-enriched subsurface horizons containing abundant Fe and Al sesquioxides. Such 

characteristics reflect the prolonged weathering, leaching and redistribution of elements that 

accompany lateritic soil formation. 

Soil colour is an important morphological indicator of pedogenesis and can provide indirect 

information on mineralogical composition and the degree of weathering. The conversion of 

conventional Munsell colour notation into the quantitative CIE Lab* colour system and the 

derivation of colour indices, including redness and ILab, have provided an objective approach 

for characterizing variations in soil colour and Fe oxide composition. These indices have 

been used to infer the relative contribution of hematite and goethite to Fe oxide assemblages 

and to support interpretations of soil genesis and classification (Torrent and Barrón, 1993; 
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Vodyanitskii and Kirillova, 2016; Vodyanitskii, 2019). Recent studies of lateritic soils of 

Nellore demonstrated a strong positive relationship between redness rating and the a* 

parameter of the CIE Lab system, together with a moderate positive relationship with clay 

(Bhaskar, 2026). The approach was subsequently applied to highly weathered soils of the 

Meghalaya Plateau (Bhaskar et al., 2026). These findings suggest that quantitative soil-colour 

parameters can be useful for establishing relationships between soil morphology and selected 

physicochemical and geochemical properties. 

The Malabar region of Kerala is characterized by extensive occurrence of ferruginous soils 

with considerable genetic variability. These soils commonly exhibit nodular structures, 

saprolitic materials and distinct patterns of elemental mobility associated with tropical 

weathering environments. Variations in their development have been related to the duration 

of dry periods and the length of soil-moisture deficits (Nair et al., 2010). The widespread 

occurrence of lateritic materials in the region and their potential for agricultural use have 

attracted scientific attention since the early description of laterite by Buchanan (1807), 

followed by extensive investigations of their morphology, genesis, mineralogy and 

geochemistry (Sahasrabudhe and Deshmukh, 1981; Bruckner, 1989; Bruhn, 1990; 

Achyuthan, 1996; Valeton, 1994; Widdowson and Cox, 1996; Widdowson and Gunnell, 

1999; Karathanasis et al., 2005). 

Laterite and lateritic profiles develop under humid to seasonally humid tropical conditions 

through prolonged chemical weathering, intense leaching and progressive redistribution of 

silica, bases, Fe and Al. The concept of laterite has been defined both qualitatively on the 

basis of morphological and pedogenic characteristics (Sivaranjasingham et al., 1962) and 

quantitatively using chemical criteria (Schellmann, 1986a). Geochemical studies of lateritic 

profiles in Kerala have demonstrated depletion of silica accompanied by relative enrichment 

of Fe and Al sesquioxides during weathering (Narayanaswamy, 1992). The intensity of 

chemical weathering can be quantified using several geochemical indices, including the 

Chemical Index of Alteration (CIA; Nesbitt and Young, 1982), Chemical Index of 

Weathering (CIW; Harnois, 1988) and Plagioclase Index of Alteration (PIA; Fedo et al., 

1995). These indices have been widely applied to evaluate weathering intensity in soil 

profiles and weathering sequences (Price and Velbel, 2003; Souri et al., 2006; Abbaslou et 

al., 2013; Yousefifard et al., 2014). 
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The application of geochemical indices has provided important insights into the evolution of 

lateritic and highly weathered soils in different climatic and geological settings. For example, 

chemical weathering indices have been used to characterize lateritic profiles developed over 

chlorite schists in South Cameroon (Beyala et al., 2009). An assessment of 126 soils from 

North America established relationships between precipitation and chemical weathering, 

including the chemical index of weathering and molar ratios of bases to alumina and K or Na 

to alumina (Sheldon et al., 2002). In lateritic soils of the east coast of India, high Si–Al–Fe 

relationships and ternary diagrams based on IOL and CIA indicated extensive kaolinitization 

and an advanced stage of laterization. Significant relationships between the Kornberg-A 

index and Plagioclase Index (r = 0.92, P < 0.01), and between CIA and Weathering Index (r = 

0.86, P < 0.01), further demonstrated the usefulness of multiple weathering indices for 

evaluating the intensity of chemical alteration (Bhaskar, 2026; Bhaskar and Gopal Tiwari, 

2017). 

Several mineralogical and geochemical investigations have already been conducted on 

laterite-associated soils of Kerala (Satyanarayana and Thomas, 1962; Varghese and Byju, 

1993; Omana and Santosh, 1995; Sehgal, 1998; Chandran et al., 2005; Dubey et al., 2016, 

2018) and the east coast of India (Bhaskar and Tiwari, 2017). Silica has been used as an 

invariant element to establish geochemical mass balances in laterite-associated soils of the 

Somasila project area (Bhaskar et al., 1999). The dark-red subsurface horizons has been 

associated with Fe oxide minerals such as lepidocrocite, hematite and goethite, together with 

a high proportion of dithionite-soluble Fe relative to oxalate-soluble Fe (Basavaraj and 

Sarma, 1993). Geochemical and morphological investigations of lateritic soils in North 

Kerala have indicated intense lateritization and kaolinization of quartzo-felspathic mica-

gneiss, with contrasting reducing and oxidizing conditions associated with grey carbonaceous 

and hematite-rich ferruginous horizons, respectively (Manju et al., 2001). The occurrence of 

halloysite in association with kaolinite, goethite, gibbsite and quartz was reported, with these 

mineral assemblages contributing to the characteristic physical and chemical properties of 

these soils (Ramahashay et al., 1987). Mineralogical investigations of Alfisols and Ultisols of 

Kerala have reported a predominance of kaolinite (Bhattacharyya et al., 2009), whereas 

gibbsite–goethite assemblages have been identified in strongly weathered profiles of the 

high-rainfall zones of the Western Ghats (Deepthy and Balakrishnan, 2005). 
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The behaviour and redistribution of trace and potentially toxic elements during intense 

tropical weathering are also important for understanding the environmental quality of lateritic 

soils. Studies in Kerala have reported spatial variations in metal concentrations and 

contamination levels. Investigations in the Periyar River basin identified elevated Zn and Ni 

concentrations in riverbank soils, indicating potential environmental and health concerns 

(Chandni et al., 2026). In Kollam district, the reported intensity of heavy-metal contamination 

followed the order Fe > Pb > Cd > As > Cr > Zn > Cu > Ni > Mn (George et al., 2023). 

Similarly, assessment of the degree of contamination, enrichment factor and geo-

accumulation index in the Koratty region identified Cd, Ni and Pb as important contaminants 

(Prasanth et al., 2012). Elevated concentrations of Cr and Pb have also been reported in soils 

of the Edayar region of Ernakulam, with potential implications for human health and 

ecosystem quality (Syamlal and Sayantan, 2024a). These studies highlight the need to 

distinguish between the natural geochemical signatures associated with parent material and 

weathering and anthropogenic metal enrichment. 

Although extensive information is available on the morphology, mineralogy and general 

geochemistry of lateritic soils of Kerala, comparatively limited attention has been given to 

integrating soil colour, particle-size distribution, chemical properties, elemental composition, 

weathering intensity and metal contamination at the soil-series level, particularly in the 

Southern Midland Zone (SMZ). This region is characterized by humid to perhumid climatic 

conditions, strongly weathered hill-land systems and extensive cultivation of rubber (Hevea 

brasiliensis) on terraced slopes extending across the parts of southern and central Kerala. The 

combination of intense monsoonal weathering, steep slopes, land-use intensification, 

quarrying, sand mining and repeated application of agrochemicals creates a complex soil–

landscape environment in which the mobility and accumulation of elements may vary 

substantially. Such environmental pressures are further associated with land degradation and 

slope instability, emphasizing the need for improved understanding of the geochemical 

characteristics and evolutionary pathways of these soils. 

A soil-series-level geochemical database can therefore provide a useful framework for 

linking morphological properties, particularly colour and texture, with elemental composition 

and quantitative indicators of weathering. It may also help distinguish pedogenic enrichment 

of Fe and Al from the accumulation of potentially toxic metals and establish baseline 

information for environmentally sustainable soil management. The present study was 
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therefore designed to investigate whether differences in weathering intensity among laterite-

associated soil profiles are reflected in soil colour, physicochemical properties, elemental 

composition and metal contamination. Specifically, the study aimed to: (i) characterize and 

classify the selected laterite-associated soils; (ii) quantify the degree of chemical weathering 

using elemental geochemistry, weathering indices and ternary diagrams; (iii) examine 

relationships between CIE Lab* colour parameters and selected soil properties; and (iv) 

assess the degree of metal enrichment and contamination using appropriate pollution indices. 

The integrated assessment was intended to improve understanding of the pedogenic 

development and geochemical variability of laterite-associated soils in the Southern Midland 

Zone of Kerala and to provide a baseline for sustainable management of soils under rubber 

cultivation. 

2. Materials and Methods 
2.1. Environmental settings 

The study was conducted in the Southern Midland Zone (SMZ) of Kerala, India, covering 

selected areas of Kottayam, Ernakulam and Kozhikode districts where laterite-associated 

soils are extensively developed. The region is underlain predominantly by Precambrian 

crystalline rocks, including charnockites, with narrow bands of pyroxene granulites and 

magnetite–quartz rocks (Damodaran, 1954). In the Nilambur Valley of Kozhikode district, 

the dominant lithologies include magnetite quartzite, pyroxene and hornblende granulites, 

and charnockitic gneiss (Sawarkar, 1980). The contrasting lithological composition provides 

an important geological framework for interpreting the elemental composition and 

weathering characteristics of the soils investigated in the present study. 

The soils of the region were initially described as red sandy and sandy clay loams (Kamath, 

1985), but subsequent investigations classified them as ferrallitic soils according to the 

French soil classification system (Bourgeon, 1989). During detailed soil surveys of rubber-

growing areas of Kerala, these soils were further classified into the subgroups of Ultisols, 

Alfisols and Inceptisols (Soil Survey Staff, 2022). Lateritic formations occupy a substantial 

proportion of the Kerala landscape, with approximately 60% of the land area reported to be 

covered by lateritic materials (Krishnan et al., 1996; Harindranath et al., 1999). The 

landscape exhibits a distinct geomorphic sequence comprising undulating and steep slopes, 

lateritic uplands and coastal plains, with a general decrease in elevation towards the west 

(Nair, 1987; Ramasamy et al., 2020). Highly weathered and leached red soils commonly 
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occur on the elevated lateritic surfaces developed over crystalline rocks, including 

charnockites (Bhattacharya et al., 1979). 

The lateritic landscapes of western peninsular India have also been interpreted in relation to 

the regional tectonic and geomorphic evolution associated with the separation of Madagascar 

and the Seychelles during the Mesozoic. Major rifting events around 88 and 65 Ma were 

associated with the evolution of the western margin of peninsular India and the Deccan 

continental flood basalt province (Mahoney, 1988; Saunders et al., 2007; Collier et al., 2008). 

Remnants of a semi-continuous lateritic belt along the Konkan–Kanara lowlands have been 

interpreted as evidence of widespread Cenozoic lateritization in western India (Widdowson 

and Gunnell, 1999; Schmidt et al., 1983; Brückner and Bruhn, 1992). This geomorphic 

setting provided favourable conditions for prolonged chemical weathering and the 

development of deeply weathered lateritic profiles (Tardy et al., 1991). 

The Southern Midland Zone is characterized by rolling and undulating lateritic terrain with 

pronounced short-distance variations in slope, elevation, drainage and degree of weathering. 

These landscape contrasts provide a suitable natural setting for investigating soil-forming 

processes under humid tropical conditions. The region experiences intense seasonal rainfall 

and prolonged chemical weathering, resulting in strong leaching of base cations and silica 

and relative enrichment of Fe and Al in the soil profiles. The juxtaposition of lateritic 

uplands, hill slopes and interhill valleys also results in substantial variation in soil moisture 

regimes and drainage conditions, which may influence profile development, clay 

translocation, rubification and elemental redistribution. 

Natural vegetation in the region varies from tropical wet evergreen to moist deciduous forests 

and grasslands (Varghese and Menon, 1999; Rugmini and Balagopalan, 2006). Interhill 

valleys, locally referred to as shola, may contain peat and organic-rich deposits that preserve 

information on Holocene climatic and ecological conditions (Sukumar et al., 1993). 

However, these ecosystems have undergone degradation due to natural and anthropogenic 

disturbances and changing climatic conditions (Sajinkumar and Rani, 2015). The lateritic 

uplands support diverse vegetation communities, including evergreen and deciduous tree 

species, shrubs and ephemeral herbs, whereas cultivated areas are dominated by plantation 

and horticultural crops. Rubber (Hevea brasiliensis) is an important plantation crop in the 

Southern Midland Zone and is commonly cultivated on undulating and terraced lateritic 

slopes. The combination of highly weathered parent materials, intense monsoonal leaching, 
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varied topography and long-term agricultural use makes the region particularly suitable for 

investigating the relationships among soil colour, physicochemical properties, elemental 

composition, weathering intensity and metal accumulation. 

2.2. Field studies 

A semi-detailed soil survey of the rubber-growing regions of Kerala was conducted at a scale 

of 1:50,000. Five representative laterite-associated soil series occurring in the midland region, 

generally below 300 m mean sea level, were selected for detailed geochemical 

characterization (Fig. 1). The selected series have distinct variations in parent material, 

geomorphic position, slope, drainage, profile development and degree of laterization. The 

geographical coordinates and major morphological characteristics of the selected profiles are 

presented below. 

P1. Madgaon series. The Madgaon series occurs at 11°35′32.0″ N and 75°50′48.7″ E and is 

characterized by an isohyperthermic soil temperature regime. The soils are associated with 

iron-rich lateritic profiles developed from Precambrian metasedimentary and crystalline 

rocks, including charnockites and khondalite, with extensive development of secondary 

laterite. The profile is characterized by a dark brown matrix (7.5YR 3/4, moist), clayey 

texture and approximately 28% coarse gravel. Common medium-sized pores and fine to very 

fine roots occur throughout the profile. 

P2. Darbandora series. The Darbandora series is located at 11°20′24.6″ N and 76°00′34.2″ 

E. The soils occur on steep hills developed over quartzite and schistose parent materials. 

They are moderately deep and somewhat excessively drained, with a brown to dark reddish-

brown matrix. The surface horizon has a dark brown matrix (7.5YR 3/2, moist), sandy clay 

loam texture and approximately 4% coarse gravel. The soil exhibits weak medium subangular 

blocky structure, slightly sticky and slightly plastic consistency, and a clear smooth horizon 

boundary. 

P3. Kinalur series. The Kinalur series occurs in Kozhikode district at 11°02′08″ N and 

75°05′00″ E. It belongs to the clayey, kaolinitic family of Ustic Kanhaplohumults. The soils 

are deep and well drained and occur mainly on uplands and mounds. The surface horizon is 

dark red and gravelly sandy clay loam, whereas the subsurface horizons are red to reddish 

brown with gravelly sandy clay, have well-developed argillic horizon. The profile 
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morphology indicates substantial clay accumulation and advanced pedogenic development 

under the prevailing humid tropical environment. 

P4. Kanjirapalli series. The Kanjirapalli series occurs in Kottayam district at 9°44′00″ N 

and 76°51′48″ E and represents a benchmark lateritic soil of the Thodupuzha–Kanjirappally 

belt of the Madurai Granulite Block. The area is underlain predominantly by Precambrian 

crystalline rocks, including charnockites, granites and gneisses. The series is classified at the 

family level as loamy-skeletal, kaolinitic, Typic Kandihumults. The soils are deep and well 

drained, with dark red surface horizons and red argillic (Bt) horizons having a sandy clay 

loam texture. They generally occur on midland landscapes with slopes exceeding 15%. 

P5. Athirampuzha series. The Athirampuzha series occurs at 9°39′34″ N and 76°31′35″ E. 

The soils have developed on hard lateritic materials derived from Precambrian high-grade 

metamorphic rocks, particularly charnockites and gneisses. The series is classified at the 

family level as clayey-skeletal, kaolinitic, Ustic Kanhaplohumults. The soils are deep and 

well drained and occur on uplands, mounds and hills, commonly on slopes exceeding 30%. 

The surface horizon is yellowish-red and gravelly clay, whereas the subsurface horizons are 

red to yellowish-red and gravelly argillic clay.  

2.3. Laboratory analysis 

Horizon-wise soil samples representing each soil series were air-dried, gently crushed, and 

passed through a 2-mm sieve. The resulting fine-earth fraction was used for laboratory 

analyses. Particle-size distribution was determined by the international pipette method. Soil 

pH was measured in 1:2.5 soil-to-water suspensions, while organic carbon was determined by 

the Walkley–Black method. Cation exchange capacity (CEC) and exchangeable bases were 

determined using the ammonium acetate method. Base saturation was calculated as the 

percentage ratio of the sum of exchangeable bases to CEC. Effective cation exchange 

capacity (ECEC) was calculated as the sum of exchangeable bases and exchangeable Al. 

Exchangeable Al was determined by extraction with 1 M KCl followed by titration. Apparent 

CEC and apparent ECEC were expressed on a clay basis as CEC/clay × 100 and ECEC/clay 

× 100, respectively (Jackson, 1973; Sarma et al., 1987). 

For elemental analysis, soil samples were digested using a tri-acid mixture of nitric acid 

(HNO₃), perchloric acid (HClO₄), and hydrofluoric acid (HF), following the procedure 
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described by Page et al. (1982). Briefly, 2 g of soil passed through a 1-mm sieve was 

transferred to a 50-mL Teflon beaker, moistened with a small quantity of distilled water, and 

treated with 2 mL of 37% H₂O₂. The samples were gently heated to evaporate the excess 

moisture. Subsequently, 1 mL of 65% HNO₃, 1 mL of 65% HClO₄, and 6 mL of 45% HF 

were added, and the samples were heated for approximately 30 min until dense white fumes 

appeared. The beakers were then removed from the hot plate, cooled, and rinsed with a small 

quantity of distilled water. Thereafter, 4 mL of 37% HCl and 0.4 mL of 0.1 M H₃BO₃ were 

added, and the samples were heated again until the volume was reduced to approximately 1–2 

mL. The digests were quantitatively transferred to 10-mL plastic tubes and diluted to volume 

with distilled water. 

The concentrations of the major and trace elements were determined using inductively 

coupled plasma–atomic emission spectroscopy (ICP–AES; Prodigy, Teledyne Leeman Labs, 

USA) at the Division of Soil Resource Studies, ICAR–National Bureau of Soil Survey and 

Land Use Planning, Nagpur. Total sodium (Na) was determined separately following aqua-

regia digestion using atomic absorption spectrophotometry, as described by Güven and 

Akinci (2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.Location map of five laterite associated soil profiles and flow chart of methodology used in the study 



11 
 

2.4. Calculation of indices 

Various indices were calculated to characterize soil redness, weathering intensity, 

lateritization, and metal enrichment in the studied lateritic soil profiles. Soil redness and the 

relative proportion of hematite to hematite + goethite were evaluated using Munsell colour 

notation and the CIE-L*a*b* colour system. Weathering and alteration indices were 

calculated from the major oxide composition of the soil samples. Metal enrichment and 

contamination indices were calculated by comparing the concentrations of selected trace 

elements in the studied soils with their respective background concentrations in the Upper 

Continental Crust (UCC). The indices, their corresponding equations, and references used for 

their calculation are presented in Table 1. 

 
Table 1.  Indices Used for the Characterization of Lateritic Soil Profiles of Kerala 

Index Formula Reference 

Colour indices 
Transformed 
Munsell notation 
to CIE-L*a*b* 
system 

Munsell colour notation was transformed into CIE-L*a*b* colour 
coordinates 

Vodyanitskii 
and Kirillova 
(2016) 

a*₁(a/b) a* × (a/b) Vodyanitskii 
and Kirillova 
(2016) 

b*₁(b/a) b* × (b/a) Vodyanitskii 
and Kirillova 
(2016) 

Redness index a*/(a* + b*) Vodyanitskii 
and Kirillova 
(2016) 

Redness rating (0.51 − Red)/(0.51 − 0.16) — 
Redness index (10 − H) × C/V, where H is the numerical hue rating: 7.5R = 12.5, 10R 

= 10, 2.5YR = 7.5, 5YR = 5, 7.5YR = 2.5 and 10YR = 0 
Torrent et al. 
(1983) 

Weathering and alteration indices 
Chemical Index of 
Alteration (CIA) 

CIA = [Al₂O₃/(Al₂O₃ + CaO* + Na₂O + K₂O)] × 100, where CaO* 
represents silicate-derived CaO 

Nesbitt and 
Young 
(1982/1989) 

Weathering Index 
of Parker (WIP) 

WIP = [(2Na₂O/0.35) + (MgO/0.90) + (2K₂O/0.25) + (CaO/0.70)] Parker (1970) 

Si/Al ratio SiO₂/Al₂O₃ Birkeland 
(1999) 

Bases/Alumina 
ratio 

(CaO + MgO + Na₂O + K₂O)/Al₂O₃ — 

Bases/R₂O₃ ratio (CaO + MgO + Na₂O + K₂O)/(Al₂O₃ + Fe₂O₃) — 
Reiche Product 
Index (RPI) 

RPI = 100 × [SiO₂/(SiO₂ + R₂O₃)], where R₂O₃ = Al₂O₃ + Fe₂O₃ Reiche (1943) 

Vogt ratio (Al₂O₃ + K₂O)/(MgO + CaO + Na₂O) Vogt (1927) 
Ignition loss index H₂O* Jayawardena 

(1994a) 
Weathering Ratio 
(WR) 

(CaO + MgO + Na₂O)/TiO₂ Chittleborough 
(1991) 

Weathering Index-
1 (WI-1) 

(CaO + SiO₂)/(Fe₂O₃ + TiO₂) Darmody (2005) 

Weathering Index- (CaO + SiO₂)/(Al₂O₃ + Fe₂O₃ + TiO₂) Darmody (2005) 
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2 (WI-2) 
Index of 
Lateritisation 
(IOL) 

[(Al₂O₃ + Fe₂O₃)/(SiO₂ + Al₂O₃ + Fe₂O₃)] × 100 Schellmann 
(1981) 

MIA(O) Al₂O₃/[Al₂O₃ + Fe₂O₃ + MgO + CaO* + Na₂O] × 100 Babechuk et al. 
(2014) 

MIA(R) (Al₂O₃ + Fe₂O₃)/[Al₂O₃ + Fe₂O₃ + MgO + CaO* + Na₂O] × 100 Babechuk et al. 
(2014) 

Metal pollution indices 
Enrichment Ratio 
(ER) 

 

 

Where Cₙ is the concentration of the element of interest and Cref is the 
concentration of the selected reference element. Titanium (Ti) is 
commonly used as the reference element because of its relatively 
conservative behaviour in soils. Back ground values of UCC was used 
from Taylor, and McLennan,1983. 

ER 1-2 -slightly contaminated ; 2-5-moderately contaminated, 5-20-
severely  contaminated, 20-40-highly  contaminated 

Birch and 
Olmos (2008) 

Geo-accumulation 
Index (Igeo) 

Igeo = log₂[Cₙ/(1.5 × Bₙ)], where Cₙ is the measured concentration and 
Bₙ is the geochemical background concentration. The degree of 
contamination based on Igeo values can be stated in text form as 
follows: 
Igeo ≤ 0: Practically uncontaminated  
0 < Igeo ≤ 1: Uncontaminated to moderately contaminated  
1 < Igeo ≤ 2: Moderately contaminated  
2 < Igeo ≤ 3: Moderately to heavily contaminated  
3 < Igeo ≤ 4: Heavily contaminated  
4 < Igeo ≤ 5: Heavily to extremely contaminated  
Igeo > 5: Extremely contaminated  

Bhuiyan et al. 
(2010) 

Contamination 
Factor (Cf) 

Cf = Cₙ(sample)/Cₙ(background) 
classes of Cf : <1=low; 1-3-moderate, 3 - 6—considerable, > 6 high 

Zhao et al. 
(2012) 

Pollution Load 
Index (PLI) 

PLI = (CF₁ × CF₂ × CF₃ × … × CFₙ)¹/ⁿ 

PLI =<1 indicates baseline level of pollutants , above 1 indicates 
ongoing degradation 

Tomlinson et al. 
(1980) 

Potential 
Ecological Risk 
Factor (Er) 

Er = Tr × Cf, where Tr is the toxic-response factor and Cf is the 
contamination factor. The degree of potential ecological risk based on 
Er values is classified as follows: 
Er < 40: Low ecological risk  
40 ≤ Er < 80: Moderate ecological risk  
80 ≤ Er < 160: Considerable ecological risk  
160 ≤ Er < 320: High ecological risk  
Er ≥ 320: Very high ecological risk 
Based on the standardized toxic response factor suggested by 
Håkanson (1980), the toxic response factors for  Cr, Cu, Ni, , and Zn 
are , 2, 5, 5, and 1, respectively. 

Hakanson 
(1980) 

Potential 
Ecological Risk 
Index (RI) 

 

 
where RI is the overall potential ecological risk index, Er

i is the 
potential ecological risk factor of the ith metal, Tr

i is its toxic-response 
factor, and Cf

i is its contamination factor. 
The potential ecological risk was classified based on RI values as 

Hakanson 
(1980) 
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follows: 
RI < 150: Low ecological risk  
150 ≤ RI < 300: Moderate ecological risk  
300 ≤ RI < 600: Considerable ecological risk  
RI ≥ 600: Very high ecological risk  

Modified Degree 
of Contamination 
(mCd) 

 
where Cfi is the contamination factor of the ith element and n is the 
total number of elements considered in the assessment. The Modified 
Degree of Contamination (mCd) is classified as follows: mCd < 1.5 
indicates a nil to very low degree of contamination; 1.5 ≤ mCd < 2 
indicates a low degree of contamination; 2 ≤ mCd < 4 indicates a 
moderate degree of contamination; 4 ≤ mCd < 8 indicates a high 
degree of contamination; 8 ≤ mCd < 16 indicates a very high degree of 
contamination; 16 ≤ mCd < 32 indicates an extremely high degree of 
contamination; and mCd ≥ 32 indicates an ultra-high degree of 
contamination.  

Abrahim and 
Parker (2008) 

 

2.5. Statistical analysis 

Descriptive statistics and correlation analyses were performed using LibreOffice Calc. 

Multiple linear regression and K-means cluster analyses were conducted using the 

StatKingdom and StatBlue online statistical platforms. The coefficient of variation (CV) was 

used to assess the variability of soil properties across the study area following Harka (2021), 

variability was classified as low (CV < 20%), moderate (20–30%), high (30–50%), and very 

high (CV > 50%). 

The strength of correlation coefficients ((r)) was interpreted as weak (0.10–0.39), moderate 

(0.40–0.69), strong (0.70–0.89), and very strong (0.90–1.00), following Schober et al. (2018). 

Triplots and biplots were generated using Triplot.com and StatKingdom, while depth-

function graphs were prepared using LibreOffice Calc. The profile-weighted mean for each 

soil property was calculated by multiplying the value of the property in each horizon by the 

corresponding horizon thickness, summing the products across all horizons, and dividing by 

the total thickness of the soil profile. 

3. Results 

3.1. Munsell colour system 

Five lateritic soil profiles comprised of 24 horizons (Table 2), including five Ap horizons, 17 

Bt horizons, and one each of BC and AB horizons. Based on profile depth, the soils were 



14 
 

classified as moderately deep (P2 and P3), deep (P1 and P5), and very deep (P4), following 

the criteria of Sehgal et al. (1989). 

According to the Munsell colour notation, two horizons had a hue of 7.5YR, 13 horizons had 

a hue of 5YR, and nine horizons had a hue of 2.5YR. The matrix colours ranged from very 

dark brown to dark red with increasing soil depth. In profile P1, the Ap/AB horizons were 

dark reddish brown (5YR 3/3 and 5YR 3/4), changing to red in the Bt1 horizon and 

subsequently to yellowish red (5YR 5/6) in the deeper Bt horizons. In the Darbandora series 

(P2), the Ap horizon had a very dark brown matrix (7.5YR 3/3), which changed to dark 

reddish brown in the underlying horizons (5YR 3/3, 5YR 3/4, and 2.5YR 3/4). 

The Ap horizon of P3 exhibited a dark reddish brown (7.5YR 3/4), followed by dark reddish 

brown (5YR 3/4) to reddish brown (5YR 4/4) in the Bt horizons. Below 60 cm depth, the Bt 

horizon became red (2.5YR 4/6). In P4, the Ap horizon was dark reddish brown, whereas P5 

exhibited a reddish-brown Ap horizon; in both profiles, the colour changed progressively to 

dark red and red in the underlying Bt horizons. 

The redness rating exhibited irregular trends with depth, with a minimum value of 3.33 

recorded for the 2.5YR 3/4 horizon in P2 and a maximum value of 10.0 recorded for the 

7.5YR 3/4 horizon in P3. Based on profile-weighted mean redness ratings, the five profiles 

were arranged in ascending order as P4 (4.40) < P1 (5.09) < P2 (5.32) < P5 (5.80) < P3 

(7.26). 

3.2. CIELab system 

The CIELab colour parameters exhibited distinct variations with soil depth across the studied 

profiles (Table 2). The L* value, representing lightness, showed an increasing trend with 

depth in profiles P3, P1 and P4, whereas relatively uniform values in P4 and P5. The L* 

values ranged from 30.8 in P2, P3, and P4 to a maximum of 61.7 in the Bt1 horizon of P1. 

The profile-weighted mean L* values ranged from 30.80 in P2 to 49.68 in P1. 

The a* value, representing the red–green colour component, generally showed a gradual 

increase with depth. The profile-weighted mean a* values ranged from 13.41 in P2 to 18.52 

in P5. The b* value, representing the yellow–blue colour component, exhibited a similar 

depth-wise trend, with profile-weighted mean values ranging from 18.16 to 28.06, the latter 

being recorded in P5. 
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The transformed colour indices also showed appreciable variation among the profiles. The 

a*₁ values ranged from 0.45 in P3 to 0.91 in P2, with the maximum value recorded in the Bt3 

horizon corresponding to the 2.5YR 3/4. The b*₁ values ranged from 1.10 in the Bt3 horizon 

of P2 to 2.22 in the Ap horizon of the Kinalur series (P3). The Red and ILab indices generally 

followed patterns similar to those observed for the CIELab colour parameters, with variations 

occurring along the soil profiles (Table 2). 

Table 2. Munsell color notation , CIELab values and redness rating indices of lateritic profiles, Kerala 

 
Depth(c

m) 

 
Horizo

n 

Matrix 
colour 
(moist 

CIELab  
a*1(a/b) 

 
b*1(b/a) 

Redness 
rating 
(RR)* 

Red Ilab 
L a b a*/a+b 

P1.Madgaon  series  
0-18 Ap 5YR3/4 41.2 9.7 15.5 0.63 1.60 6.67 0.38 0.64 

18-46 A/B 5YR4/4 41.2 12.5 20.8 0.60 1.66 5.00 0.38 0.62 
46-73 Bt1 2.5YR5/6 61.7 16.2 21.5 0.75 1.33 3.00 0.43 0.77 
73-107 Bt2 5YR5/6 51.6 16.8 31.1 0.54 1.85 6.00 0.35 0.54 

ѿ   49.68 14.33 23.36 0.62 1.63 5.09 0.38 0.64 
_P2-Darbandora series  

0-8 A 7.5YR3/3 30.8 7.8 16.4 0.48 2.10 7.50 0.32 0.46 
8-19 Bt1 5YR3/4 30.8 12.7 19.6 0.65 1.54 6.67 0.39 0.67 

19-51 Bt2 5YR3/4 30.8 12.7 19.6 0.65 1.54 6.67 0.39 0.67 
51-89 Bt3 2.5YR3/4 30.8 15.4 16.9 0.91 1.10 3.33 0.48 0.91 

ѿ   30.80 13.41 18.16 0.74 1.40 5.32 0.42 0.75 
P3.Kinalur series  

0-10 Ap 7.5YR 3/4 30.8 9.9 22 0.45 2.22 10.00 0.31 0.43 
10-36 AB 5 YR 3/4 30.8 12.7 19.6 0.65 1.54 6.67 0.39 0.67 
36-48 Bt1 5 YR 4/4 41.2 12.5 20.8 0.60 1.66 5.00 0.38 0.62 
48-66 Bt2 5 YR 4/4 41.2 12.5 20.8 0.60 1.66 5.00 0.38 0.62 
66-80 Bt3 2.5YR 4/6 41.2 21.2 26.3 0.81 1.24 11.25 0.45 0.82 

ѿ   36.52 13.76 21.52 0.63 1.62 7.26 0.39 0.64 
P4. Kanjirapalli series  

0-13 Ap 5YR 3/3 30.8 9.9 14.6 0.68 1.47 5.00 0.40 0.70 
13-32 Bt1 5 YR 3/4 30.8 12.7 19.6 0.65 1.54 6.67 0.39 0.67 
32-56 Bt2 2.5 YR 3/6 30.8 22.2 26 0.85 1.17 5.00 0.46 0.86 
56-83 Bt3 2.5 YR 3/6 30.8 22.2 26 0.85 1.17 5.00 0.46 0.86 
83-112 Bt4 2.5YR 4/6 41.2 21.2 26.3 0.81 1.24 3.75 0.45 0.82 

122-150 Bt5 2.5YR 4/6 41.2 21.2 26.3 0.81 1.24 3.75 0.45 0.82 
ѿ   32.70 18.07 22.58 0.74 1.19 4.40 0.41 0.75 

P5.Athirampuza series  
0-16 Ap 5 YR 4/4 M 41.2 12.5 20.8 0.60 1.66 5.00 0.38 0.62 

16-42 Bt1 5 YR 4/6 M 41.2 17.5 30.7 0.57 1.75 7.50 0.36 0.58 
42-66 Bt2 5 YR 4/6 41.2 17.5 30.7 0.57 1.75 7.50 0.36 0.58 
66-89 Bt3 2.5 YR 4/6 

M 
41.2 21.2 26.3 0.81 1.24 3.75 0.45 0.82 

89-105 BC 2.5 YR 4/6 
M 

41.2 21.2 26.3 0.81 1.24 3.75 0.45 0.82 

ѿ   41.98 18.52 28.06 0.68 1.57 5.80 0.40 0.69 
Note:ѿ =Profile weighted mean, redness rating (Torrent et al.(1983), Ilab= index of based on reference Red of hematite and goethite 
Vodyanitskii(2016), L=lightness, a=redness, b=yellowness 

3.3. Soil Texture of Lateritic Soils  

The textural characteristics of the red and lateritic soils of Kerala revealed considerable 

variation among the studied soil series (Table 3). In the Madgaon series (P1), the Ap/AB 

horizons had a sandy loam texture, with sand content ranging from 77.0 to 78.2% and clay 

from 11.0 to 11.6%. A distinct increase in clay content was observed in the underlying Bt 

horizons, where it increased to 27.7–43.6%. The silt-to-clay ratio ranged from 0.91 in the Ap 
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horizon to 1.13 in the Bt1 horizon, while the clay content increased by approximately 1.2 

times from the surface horizon to the clay-enriched Bt horizons. 

Profile P2 was predominantly clayey, with clay content ranging from 46.2 to 65.2%. The silt-

to-clay ratio decreased from 0.72 in the Ap horizon to 0.40 in the Bt3 horizon. Sand content 

showed a progressive decrease with depth, from 20.7 to 7.0%, whereas the distribution of silt 

and clay exhibited irregular variations among the horizons. 

In the Kinalur series (P3), sand, silt, and clay contents showed relatively slight inflictions 

with depth, and the profile was predominantly sandy clay loam. The profile-weighted mean 

of sand, silt, and clay were 48.47, 19.37, and 32.16%, respectively. The Kanjirapalli series 

(P4) also exhibited a sandy clay loam throughout the profile. Its profile-weighted mean for 

sand, silt, and clay contents were 56.75, 13.40, and 24.00%, respectively. The weighted mean 

for silt-to-clay ratio was 0.41. 

The Athirampuzha series (P5) was predominantly clayey, particularly in the Bt horizons, 

where clay content exceeded 50%. The silt-to-clay ratio was less than 0.20 in the Bt horizons, 

with a profile-weighted mean of 0.20. The weighted mean contents of silt and sand were 

10.26 and 37.52%, respectively. Sand content showed irregular variation, accompanied by an 

increasing trend in clay content in the Bt horizons. 

Table 3. Textural and chemical characteristics 

Depth 

(cm) Horizon Texture 

Particle size 
distribution(%) 

 
silt/clay pH 

OC 

g/kg 

Exchangeable cations(cmol/kg) CEC ECEC CEC/C
*100 

ECEC/
C*100 

BS(%) 
NH4O

Ac sand silt clay Ca Mg Na K Al cmol(p+)kg-1 

P1.Madgaon series Fine loamy, kaolinitic kanhaplic Haplustaffs 

0-18 Ap Sl 78.2 10.5 11.6 0.91 5.1 18.7 1.86 0.63 0.44 0.08 0.19 6.42 3.2 55.34 27.58 46.68 
18-46 A/B Sl 77 11.5 11.5 1.00 5.5 8.4 1.93 0.68 0.44 0.06 0.08 9.73 3.19 84.6 27.73 31.96 
46-73 Bt1 SCl 41 31.3 27.7 1.13 5.5 7.9 2.9 0.82 0.36 0.09 0 6.31 4.17 22.77 15.05 66.07 

73-107 Bt2 C 14.4 42 43.6 0.96 5.4 2.5 3.45 1.31 0.44 0.08 0.02 6.64 5.3 15.22 12.15 79.2 
ѿ   48.23 26.02 25.80 1.01 5.40 8.13 2.65 0.91 0.42 0.08 0.06 7.33 4.11 42.03 19.55 58.05 

P2-Darbandora,,Goa,  Very fine, Kaolinitic, family of  Typic Kanhaplustalfs (Archean schists and ferruginous quartzite) 

0-8 A C 20.7 33.1 46.2 0.72 5.4 50.4 4.56 1.67 0.57 0.8 0.5 18.99 7.65 41.1 16.55 40.02 
8-19 Bt1 C 9.1 28.7 62.2 0.46 5.3 25.2 3.94 1.65 0.63 0.23 0.37 19.65 6.82 31.59 10.96 40.95 
19-51 Bt2 C 7 35.7 57.2 0.62 5.2 20.1 3.59 1.83 0.57 0.23 0.41 18.03 6.63 31.52 11.59 38.45 
51-89 Bt3 C 8.8 26 65.2 0.40 5.2 14.7 3.51 2.13 0.66 0.23 0.38 16.46 6.91 25.24 10.59 45.57 

ѿ   9.26 30.46 60.24 0.52 5.23 21.15 3.69 1.92 0.62 0.28 0.40 17.65 6.86 29.71 11.53 41.94 

P3-Kinalur series, Kozhikode, Kerala: Fine loamy, isohyperthermic family of  Kaolinitic, Kanhaplic Haplustults (Granite Gneiss) 

0-10 Ap1 SCl 47.2 21.2 31.6 0.67 4.5 31.9 0.46 0.24 0.05 0.17 1.42 7.4 2.3 23.41 7.27 12.5 
10-36 AB SCl 48.7 18.7 32.6 0.57 5.1 22.2 0.15 0.12 0.04 0.17 1.28 5.4 1.8 16.56 5.52 9 
36-48 Bt1 SCl 48.5 19.3 32.2 0.60 5.3 14.8 0.22 0.14 0.06 0.14 1.06 6.1 1.6 18.94 4.96 9.2 
48-66 Bt2 SCl 47.1 19.5 33.4 0.58 5.2 12 0.23 0.15 0.06 0.14 0.85 5.4 1.4 16.16 4.19 10.8 
66-80 Bt3 SCl 50.7 19.2 30.1 0.64 5.1 6.1 0.32 0.19 0.04 0.14 0.86 5.1 1.6 16.94 5.31 13.7 

ѿ   48.47 19.37 32.16 1.38 5.25 16.18 0.22 0.13 0.07 0.28 1.84 5.09 4.39 15.71 6.79 10.70 

P4-Kanjirapally series, Kottayam, Kerala:  Loamy skeletal, Kaolinitic, family of  Ustic Kandihumults (Charnokite) 
0-13 Ap SCl 69.9 9 21.2 0.42 4.8 23.5 0.58 0.13 0.12 0.15 0.57 4.5 1.6 21.22 7.54 21.7 
13-32 Bt1 SCl 56.1 12.5 31.3 0.40 4.4 18.6 0.22 0.08 0.13 0.17 0.45 3.5 1.1 11.18 3.51 17.1 

32-56 Bt2 SCl 59.9 11.1 28.9 0.38 4.5 15 0.23 0.07 0.14 0.08 0.32 3.7 0.8 12.8 2.76 14 
56-83 Bt3 SCl 62.8 11.4 25.7 0.44 4.5 9 0.28 0.07 0.12 0.07 0.12 4.1 0.7 15.95 2.72 13.2 
83-112 Bt4 SCl 57.1 11.3 28.5 0.40 4.4 11.1 0.24 0.08 0.12 0.07 0.07 3.9 0.6 13.68 2.1 13.2 

122-150 Bt5 SCl 62.6 13.4 24 0.56 4.7 12.2 0.34 0.1 0.12 0.11 0.04 4 0.7 16.66 2.91 16.8 
   56.78 13.40 24.00 0.41 4.23 12.84 0.28 0.08 0.12 0.09 0.20 3.66 0.78 13.93 2.98 14.35 

P5.Athirampuza series, Ernakulam, Kerala:clayey skeletal, Kaolinitic, family of    Ustic Kandihumults (Laterite) 
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0-16 Ap SC 51.7 11 37.3 0.29 4 23.6 0.28 0.09 0.03 0.16 2 9 2.6 24.12 6.97 6.3 
16-42 Bt1 C 39.7 8 52.3 0.15 3.8 12.6 0.23 0.05 0.03 0.15 2.68 8.1 3.4 15.48 6.5 5.7 
42-66 Bt2 C 33.3 6.7 60 0.11 4.1 9.9 0.19 0.04 0.03 0.11 2.92 7.3 3.3 12.16 5.5 5.1 
66-89 Bt3 C 34.6 11.8 53.6 0.22 4.3 6.7 0.23 0.05 0.04 0.11 2.63 6.4 3.1 11.94 5.78 6.7 

89-105 BC C 30.3 16.3 53.4 0.31 4.1 6.3 0.77 0.12 0.02 0.09 1.42 7 2.4 13.1 4.49 14 
ѿ   37.52 10.26 52.23 0.20 4.05 11.41 0.31 0.06 0.03 0.12 2.43 7.51 3.04 14.90 5.88 7.14 

3.4. Soil chemical characteristics of Lateritic Soils 

The Madgaon series (P1) was strongly acidic in the Ap horizon (pH 5.1) and moderately 

acidic in the AB/Bt horizons (pH 5.5). Organic carbon (OC) content was highest in the Ap 

horizon (16.7 g kg⁻¹) and decreased progressively with depth, from 8.4 to 2.5 g kg⁻¹, with a 

profile-weighted mean of 8.13 g kg⁻¹. Calcium (Ca) was the dominant exchangeable base and 

increased with depth from 1.86 to 3.45 cmol(+) kg⁻¹, followed by magnesium (Mg), which 

increased from 0.69 to 1.61 cmol(+) kg⁻¹. Exchangeable Na varied from 0.36 to 0.44 cmol(+) 

kg⁻¹, with only slight depth inflictions, whereas exchangeable K was very low (0.06–0.09 

cmol(+) kg⁻¹). Exchangeable Al occurred only in trace amounts in the Ap/AB horizons 

(0.19–0.08 cmol(+) kg⁻¹). The profile-weighted mean CEC was 7.33 cmol(+) kg⁻¹, with 

horizon-wise values ranging from 9.75 cmol(+) kg⁻¹ in the AB horizon to 6.31 cmol(+) kg⁻¹ 

in the Bt1 horizon. ECEC increased with depth from 3.2 cmol(+) kg⁻¹ in the Ap horizon to 

5.3 cmol(+) kg⁻¹ in the Bt2 horizon, with a profile-weighted mean of 4.11 cmol(+) kg⁻¹. The 

Bt horizons had apparent CEC values below 24 cmol(+) kg⁻¹ clay and apparent ECEC values 

below 16 cmol(+) kg⁻¹ clay, while base saturation exceeded 60%. Apparent CEC and ECEC 

generally decreased with depth, whereas base saturation showed an increasing trend (Table 

3). 

The Darbandora series (P2) was strongly acidic with pH values ranging from 5.2 to 5.4. The 

profile-weighted mean OC content was 21.15 g kg⁻¹ and decreased markedly with depth, 

from 50.4 g kg⁻¹ in the Ap horizon to 14.7 g kg⁻¹ in the Bt3 horizon. Calcium dominated the 

exchange complex, although its concentration decreased with depth from 4.56 to 3.51 

cmol(+) kg⁻¹. In contrast, exchangeable Mg increased from 1.67 to 2.13 cmol(+) kg⁻¹. The 

profile-weighted mean of exchangeable Na and K were 0.62 and 0.28 cmol(+) kg⁻¹, 

respectively. Exchangeable Na exhibited an irregular depth distribution (0.63–0.53–0.66 

cmol(+) kg⁻¹), whereas its concentration was relatively uniform in the Bt horizons 

(approximately 0.23 cmol(+) kg⁻¹). CEC values ranged from 16.46 to 19.05 cmol(+) kg⁻¹ in 

the Bt horizons, while ECEC ranged from 6.63 to 6.91 cmol(+) kg⁻¹. The Ap horizon had a 

CEC of 18.99 cmol(+) kg⁻¹ and an ECEC of 7.65 cmol(+) kg⁻¹. Base saturation had a profile-

weighted mean of 41.94% and showed only minor variation with depth. The apparent CEC 



18 
 

and ECEC showed decreasing trends with depth, with profile-weighted means of 27.91 and 

11.53 cmol(+) kg⁻¹ clay, respectively. 

The Kinalur series (P3) was very strongly acidic in the Ap horizon and strongly acidic in the 

kandic B horizons. Clay content exceeded 30% in the subsurface horizons. Organic carbon 

decreased progressively from 31.9 g kg⁻¹ in the Ap horizon to 6.1 g kg⁻¹ in the Bt3 horizon. 

Base saturation remained below 35% throughout the profile. The subsurface horizons 

satisfied the criteria for a kandic horizon, with apparent CEC values below 16 cmol(+) kg⁻¹ 

clay and apparent ECEC values below 12 cmol(+) kg⁻¹ clay within 100 cm depth. 

The Kanjirapalli (P4) and Athirampuzha (P5) series were very strongly acidic and contained 

more than 0.9% organic carbon throughout the profiles. Their profile-weighted mean OC 

contents were 12.84 g kg⁻¹ in P4 and 11.41 g kg⁻¹ in P5, respectively. The kandic horizons 

had very low base saturation, with values of 14.35% in P4 and 7.14% in P5. The apparent 

CEC and ECEC values were comparable to those reported for kandic horizons in other parts 

of India (Bhaskar et al., 2005; Bhattacharyya et al., 2006). 

The occurrence of kandic genetic horizons in ferruginous soils of rubber-growing areas of 

Kerala and Tamil Nadu was previously reported by Krishnan et al. (1996). Similar chemical 

characteristics of ferruginous soils occurring in the Western Ghats and coastal regions of 

North Karnataka were reported by Patil and Dasog (1999). 

3.5. Elemental composition 

Table 4 presents the elemental composition of five laterite-associated soil profiles from 

Kerala. SiO₂ was the most abundant major oxide and exhibited variable depth distributions 

among the studied profiles. The Madgaon series (P1) had a weighted mean SiO₂ content of 

49.34%, with a decreasing trend from 53.5% in the Ap horizon to 44.9% in the Bt1 horizon. 

In contrast, the Darbandora series (P2) had a weighted mean of 45.38% and showed an 

increasing trend, from 37.7% in the A horizon to 47.2% in the Bt2 horizon. The Kanjirapalli 

series (P4) had a reported weighted mean SiO₂ content of 37.42%, with SiO₂ decreasing from 

45.4% in the Ap horizon to 33.0% in the Bt5 horizon. The Kinalur series (P3) had a weighted 

mean SiO₂ content of 54.77%, with slightly higher concentrations in the Bt1 and Bt2 horizons 

than in the surface horizons. The Athirampuzha series (P5) had a reported weighted mean 

SiO₂ content of 40.30%, with decrease in the Bt horizons. 
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The weighted mean Al₂O₃ content was 28.98% in P4, 28.03% in P5, 20.73% in P2, 18.60% in 

P1, and 17.12% in P3. In P1, Al₂O₃ increased markedly with depth, from 12.0% in the Ap 

horizon to 24.6% in the Bt2 horizon. In P3, Al₂O₃ varied from 17.4% in the Ap horizon to 

17.8% in the Bt3 horizon, with weighted mean of 17.12%. In P4 and P5, Al₂O₃ showed 

higher concentrations in the subsurface horizons than in the surface horizons. 

Fe₂O₃ exhibited a pronounced decrease with depth in the Madgaon series (P1), whereas an 

increasing trend was observed in the Athirampuzha series (P5); the other profiles showed 

irregular depth distributions. The Fe₂O₃ concentration in the surface horizon was 1.2% in P3, 

whereas it exceeded 15% in both P1 (15.7%) and P2 (15.9%). Based on the reported 

weighted mean Fe₂O₃ contents, the profiles were arranged in descending order as P4 

(12.96%) > P1 (11.90%) > P2 (9.42%) > P5 (8.96%) > P3 (6.53%). 

The TiO₂ content in the Ap horizon of P1 was 2.20% and decreased to 1.66% in the Bt1 

horizon. In P2, TiO₂ concentrations were relatively uniform, ranging from 1.64 to 1.66% in 

the Bt horizons. The Kinalur series (P3) generally contained less than 1% TiO₂ throughout 

the profile, although the concentration reached 1.0% in the Bt1 horizon. 

In most horizons, the concentrations of the alkali and alkaline-earth oxides were below 1%. 

An exception was P2, where the reported weighted mean concentrations of Na₂O (2.45%), 

CaO (1.63%), and K₂O (1.04%) exceeded 1%, while MgO was approximately 1.00%. In 

contrast, P5 showed relatively low reported weighted mean concentrations of CaO (0.38%), 

MgO (0.40%), Na₂O (0.18%), and K₂O (0.66%). Overall, the elemental composition revealed 

substantial variation among the soil series in the abundance and vertical distribution of SiO₂, 

Al₂O₃, Fe₂O₃, TiO₂, and the major base-forming oxides. 

Table 4. Elemental composition of Lateritic soils of Kerala 

Depth 

(cm) Horizon 

Elemental composition 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O Cu Zn Mn Ni Cr Cd Zr Ba Sr LOI 

-----------------------(%)------------------------------------------------- ---------------------------------------µg/g--------------------------- (%) 
 P1-Madgaon series  

0-18 Ap 53.5 12 15.7 2.2 0.86 0.76 0.87 0.5 70 158 780 44 281 9 28 94 64 12.6 
18-46 A/B 55 14.5 14.2 1.74 0.82 0.73 0.78 0.55 131 297 756 50 237 8 30 58 61 10.7 
46-73 Bt1 44.9 19.7 13.9 1.66 0.77 0.56 0.61 0.83 133 157 331 59 198 8 21 46 51 16 
73-107 Bt2 46 24.6 6.4 1.71 0.78 0.52 0.35 0.64 60 127 117 75 220 5 17 46 53 17.4 

ѿ  49.34 18.60 11.90 1.79 0.80 0.63 0.62 0.64 98.68 184.27 449.75 59.21 229.16 7.21 23.26 57.24 56.44 14.49 
_P2-Darbandora series  

0-8 A 37.7 16.5 15.9 1.46 0.96 1.1 0.61 1.34 74 195 1539 112 198 12 39 44 63 23.4 
8-19 AB 45.8 21.7 6.8 1.62 0.48 1.02 0.68 1.55 71 188 1571 138 173 8 46 46 60 19.3 

19-51 Bt1 45 19.6 11.1 1.64 0.43 0.93 0.66 1.63 72 201 1499 167 206 6 45 37 58 17.5 
51-89 Bt2 47.2 22.3 7.4 1.66 0.45 1.03 0.6 1.7 147 256 1355 172 194 6 44 36 64 16.7 

ѿ  45.38 20.73 9.42 1.63 0.49 1.00 0.63 1.62 104.1 222.34 1,450. 160.61 196.08 6.79 44.16 38.31 61.26 17.91 

P3-Kinalur series  
0-10 Ap1 55.8 17.4 1.2 0.8 1.59 0.68 1.97 1.08 304 142 324 60 48 8 14 33 40 16.91 

10-36 Ap2 54.4 16.4 8.1 0.7 2.13 0.71 2.46 1 47 156 311 56 82 9 13 68 34 14.02 
36-48 Bt1 56.3 17.8 3.7 1 1.59 1.15 3.09 1.17 43 234 359 33 89 8 15 54 36 14.17 
48-66 Bt2 57.2 17 3.9 0.8 1.39 0.65 2.74 0.98 42 204 275 49 94 9 15 40 33 13.26 
66-80 Bt3 50.3 17.8 13.2 0.7 1.05 0.77 1.87 1.05 43 327 250 49 72 8 13 60 31 13.05 
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ѿ  54.77 17.12 6.53 0.78 1.63 0.77 2.45 1.04 76.70 206.68 301.05 50.25 79.75 8.55 13.88 53.83 34.30 14.06 

P4-Kanjirapally series  
0-13 Ap 45.4 26.1 6.4 1.1 0.74 0.54 0.2 0.52 17 151 535 624 127 0 371 38.64 17.27 18.18 

13--32 Bt1 37.9 27.3 12.7 1.1 0.46 0.49 0.17 0.51 34 140 707 384 99 0 350 36.21 15.79 19.59 
32-56 Bt2 37.3 30.9 11.6 1 0.54 0.67 0.17 0.53 20 126 784 990 167 26 261 30.45 14.08 18.93 
56-83 Bt3 36.1 27.6 14.9 1.1 0.57 0.48 0.19 0.63 251 137 484 416 121 67 513 32.3 13.88 18.52 
83-112 Bt4 33.7 30 14.9 1.2 0.52 0.31 0.13 0.65 59 117 299 175 62 0 221 52.4 11.2 18.96 

112-150 Bt5 33 31.3 12.7 1.2 0.42 0.29 0.15 0.5 316 109 357 507 69 0 256 19.74 11.94 20.39 
 ѿ 37.42 28.98 12.96 1.12 0.56 0.49 0.17 0.59 90.63 132.57 547.32 499.84 113.16 21.72 341.54 38.68 14.05 19.05 

P5.Athirampuza series 

0-16 Ap 46.8 24.6 8.3 1.9 0.44 0.43 0.22 0.79 15 185 360 296 116 0 220 25.91 20.8 16.56 
16-42 Bt1 43.7 29.2 8.1 1.5 0.33 0.43 0.17 0.62 9 164 268 233 81 0 360 24.5 24.68 16.22 
42-66 Bt2 39.2 30.4 12.5 1.4 0.55 0.41 0.17 0.69 162 148 169 156 91 65 473 42.81 24.78 15.12 
66-89 Bt3 40.7 30.6 10.2 1.4 0.36 0.41 0.2 0.69 18 200 182 286 104 13 376 31.91 21.62 15.94 
89-105 BC 41.6 31.8 7.8 1.4 0.33 0.45 0.17 0.71 18 145 188 415 67 13 269 26.67 21.69 15.41 

 ѿ 40.30 28.03 8.96 1.43 0.38 0.40 0.18 0.66 40.51 161.49 220.31 256.91 87.19 16.59 331.61 28.82 21.81 15.12 

 

3.6. Trace elements 

The presence of nine trace elements below 1000 mg/kg or 0.1% in lateritic profiles is 

primarily influenced by the weathering of bedrocks (Rollinson, 1993). The concentrations 

and depth-wise distribution of nine trace elements (Cu, Zn, Mn, Ni, Cr, Cd, Zr, Ba and Sr) in 

the studied lateritic soil profiles are presented in Table 4. Their distribution varied 

considerably among the profiles and horizons, reflecting differences in parent material, 

weathering intensity, leaching, organic matter, and possible association with Fe- and Mn-

bearing phases under the humid climatic conditions of Kerala. Copper concentrations ranged 

from 9 µg g⁻¹ in P5-Bt1 to 316 µg g⁻¹ in P4-Bt5, while Zn ranged from 109 µg g⁻¹ in P4-Bt5 

to 327 µg g⁻¹ in P3-Bt3. Manganese showed the widest concentration range, from 117 µg g⁻¹ 

in P1-Bt2 to 1571 µg g⁻¹ in P2-AB. Chromium ranged from 48 µg g⁻¹ in P3-Ap1 to 281 µg 

g⁻¹ in P1-Ap, whereas Ni ranged from 33 µg g⁻¹ in P3-Bt1 to 990 µg g⁻¹ in P4-Bt2. The 

concentrations of Zr ranged from 13 to 513 µg g⁻¹, with the maximum recorded in P4-Bt3. Ba 

ranged from 19.74 to 94 µg g⁻¹, while Sr showed comparatively lower concentrations across 

the profiles. Cadmium concentrations were generally low, ranging from 0 to 67 µg g⁻¹. 

Copper exhibited contrasting depth distributions among the profiles. In P3, Cu decreased 

markedly from 304 µg g⁻¹ in Ap1 to 47 µg g⁻¹ in Ap2 and remained relatively low in the 

underlying Bt horizons (42–43 µg g⁻¹). In P4, Cu increased substantially from 17 µg g⁻¹ in 

the Ap horizon to 251 µg g⁻¹ in Bt3 and reached 316 µg g⁻¹ in Bt5. In P5, Cu increased from 

15 µg g⁻¹ in the Ap horizon to 162 µg g⁻¹ in Bt2, followed by lower concentrations in the 

deeper horizons. The reported profile-weighted mean Cu concentrations varied among the 

soil series, with P5 showing the lowest value (40.51 µg g⁻¹) and P2 a relatively high value 

(104.10 µg g⁻¹). 
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Zinc concentrations were generally higher in the subsurface horizons of P2 and P3. In P2, Zn 

increased from 195 µg g⁻¹ in the A horizon to 256 µg g⁻¹ in Bt2, while in P3 the 

concentration reached 234, 204 and 327 µg g⁻¹ in Bt1, Bt2 and Bt3, respectively. These 

concentrations are substantially higher than the reported world average soil Zn concentration 

of 90 mg kg⁻¹ (Bowen, 1979), although the magnitude of enrichment varied among the 

profiles. 

Manganese exhibited considerable variability both among profiles and with depth. The 

highest concentration (1571 µg g⁻¹) occurred in the AB horizon of P2, followed by 1539, 

1499 and 1355 µg g⁻¹ in the A–Bt horizons of the same profile. In P1, Mn decreased 

markedly from 780 µg g⁻¹ in the Ap horizon to 117 µg g⁻¹ in Bt2, whereas P3, P4 and P5 

showed variable depth distributions. The contrasting Mn patterns indicate that its vertical 

distribution was not uniform across the studied profiles. 

Nickel concentrations showed particularly pronounced differences among the soil series. P1 

and P3 generally had relatively low Ni concentrations, with profile-weighted means of 59.21 

and 50.25 µg g⁻¹, respectively. In contrast, P4 showed markedly elevated Ni concentrations, 

reaching 990 µg g⁻¹ in Bt2, while P5 recorded 415 µg g⁻¹ in the BC horizon. The displayed 

horizon-wise data indicate substantially higher profile-weighted Ni concentrations in P4 and 

P5 than in P1 and P3. The occurrence of Ni concentrations exceeding 200 µg g⁻¹ in several 

horizons, particularly in P4 and P5, indicates localized enrichment and warrants comparison 

with the adopted soil-quality or contamination guidelines. 

4. Discussion 
4.1. Elemental geochemistry in relation to colour, textural and chemical 

properties 

The soil colours ranged from red and dark red to dark reddish brown, consistent with the 

formation and accumulation of secondary iron oxides during prolonged weathering and soil 

development (Hausenbuiller, 1978). The predominance of red hues in the subsurface horizons 

indicates the important role of iron-bearing minerals and their transformation during 

pedogenesis. In contrast, the relatively dark reddish-brown surface horizon of the P2 may be 

associated with the accumulation of organic matter, which can modify the expression of the 

underlying red colour. The progressive development of red to dark-red colours in the 

subsurface horizons suggests a comparatively stronger expression of pedogenic iron oxides, 

where the influence of surface organic matter is diminished. 
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The studied lateritic soils were predominantly acidic, although the magnitude of acidity and 

the associated chemical characteristics varied among the profiles. Such variation was 

reflected in differences in exchangeable bases, cation-exchange characteristics, base 

saturation and the distribution of major elemental oxides. The elemental composition further 

indicated substantial variation in SiO₂, Al₂O₃ and Fe₂O₃ among the soil series, demonstrating 

differences in the degree of weathering and relative accumulation or depletion of major soil-

forming elements. In several profiles, Al₂O₃ constituted a prominent component of the 

sesquioxide fraction, indicating substantial alumina accumulation associated with advanced 

weathering and clay-mineral transformations. 

The relationship between elemental composition and the degree of lateritization was further 

examined using the SiO₂–sesquioxide proportions in the triplot diagram. This approach 

helped to characterize the studied materials in relation to their silica and sesquioxide 

composition and provided a geochemical basis for interpreting their lateritic nature. The 

observed variations in SiO₂, Al₂O₃ and Fe₂O₃ among the profiles were consistent with 

differential removal of mobile constituents and relative concentration of less mobile elements 

during weathering under the humid to perhumid environmental conditions of Kerala. 

The distribution of trace elements also varied markedly both among the soil series and with 

depth. Their distribution was influenced by the nature and degree of weathering of the parent 

material, redistribution through the soil profile, leaching, organic-matter interactions and 

possible association with Fe- and Mn-bearing phases. The occurrence of elevated 

concentrations of selected trace elements in particular horizons indicated that their behaviour 

cannot be interpreted solely from total concentration, but should be considered in relation to 

soil colour, clay content, organic carbon, acidity and the abundance of Fe- and Mn-bearing 

constituents.  

4.2. CIELab system 

The mean L*, a* and b* values were 38.05 ± 7.71, 15.41 ± 4.31 and 22.50 ± 4.52, 

respectively. The corresponding coefficients of variation (CV) were 20.27, 27.94 and 

20.09%, indicating relatively greater variability in the red component (a*) than in lightness 

(L*) and yellowness (b*). The L* values ranged from 30.80 to 61.70, while a* and b* ranged 

from 7.80 to 22.20 and 14.60 to 31.10, respectively. The 99% confidence intervals for L*, a* 

and b* were 34.07–42.23, 13.59–17.23 and 19.91–25.09, respectively (Table 5). 
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The derived colour parameters a1 and b1 showed mean values of 0.68 ± 0.12 and 1.51 ± 0.28, 

with CVs of 17.49 and 18.57%, respectively. Their ranges were 0.45–0.91 and 1.10–2.22, 

respectively. The redness rating (RR), calculated following Torrent et al. (1983), varied from 

3.00 to 11.25, with a mean value of 5.77 ± 1.92 and a CV of 33.34%, indicating 

comparatively greater variability in redness among the studied soil horizons. The 99% 

confidence interval for RR was 4.67–6.87.  

The a*/(a+b) ratio showed a mean value of 0.40 ± 0.04, with a relatively low CV of 10.51%, 

and ranged from 0.31 to 0.48. Its 99% confidence interval was 0.38–0.42. The comparatively 

low variability of this ratio suggests that the relative contribution of the red component to the 

combined chromatic response remained relatively consistent across the studied soil horizons, 

despite the wider variation in the individual CIELab colour coordinates. 

The correlation analysis (Table 6) revealed several significant relationships among the colour 

variables. L* showed a moderate positive correlation with b* (r = 0.41, significant at the 5% 

level), indicating that variation in lightness was associated with changes in the yellow 

component. A strong positive correlation was observed between a* and b* (r = 0.75, 

significant at the 1% level), suggesting that the red and yellow components varied in a closely 

associated manner across the studied horizons. The correlation between L* and a* was weak 

and non-significant (r = 0.21), indicating that variation in redness was not strongly related to 

overall lightness. 

The a* parameter showed a strong positive correlation with a1 (r = 0.72, significant at the 1% 

level) and a/(a+b) (r = 0.71, significant at the 1% level). In contrast, a* showed a strong 

negative correlation with b1 (r = −0.70, significant at the 1% level). These relationships 

indicate that the derived colour indices were closely related to the red component of the 

CIELab colour space. The correlation between a1 and b*1 was very strong and negative (r = 

−0.97, significant at the 1% level), indicating an inverse relationship between these two 

derived colour parameters. 

Redness rating showed a significant moderate positive correlation with b* (r = 0.55, 

significant at the 1% level) and a significant moderate negative correlation with a1 (r = −0.51, 

significant at the 5% level). However, its correlations with L (r = −0.25), a* (r = −0.28) and 

b1 (r = 0.06) were not significant. The a/(a+b) ratio showed a strong negative correlation with 

b1 (r = −0.98, significant at the 1% level) and a moderate negative correlation with RR (r = 
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−0.52, significant at the 1% level). It also showed a strong positive correlation with a (r = 

0.71, significant at the 1% level). 

Overall, the correlation analysis showed that the CIELab colour coordinates and derived 

indices are strongly interrelated and provide complementary quantitative measures of soil 

colour variation. The close relationships among a*, a1 and a/(a+b), together with the strong 

inverse relationships involving b*1, indicate that changes in the red component were 

important in differentiating the colour characteristics of the studied laterite-associated soils. 

The variation in RR further reflectd differences in soil redness among horizons, which can be 

interpreted in conjunction with Fe-bearing constituents, soil organic matter and other 

pedogenic properties. Thus, the CIELab system provides a quantitative complement to 

conventional Munsell colour assessment for characterizing colour variability in these laterite-

associated soils. 

Table 5. Descriptive statistics  of soil colour using CIE Lab values and redness rating 
Statistical 
summary   

CIE  
a*1 

 
b*1 

 
RR 

 
a*/a+b L a b 

Mean 38.05 15.41 22.50 0.68 1.51 5.77 0.40 
Sd 7.71 4.31 4.52 0.12 0.28 1.92 0.04 

CV(%) 20.27 27.94 20.09 17.49 18.57 33.34 10.51 
Mini 30.80 7.80 14.60 0.45 1.10 3.00 0.31 
Max 61.70 22.20 31.10 0.91 2.22 11.25 0.48 

EF(%) 23.46 52.85 47.91 49.93 37.06 33.55 54.59 
Confidence interval (99%level) 

Lower limit 34.07 13.59 19.91 0.61 0.65 4.67 0.38 
Upper limit 42.23 17.23 25.09 0.75 2.38 6.87 0.42 

 
Table 6. Correlation analysis between soil colour values 
 
 
Colour variables 

CIE  system  
a*1 

 
b*1 

 
RR 

 
a*/a+b L a b 

L 1.00       
a 0.21 1.00      
b 0.41** 0.75* 1.00     
a*1 -0.06 0.72* 0.11 1.00    
b*1 0.02 -0.70* -0.10 -0.97* 1.00   
RR -0.25 -0.28 0.06 -0.51** 0.55* 1.00  

a/a+b -0.03 0.71* 0.11 1.00 -0.98* -0.52* 1.00 
*significant at 1%level, **significant at 5%level, two tailed, degree of freedom (n-2) =22 

4.3. Textural and chemical characteristics 

The descriptive statistics of the textural and chemical properties of the studied soils (Table 7) 

showed considerable variability among the five laterite-associated soil series. The mean clay 

content was 37.55 ± 15.46%, with a high coefficient of variation (CV = 41.17%), and ranged 

from 11.50% to 65.20%. Sand and silt also exhibited high variability, with CV values of 

47.44 and 53.10%, respectively. The mean silt/clay ratio was 0.54 ± 0.27, with a relatively 

high variability (CV = 49.15%). The observed variation in particle-size distribution reflects 



25 
 

differences in parent material, weathering intensity and pedogenic processes among the soil 

series. Sand and clay showed relatively low skewness, whereas silt/clay exhibited moderate 

positive skewness. Several chemical properties, particularly pH, exchangeable Al, Mg, Na 

and K, showed departures from normality based on the skewness/standard-error criterion 

(Hair et al., 2010; Hatem Georges et al., 2022). The distribution of organic carbon, 

exchangeable K, apparent CEC and ECEC was platykurtic, whereas several other properties 

exhibited leptokurtic distributions (Groeneveld and Meeden, 1984). 

The depth distribution of clay and silt was an important feature of the studied pedons, with 

enrichment of clay in several subsurface Bt horizons relative to the surface horizons. In P1, 

the Ap horizon contained only 11.6% clay, whereas the argillic horizons showed a marked 

increase in clay content. This increase, together with the textural differentiation between 

surface and subsurface horizons, provides evidence for clay accumulation within the 

subsurface horizons and is consistent with the development of an argillic horizon. Similar 

clay enrichment in subsurface horizons has been reported for tropical soils by Patil and Dasog 

(1999) and Dubey et al. (2017). 

Table 7.Descriptive statistics of textural and chemical properties of soils 

Statistical 
parameters 

Sand silt clay 
silt/clay pH 

OC Exchangeable bases (cmol/kg) CEC ECEC Apparent 
CEC 

Apparent 
ECEC 

Base 
saturation 

(%) ----------------%-------------- g/kg Ca Mg Na K Al cmol/kg 
Mean 44.02 18.30 37.55 0.54 4.81 15.98 1.28 0.52 0.22 0.16 0.86 8.05 3.04 23.65 8.76 24.08 
Standard 
Error 4.26 1.98 3.16 0.05 0.11 2.10 0.31 0.14 0.05 0.03 0.18 1.02 0.44 3.39 1.43 4.11 
Standard 
Deviation 20.88 9.72 15.46 0.27 0.53 10.31 1.50 0.67 0.22 0.15 0.90 4.97 2.16 16.59 7.00 20.12 
Kurtosis -0.65 0.08 -0.86 -0.06 -1.24 4.34 -0.48 0.41 -0.84 17.66 0.37 1.12 -0.23 7.76 2.87 1.27 
Skewness -0.34 1.00 0.26 0.58 -0.34 1.73 1.08 1.37 0.90 3.96 1.19 1.53 0.92 2.63 1.77 1.36 
Minimum 7.00 6.70 11.50 0.11 3.80 2.50 0.15 0.04 0.02 0.06 0.00 3.50 0.60 11.18 2.10 5.10 
Maximum 78.20 42.00 65.20 1.13 5.50 50.40 4.56 2.13 0.66 0.80 2.92 19.65 7.65 84.60 27.73 79.20 
cv(%) 47.44 53.10 41.17 49.15 10.99 64.54 117.13 129.89 102.10 91.34 104.36 61.80 71.15 70.14 79.95 83.56 

skewness/SE -0.08 0.50 0.08 10.67 -3.14 0.82 3.54 9.94 19.74 133.15 6.50 1.50 2.09 0.78 1.24 0.33 

Kutosis/SE -0.15 0.04 -0.27 -1.12 -11.51 2.06 -1.55 3.01 -18.41 593.67 2.04 1.11 -0.53 2.29 2.00 0.31 

 

In contrast, P3 contained 31.6% clay in the Ap horizon and showed only a small relative 

increase in clay content in the subsurface horizons (approximately 1.03–1.05 times the 

surface value). The subsurface horizons nevertheless exhibited low base saturation and low 

apparent CEC and ECEC, characteristics associated with strongly weathered, low-activity 

clay horizons. The combination of these properties should therefore be interpreted together 

with the complete morphological and chemical criteria used for soil classification rather than 

from clay enrichment alone. 

The P4 and P5 series contained more than 30% clay in their subsurface horizons and showed 

approximately 1.2-fold enrichment relative to the surface horizons. Their low base saturation 

and low apparent CEC and ECEC indicate strongly weathered soil conditions and support the 
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recognition of low-activity clay characteristics. The appreciable exchangeable Al observed in 

these soils is also consistent with their strongly acidic and advanced weathering under the 

high-rainfall environment of Kerala. In comparison, P1 had relatively low exchangeable Al 

and a somewhat higher soil pH, suggesting differences in the intensity of weathering and 

base-status conditions among the profiles (Thomas, 1961). 

The CEC values were generally higher than ECEC, reflecting the contribution of pH-

dependent negative charges to the soil exchange complex. The difference between CEC and 

ECEC was particularly evident in the strongly weathered subsurface horizons of P4 and P5. 

Their apparent CEC values below 16 cmolc kg⁻¹ clay and ECEC values below 12 cmolc kg⁻¹ 

clay indicate low charge characteristics of the clay fraction. Such properties are commonly 

associated with highly weathered tropical soils dominated by low-activity clay minerals and 

Fe/Al oxides. 

The silt/clay ratio provided additional evidence of the degree of weathering and textural 

differentiation. In P4, the ratio varied approximately from 0.38 to 0.56, whereas in the Bt 

horizons of P5 it ranged from 0.11 to 0.31 and generally declined with depth. The low 

silt/clay ratios in the subsurface horizons, particularly in P5, are indicative of advanced 

weathering and substantial relative clay accumulation. However, a low silt/clay ratio should 

be interpreted as supporting evidence rather than as an independent criterion for identifying a 

particular diagnostic horizon or soil order. 

The sand/clay ratio has also been used as an indicator of laterization, with Buringh (1970) 

suggesting a value below 0.25 as a critical level. P5 satisfies this criterion in the relevant 

subsurface horizons. However, the usefulness of this ratio as a universal indicator of 

laterization is limited in highly weathered tropical soils. The relatively high silt contents 

observed in some of the studied soils may be related to the formation and persistence of 

stable microaggregates associated with Fe oxides, which can influence the measured particle-

size distribution (Schmidt-Lorenz, 1979). Similar limitations of the sand/clay ratio for 

characterizing tropical soils have been reported by Ngongo and Langohr (1992), who 

suggested that a value of ≤0.5 may provide a more useful criterion under certain tropical soil 

conditions. 

4.4. Correlations between textural and chemical properties 
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The correlation matrix (Table 8) revealed several significant relationships among the textural 

and chemical properties of the studied soils. A strong negative correlation was observed 

between sand and clay content (r = −0.90, p < 0.05), reflecting the contrasting contribution of 

these two particle-size fractions to the soil matrix. Sand also showed significant negative 

correlations with CEC (r = −0.71, p < 0.05) and ECEC (r = −0.78, p < 0.05), whereas clay 

showed positive correlations with CEC (r = 0.57, p < 0.01) and ECEC (r = 0.71, p < 0.01).  

The silt/clay ratio was positively correlated with silt (r = 0.55, p < 0.05) and negatively 

correlated with clay (r = −0.50). These relationships are consistent with the mathematical 

dependence of the ratio on its component fractions and should therefore be interpreted 

primarily as textural relationships rather than as independent evidence of pedogenic 

processes. The pH of the soils was positively correlated with silt (r = 0.80, p < 0.01) and 

negatively correlated with exchangeable Al (r = −0.66, p < 0.05). The inverse relationship 

between pH and exchangeable Al is particularly relevant to the strongly acidic nature of these 

soils, because increasing soil acidity is generally associated with greater solubility and 

exchangeable forms of Al. 

Exchangeable bases exhibited several significant positive relationships with one another and 

with the soil exchange complex. Exchangeable Ca showed positive correlations with Mg (r = 

0.80, p < 0.01), Na (r = 0.65, p < 0.01), CEC (r = 0.82, p < 0.01) and base saturation (r = 

0.84, p < 0.01). Exchangeable Mg was strongly correlated with Na (r = 0.96, p < 0.01), CEC 

(r = 0.86, p < 0.01) and ECEC (r = 0.92, p < 0.01). Similarly, exchangeable Na showed 

strong positive relationships with CEC (r = 0.95, p < 0.01) and ECEC (r = 0.95, p < 0.01). 

These relationships indicate that variation in exchangeable base status was closely associated 

with the overall cation-exchange characteristics of the soils. 

Exchangeable K also showed significant positive relationships with CEC (r = 0.82, p < 0.01) 

and ECEC (r = 0.54, p < 0.05), although its relationship with the other exchangeable bases 

was comparatively weaker. The strong positive relationships between exchangeable bases 

and CEC/ECEC suggest that differences in the quantity and retention of exchangeable cations 

contributed substantially to variation in the effective and total exchange capacity of these 

soils. 

The strong negative relationship between exchangeable Al and pH (r = −0.66, p < 0.05) and 

the significant negative relationships of exchangeable Al with several exchangeable bases 
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and exchange-capacity parameters showed the importance of soil acidity in controlling the 

chemical environment of these highly weathered soils. The soils under rubber plantations 

generally showed low CEC values, particularly in profiles other than P2, whereas P2 

exhibited comparatively higher CEC. The relatively low CEC in the studied soils have 

limited nutrient-retention capacity in several of the profiles, despite the presence of 

substantial clay in some horizons. The observed chemical characteristics are broadly 

consistent with the low nutrient-retention capacity reported for highly weathered tropical 

soils (McKenzie et al., 2004; Hazelton and Murphy, 2007). 

The role of exchangeable Al in highly weathered soils is particularly important because Al 

can interact with organic matter and mineral surfaces, whereas Fe is commonly associated 

with relatively insoluble oxide phases. Organic ligands can form complexes with metal ions, 

and the strength and nature of these interactions vary among cations and soil constituents 

(Sposito, 2008; Rowley et al., 2018). Such interactions may contribute to the observed 

variation in exchangeable Al and base cations among the studied profiles. 

Table 8. Correlation matrix of textural and chemical properties 

Correlations sand silt clay silt/clay pH OC g/kg EXCa ExMg ExNa ExK ExAl CEC ECEC 
apparent 

CEC 
apparent 
ECEC 

Base 
saturatio

n 
sand 1                
silt -0.72 1.00               
clay -0.90** 0.35 1.00              

silt/clay 0.12 0.55** -0.50 1.00             
pH -0.17 0.67** -0.19 0.80** 1.00            
OC -0.13 0.20 0.06 0.02 0.13 1.00           

ExCa -0.63** 0.80** 0.36 0.49* 0.65** 0.34 1.00          
ExMg -0.70** 0.78** 0.46* 0.37 0.62** 0.31 0.96** 1.00         
ExNa -0.47* 0.65** 0.24 0.48* 0.67** 0.28 0.95** 0.95** 1.00        
ExK -0.42* 0.42* 0.31 0.05 0.26 0.82** 0.54** 0.51* 0.42* 1.00       
ExAl -0.15 -0.40 0.46* -0.66** -0.65** -0.03 -0.44* -0.41* -0.55** -0.03 1.00      
CEC -0.71** 0.57** 0.61** 0.07 0.37 0.52** 0.82 0.86** 0.78** 0.65** -0.06 1.00     

ECEC -0.78** 0.71** 0.62** 0.22 0.44* 0.37 0.92** 0.92 0.83** 0.59** -0.06 0.91** 1.00    
apparent CEC 0.23 0.06 -0.34 0.56** 0.49* 0.23 0.45* 0.38 0.57** 0.17 -0.33 0.40 0.35 1.00   

apparent ECEC 0.08 0.24 -0.25 0.68** 0.55** 0.17 0.60** 0.50* 0.66** 0.17 -0.31 0.40 0.51* 0.90** 1.00  
Base saturation -0.37 0.75** 0.04 0.72** 0.68** 0.00 0.84** 0.75** 0.80** 0.15 -0.60** 0.39 0.64** 0.35 0.62** 1.00 

* Significant at p < 0.05; ** Significant at p < 0.01; two-tailed test; df = 22. Critical r values are 0.404 at the 5% level and 0.515 at the 1% level. 
 

4.5. Pedotransfer functions 

a) Prediction of CEC from the CIE a value 

Simple linear regression analysis showed that the CIE a value was a significant predictor of 

CEC. The fitted regression equation was: 

CEC = 15.74 − 0.51a 
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The model explained 21% of the variability in CEC (R² = 0.21; adjusted R² = 0.17). The 

overall regression was statistically significant, F(1, 22) = 5.72, p = 0.026, indicating a 

significant linear relationship between the CIE a value and CEC. Thus, the CIE a value alone 

provided a modest predictive estimate of CEC in the studied soils. The relationship between 

observed and predicted CEC values is presented in Fig. 2, while the corresponding ANOVA 

and regression coefficient statistics are given in Supplementary Tables 1 and 2. 

Fig. 2. Relationship between observed and predicted CEC of the studied soils. 

b) Prediction of base saturation from the CIE L value 

The simple linear regression between the CIE L value and base saturation was expressed as: 

Base saturation = −12.01 + 0.95L 

The regression model explained only 13% of the variation in base saturation (R² = 0.13; 

adjusted R² = 0.09). The overall regression was not statistically significant, F(1, 22) = 3.38, p 

= 0.079. Therefore, the CIE L value alone did not provide a statistically reliable prediction of 

base saturation in the present dataset. 

c)  Prediction of organic carbon from CIE Lab colour parameters 

Multiple linear regressions were used to evaluate the combined predictive ability of CIE Lab 

colour parameters for soil organic carbon (OC). The resulting equation was: 

OC = −25.94 − 0.39L + 3.29a − 3.14b + 50.48a₁* 
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The model showed a strong and statistically significant relationship between the colour 

parameters and OC, explaining 82% of the observed variation in OC (R² = 0.82; adjusted R² = 

0.78). The overall regression was highly significant, F(4, 19) = 21.18, p < 0.001. All four 

predictors contributed significantly to the model: L (t = −2.544, p = 0.020), a (t = 2.614, p = 

0.017), b (t = −3.529, p = 0.002), and a₁* (t = 3.946, p < 0.001). Thus, the combined CIE Lab 

colour parameters provided a substantially better prediction of OC than the individual colour 

variables considered separately (Supplementary Table 3, 4, 5 and Supplementary Fig. 1). 

The use of soil colour parameters as a rapid and cost-effective approach for estimating soil 

organic matter or organic carbon has also been reported in previous studies (e.g., Chen et al., 

2018). The redness rating (a₁*) provides an additional measure of relative soil redness. 

According to Vodyanitskii and Savichev (2017), soils may be categorized as having high 

redness when a₁* > 0.45, moderate redness at 0.25–0.45, and low redness when a₁* < 0.25. 

d) Prediction of CEC from texture and organic carbon 

Multiple linear regressions were also performed to estimate CEC using clay, silt and OC as 

predictor variables. The resulting pedotransfer function was: 

CEC (cmol kg⁻¹) = −3.9 + 0.2 clay (%) + 0.2 silt (%) + 0.2 OC (g kg⁻¹) 

The model explained 69% of the variation in CEC (R² = 0.69) and was highly significant 

overall (F = 15.10, p < 0.001). All three predictors made significant contributions to the 

model. Clay (t = 3.569, p = 0.002) and OC (t = 3.363, p = 0.003) were significant at the 1% 

level, whereas silt (t = 2.391, p = 0.027) was significant at the 5% level. The variance 

inflation factor (VIF) values were less than 2, indicating no serious multicollinearity among 

the predictor variables. The relationship between observed and predicted CEC values is 

presented in the corresponding figure, and the ANOVA and regression coefficient statistics 

are provided in Supplementary Tables 6 and 7. 

e) Prediction of ECEC from soil texture 

A multiple linear regression model was developed to estimate ECEC from clay and silt 

contents: 

ECEC (cmol kg⁻¹) = −1.477434 + 0.0599251 clay (%) + 0.123675 silt (%) 
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The model was statistically significant, F(2, 21) = 20.48, p < 0.001, and explained 66% of the 

variation in ECEC (R² = 0.66; adjusted R² = 0.63). The coefficient of multiple correlation (R) 

was 0.81, indicating a strong association between the observed and model-estimated ECEC 

values. Both predictor variables contributed significantly to the model: clay (t = 3.161, p = 

0.005) and silt (t = 4.10, p < 0.001). 

The intercept was not statistically significant (t = −1.89, p = 0.07); however, it was retained 

in the model because the regression equation should not be forced through the origin solely 

on the basis of a non-significant intercept. The model therefore indicates that the combined 

contribution of clay and silt content can explain a substantial proportion of the variability in 

ECEC of the studied soils. 

4.6. Elemental geochemistry 

The statistical summary of the major and trace elemental composition of the studied soils is 

presented in Table 9. SiO₂ was the dominant major oxide, with a mean concentration of 45.19 

± 7.43% and a coefficient of variation (CV) of 16.45%, ranging from 33.00 to 57.20%. Al₂O₃ 

had a mean concentration of 23.21 ± 6.21% (CV = 26.76%), whereas Fe₂O₃ averaged 10.07 ± 

4.14% (CV = 41.17%). TiO₂ showed a relatively narrow range of 0.70–2.20%, with a mean 

of 1.33 ± 0.40% and moderate variability (CV = 29.76%). Among the alkaline and alkaline-

earth oxides, CaO and Na₂O exhibited high to very high variability, with CV values of 60.85 

and 113.18%, respectively. MgO (CV = 38.67%) and K₂O (CV = 42.98%) showed moderate 

variability. The relatively high variability of CaO and Na₂O indicates considerable 

heterogeneity in the abundance and distribution of these elements among the soil profiles. 

The trace elements exhibited generally high to very high variability. Based on their mean 

concentrations, the principal trace elements occurred in the following descending order: Mn 

(575.00 µg g⁻¹) > Ni (231.08 µg g⁻¹) > Zn (177.67 µg g⁻¹) > Zr (167.08 µg g⁻¹) > Cr (133.17 

µg g⁻¹) > Cu (89.83 µg g⁻¹) > Ba (42.65 µg g⁻¹) > Sr (35.24 µg g⁻¹) > Cd (12.00 µg g⁻¹). Mn 

showed the highest mean concentration, whereas Cd had the lowest. The high coefficients of 

variation observed for several trace elements, particularly Cd, Zr, Ni, Mn and Cu, showed 

substantial variability in their distribution within the studied soils. The mean LOI was 16.62 ± 

2.85%, with a relatively low CV of 17.17%, indicating comparatively limited variability in 

the loss-on-ignition component. 
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Table 9. Descriptive statistics for elemental geochemistry 
Statistical 
parameters   SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O Cu Zn Mn Ni Cr Cd Zr Ba Sr LOI 
Mean 45.19 23.21 10.07 1.33 0.77 0.65 0.80 0.87 89.83 177.67 575.00 231.08 133.17 12.00 167.08 42.65 35.24 16.62 
Standard Error 1.52 1.27 0.85 0.08 0.10 0.05 0.19 0.08 18.18 11.27 94.28 47.23 13.32 3.60 34.64 3.32 3.89 0.58 
First Quartile 38.88 17.70 7.25 1.08 0.45 0.45 0.17 0.60 30.50 141.50 273.25 58.25 81.75 3.75 20.00 32.20 19.92 14.88 
Third Quartile 51.10 29.40 13.38 1.65 0.89 0.76 0.80 1.06 131.50 200.25 762.00 318.00 195.00 9.75 289.25 47.60 54.25 18.62 
Standard 
Deviation 7.43 6.21 4.14 0.40 0.47 0.25 0.91 0.37 89.06 55.23 461.88 231.40 65.27 17.62 169.69 16.25 19.06 2.85 
Kurtosis -1.05 -1.41 -0.78 -0.53 1.88 -0.59 1.08 0.03 1.63 1.47 0.44 3.93 -0.68 6.65 -1.06 3.15 -1.45 0.31 
Skewness 0.12 -0.09 -0.37 0.12 1.52 0.62 1.52 1.05 1.56 1.31 1.30 1.84 0.67 2.66 0.65 1.44 0.37 0.11 

Range 24.20 19.80 14.70 1.50 1.80 0.86 2.96 1.20 307.00 218.00 
1,454.0

0 957.00 233.00 67.00 500.00 74.26 52.80 12.70 
Minimum 33.00 12.00 1.20 0.70 0.33 0.29 0.13 0.50 9.00 109.00 117.00 33.00 48.00 0.00 13.00 19.74 11.20 10.70 

Maximum 57.20 31.80 15.90 2.20 2.13 1.15 3.09 1.70 316.00 327.00 
1,571.0

0 990.00 281.00 67.00 513.00 94.00 64.00 23.40 
cv(%) 16.45 26.76 41.17 29.76 60.85 38.67 113.18 42.98 99.14 31.09 80.33 100.14 49.01 146.83 101.56 38.09 54.09 17.17 

 

Table 10. Coefficient of individual predictors of Al2O3(%)  (adjusted R-squared = 0.672) 
 Coeff SE t-stat lower 

t0.025(20) 
upper 

t0.975(20) 
Stand 
Coeff p-value VIF 

b 23.05 5.21 4.42 12.18 33.93 0 0.00026  
L -0.38 0.11 -3.47 -0.61 -0.15 -0.48 0.0024 1.33 
b 1.08 0.17 6.32 0.72 1.44 0.84 0.0000036 1.23 
redness rating -1.69 0.39 -4.36 -2.49 -0.88 -0.55 0.00031 1.13 

 
 

a) Al2O3(%) = 23.05 - 0.38 L + 1.08 b - 1.69 redness rating 

Multiple regression analysis revealed a strong and statistically significant relationship 

between Al₂O₃ and the CIE Lab colour parameters, with the model explaining 71% of the 

variation in Al₂O₃ (R² = 0.71; adjusted R² = 0.67; F(3,20) = 16.72, p < 0.001). All three 

predictors were statistically significant. L showed a negative relationship with Al₂O₃ (t = 

−3.47, p = 0.0024), whereas b showed a positive relationship (t = 6.32, p < 0.001) (Table 10). 

Redness rating was negatively related to Al₂O₃ (t = −4.36, p < 0.001). The VIF values (1.13–

1.33) indicate that multicollinearity among the predictors was not a concern. 

b) Mn = 1804.27 − 32.22L 

Simple linear regression indicated a significant relationship between Mn concentration and 

the CIE L value. The model explained approximately 29% of the variation in Mn 

concentration (R² = 0.29), and the regression was statistically significant, F(1,22) ≈ 9.1, p = 

0.006. The negative regression coefficient indicates that Mn concentration decreased with 

increasing L value. 

The correlation analysis revealed several significant associations among the major and trace 

elements (Table 11). SiO₂ showed strong negative correlations with Al₂O₃ (r = −0.79, p < 

0.01) and Fe₂O₃ (r = −0.54, p < 0.01), while significant positive correlations were observed 

with CaO (r = 0.70, p < 0.01) and Na₂O (r = 0.79, p < 0.01). The strong negative association 
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between SiO₂ and Al₂O₃ suggests contrasting behaviour of silica-rich and Al-rich phases 

during weathering and pedogenesis. Al₂O₃ was negatively correlated with CaO, MgO and 

Na₂O, but positively correlated with Ni (r = 0.68, p < 0.01) and Zr (r = 0.81, p < 0.01), 

indicating an association of these elements with Al-rich secondary phases (Al Chalabi, 2004). 

Ni exhibited a significant negative correlation with SiO₂ (r = −0.59, p < 0.01) and significant 

positive correlation with Al₂O₃ (r = 0.68, p < 0.01), suggesting that its distribution was 

associated more closely with Al-rich phases than with silica-rich components. Ni also showed 

negative correlations with Na₂O (r = −0.53, p < 0.01) and Zr showed a strong positive 

correlation with Al₂O₃ (r = 0.81, p < 0.01), together with negative correlations with CaO, 

MgO, Na₂O and K₂O. These relationships indicate differential mobility and retention of the 

elements during soil weathering. 

Chromium (Cr) showed a strong positive correlation with TiO₂ (r = 0.72, p < 0.01) and 

moderate positive correlations with MgO and Mn, suggesting an association with Ti- and 

Mn-bearing phases. Sr exhibited significant positive correlations with MgO (r = 0.72, p < 

0.01), K₂O (r = 0.59, p < 0.01), Mn (r = 0.61, p < 0.01) and Cr (r = 0.76, p < 0.01), whereas it 

was negatively correlated with Al₂O₃ (r = −0.74, p < 0.01) and Zr (r = −0.74, p < 0.01). Ba 

showed significant positive correlations with CaO (r = 0.49, p < 0.05) and negative 

correlations with Al₂O₃ (r = −0.69, p < 0.01) and Ni (r = −0.53, p < 0.01). 

The strong negative relationship of LOI with SiO₂ (r = −0.74, p < 0.01), together with its 

positive relationship with Al₂O₃ (r = 0.43, p < 0.05), indicates that the LOI component was 

relatively enriched in the more weathered, Al-bearing soil fractions.  

Table 11. Correlation matrix for elemental composition 
 
 SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O Cu Zn Mn Ni Cr Cd Zr Ba Sr LOI 
SiO2 1.00                  
Al2O3 -0.79 1.00                 
Fe2O3 -0.54 0.07 1.00                
TiO2 -0.06 -0.08 0.30 1.00               
CaO 0.70 -0.66 -0.38 -0.53 1.00              
MgO 0.47 -0.68 -0.17 0.05 0.38 1.00             
Na2O 0.79 -0.67 -0.49 -0.51 0.89 0.51 1.00            
K2O 0.28 -0.42 -0.30 0.01 0.19 0.78 0.37 1.00           
Cu -0.12 -0.02 0.07 -0.10 0.07 -0.11 -0.02 0.02 1.00          
Zn 0.52 -0.53 -0.01 0.01 0.17 0.56 0.41 0.45 -0.19 1.00         
Mn -0.06 -0.32 0.18 0.34 -0.19 0.70 -0.13 0.65 -0.01 0.24 1.00        
Ni -0.59 0.68 0.10 -0.17 -0.46 -0.36 -0.53 -0.42 -0.07 -0.44 0.00 1.00       
Cr 0.15 -0.45 0.34 0.72 -0.16 0.43 -0.21 0.15 -0.09 0.19 0.57 -0.14 1.00      
Cd -0.27 0.24 0.27 -0.11 -0.08 -0.13 -0.15 -0.13 0.34 -0.15 -0.11 0.15 -0.05 1.00     
Zr -0.67 0.81 0.23 -0.08 -0.56 -0.66 -0.62 -0.55 0.04 -0.45 -0.30 0.62 -0.39 0.51 1.00    
Ba 0.50 -0.69 0.27 0.15 0.49 0.37 0.41 0.02 -0.18 0.28 0.08 -0.53 0.43 -0.06 -0.51 1.00   
Sr 0.49 -0.74 0.00 0.52 0.19 0.72 0.22 0.59 0.03 0.44 0.61 -0.62 0.76 -0.20 -0.74 0.48 1.00  
LOI -0.74 0.43 0.16 -0.04 -0.37 -0.04 -0.49 0.12 0.16 -0.52 0.39 0.45 -0.07 -0.01 0.29 -0.50 -0.19 1.00 
 
Note: Table value of r = 0.40*(p=0.05), 0.52**(p=0.01) two tailed, degree of freedom n-2=22 
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4.7. Harker Diagrams 

Harker variation diagrams were used to examine the relationships among major-element 

oxides and to assess systematic changes in soil geochemistry associated with weathering and 

pedogenesis. The Harker diagrams showed relative enrichment of Al and Fe during 

pedogenesis, consistent with the preferential retention and accumulation of less mobile 

elements during progressive weathering (Schaetzl and Anderson 2015). In contrast, the alkali 

and alkaline-earth elements, particularly Na, K, Ca and Mg (Σbases), are generally more 

mobile and may be progressively depleted through the weathering of primary minerals such 

as feldspars. The regression analyses further demonstrate several significant relationships 

among the major oxides (Fig. 3). 

The relationship between Al₂O₃ and SiO₂ is negative and highly significant (p < 0.001), 

indicating a progressive decrease in SiO₂ with increasing Al₂O₃. The relationship can be 

expressed as Al₂O₃ (%) = 52.92 − 0.66 SiO₂ (%), with R² = 0.62, F(1,22) = 35.74, p < 0.001 

and 95% CI [42.48, 63.36]. Thus, SiO₂ accounts for approximately 62% of the observed 

variation in Al₂O₃, suggesting a strong inverse association between silica and alumina in the 

studied soils. 

The relationship between Fe₂O₃ and SiO₂ is moderately negative and statistically significant, 

described by Fe₂O₃ (%) = 23.6 − 0.30 SiO₂ (%) (R² = 0.29, F(1,22) = 8.85, p = 0.007). This 

relationship indicates that Fe₂O₃ tends to increase as SiO₂ decreases, consistent with the 

relative enrichment of Fe under conditions of progressive weathering and the concomitant 

loss of more mobile silica-bearing components. 

A positive relationship was observed between Fe₂O₃ and TiO₂, expressed as Fe₂O₃ (%) = 5.9 

+ 3.1 TiO₂ (%); however, the relationship was not statistically significant (R² = 0.091, F(1,22) 

= 2.19, p = 0.153). The low coefficient of determination indicates that TiO₂ explains only a 

small proportion of the variability in Fe₂O₃, and therefore no strong linear association 

between these two oxides can be established for the studied soils. 

The relationship between Al₂O₃ and K₂O is negative and statistically significant at the 5% 

level, represented by Al₂O₃ (%) = 29.3 − 7.0 K₂O (%) (R² = 0.18, F(1,22) = 4.79, p = 0.040; 

N = 24). The inverse relationship suggests that increasing Al₂O₃ is associated with decreasing 
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K₂O, which may reflect the weathering of K-bearing primary minerals and the relative 

accumulation of Al-bearing secondary phases during pedogenesis. 

Similarly, TiO₂ shows a weak but statistically significant negative relationship with Σbases, 

expressed as TiO₂ (%) = 1.6 − 0.10 Σbases (%) (R² = 0.18, F(1,22) = 4.70, p = 0.041). This 

relationship indicates that TiO₂ tends to increase as the concentration of exchangeable or total 

base-forming elements decreases. Although statistically significant, the relatively low R² 

indicates that Σbases explains only about 18% of the variability in TiO₂; therefore, this 

relationship should be interpreted as an association rather than evidence of a direct causal 

relationship. 

Overall, the Harker relationships demonstrate systematic geochemical variation among SiO₂, 

Al₂O₃, Fe₂O₃, TiO₂, K₂O and Σbases. The significant inverse relationships involving SiO₂ and 

the base-forming elements, together with the relative enrichment of Al and Fe, indicate the 

influence of mineral weathering, element mobility and secondary mineral formation on the 

geochemical evolution of the studied soils. 
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Fig.3. Elemental plots based on geochemistry: (A) Al2O3 vs. SiO2 [wt %]; (B).Fe2O3 vs TiO2 [wt %] (C)  SiO2 vs 
Fe2O3  [wt %]; (D) Al2O3 vs K2O [wt %] and TiO2 vs Σbases 

4.8. Weathering Indices 

Sixteen chemical weathering indices were used to assess the degree and intensity of 

weathering in the five lateritic soil profiles of Kerala (Table 12). These indices provide an 

integrated indication of the relative mobilization and retention of major elements during 

pedogenesis. In general, a progressive decrease in the ratios of relatively mobile elements, 

such as SiO₂, CaO, MgO and Na₂O, to relatively immobile elements, including Al₂O₃, Fe₂O₃ 

and TiO₂, reflects increasing leaching and chemical weathering intensity (Souri et al., 2006). 

The results indicate substantial weathering and differential element mobility among the 

studied profiles. 

In the Kanjirapalli series (P4), the molar Si/Al ratio (Ruxton, 1968) is <2 in the kandic 

horizons, indicating advanced desilication and relative enrichment of Al. Such low Si/Al 

values are consistent with the dominance of highly weathered clay minerals, particularly 
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kaolinite, and possibly Al-rich secondary phases. In contrast, Si/Al ratios >3 in P1, P2 and P3 

indicate relatively greater silica retention and suggest the persistence of quartz and other Si-

bearing primary minerals, including muscovite. The values between 2 and 3 observed in P5 

indicate an intermediate degree of weathering. 

The SiO₂/R₂O₃ ratio (Gidigasu, 1976) further supports the differentiation of the studied soils 

according to their degree of weathering. Values ranging from 1.33 to 2.0 in the kandic 

horizons of P4 and P5 fall within the range generally associated with lateritic soils 

(Raychaudhuri, 1980), whereas values >2 in the other profiles indicate relatively lower 

degrees of desilication and are characteristic of non-lateritic tropical soils. Thus, the 

combined Si/Al and SiO₂/R₂O₃ ratios indicate that P4 and P5 have undergone stronger 

desilication and chemical weathering than P1–P3. 

The occurrence of rubification and argilluviation/argillation in the subsurface horizons of the 

studied profiles revealed additional evidence of prolonged pedogenic alteration and intensive 

weathering. Under strongly weathered conditions, poorly crystalline Fe phases such as 

ferrihydrite may form through precipitation from supersaturated soil solutions (Chadwick et 

al., 2003). These processes contribute to the development of low SiO₂/R₂O₃ ratios and low 

base status in highly weathered profiles. 

The weathering intensity was further supported by base saturation, with highly weathered 

soils generally characterized by low base saturation due to prolonged leaching of Ca, Mg, K 

and Na. Following the classification of Kalpage (1974) and Ranger (2002), soils with base 

saturation <35% represent strongly leached conditions. Collectively, the weathering indices, 

major-element relationships, low silica-to-sesquioxide ratios and low base saturation indicate 

that the studied Kerala lateritic soils have experienced prolonged chemical weathering, 

intense desilication and substantial depletion of mobile bases, with P4 and P5 showing 

comparatively stronger weathering characteristics. 

The weighted mean Vogt residual index ranges from 1.61 in P1 to 1.30 in P3, indicating only 

moderate variation among the profiles, with additional changes occurring with depth. In most 

kandic horizons, the index remains below 1.4, except in P1, suggesting a relatively advanced 

degree of weathering. The observed values are broadly comparable with those reported for 

humid tropical soils of Cameroon (Che et al., 2012). The chemical index of alteration (CIA), 

chemical index of weathering (CIW) and plagioclase index of alteration (PIA) exceed 90 in 
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P4 and P5, indicating intense alteration of primary silicate minerals and pronounced removal 

of mobile base cations. These values are consistent with those reported for highly weathered 

lateritic profiles of Kerala (Sajinkumar et al., 2011). 

The Parker index (WPI) also shows a marked decrease with increasing weathering intensity. 

Values <15 in P4 and P5 indicate substantially greater chemical weathering than in P1 and 

P2, where values exceed 40. Similar decreases in the Parker index with increasing weathering 

intensity and depth have been reported for strongly weathered soils (Eswaran and Raghu 

Mohan, 1973). The very high CIA values (>90) in P4 and P5, together with the strongly 

acidic reaction of these soils (pH <4.5), indicate extensive leaching of Ca, Na and K. Such 

depletion of base-forming elements promotes the relative accumulation of Al- and Fe-bearing 

phases during prolonged pedogenesis. The comparatively greater retention of K relative to Na 

may be associated with the slower release of K from K-bearing minerals and its partial 

fixation within clay minerals, whereas Na is generally more readily leached under humid 

conditions (Yang et al., 2004; Reeder et al., 2006). 

The base/Al and base/R₂O₃ molar ratios provide further evidence of intense desilication and 

base depletion. In most profiles, the base/Al ratio and base/R₂O₃ ratio remain below 0.50 

throughout the soil depth, although their depth distributions are somewhat irregular. P3 is an 

exception, with base/Al and base/R₂O₃ ratios reaching >0.65 and approximately 0.51, 

respectively, indicating comparatively greater retention of base cations. The low ratios in the 

other profiles reflect extensive depletion of Ca, Mg, Na and K relative to the relatively 

immobile Al and Fe components during prolonged weathering. 

The molar Al/Ti ratio does not exhibit a consistent relationship with depth, with weighted 

mean values of 31.50 and 27.83 for P4 and P5, respectively. Nevertheless, an increasing 

depth trend is evident in P1, P4 and P5, with values ranging from a minimum of 9.69 in the 

Ap horizon of P1 to a maximum of 34.74 in the Bt5 horizon of P5. This increase may reflect 

progressive enrichment or preferential retention of Al relative to Ti in the more strongly 

weathered subsurface horizons. However, because both elements can be influenced by parent 

material and mineralogical composition, the Al/Ti ratio should be interpreted together with 

the other weathering indices rather than as an independent measure of weathering intensity. 

The WPI, Parker index (PI), Si/Al ratio, Vogt residual index (Wp) and modified weathering–

product index (MWPI) showed decreasing depth trends in the more strongly weathered 
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profiles. The declining values showed progressive depletion of silica and mobile elements 

and increasing relative enrichment of less mobile components with advancing weathering, 

consistent with observations reported by Jayawardena and Izawa (1994b) and Gupta and 

Seshagiri-Rao (2001). The particularly pronounced decrease in these indices within the Bt 

horizons of the highly weathered granite-to-granite-saprolite profiles is consistent with field 

observations showing a distinct transition between weathered bedrock and underlying 

saprolite.  

Overall, the combined evidence from the CIA, CIW, PIA, Parker index, Vogt residual index, 

base/Al and base/R₂O₃ ratios, Si/Al ratio and related weathering indices indicates pronounced 

chemical weathering, extensive leaching of mobile bases and silica, and relative enrichment 

of Al- and Fe-bearing components in the more strongly weathered profiles, particularly P4 

and P5. The consistency among the independent indices and the observed field characteristics 

strengthens the interpretation of advanced weathering and lateritic pedogenesis in these 

Kerala soil profiles. 

4.9. Pedogenic Characteristics and Thresholds of Ferruginous Soils 

The principal pedogenic characteristics considered for identifying threshold conditions in the 

ferruginous soils of the study area were (i) the total Al/total Fe ratio, (ii) soil pH, (iii) base 

saturation, and (iv) chemical weathering indices, including CIA, CIW, PIA and the Vogt 

Residual (VR) index. The total Al/Fe ratio generally exceeds unity in several genetic horizons 

and is associated with pronounced depletion of exchangeable bases, particularly in the argillic 

B horizons where base saturation commonly falls below 20%. The depletion of base cations 

reflects prolonged leaching under acidic conditions and their replacement on the exchange 

complex by acidic cations, particularly H⁺ and Al³⁺ and hydroxy-Al species. 

The soils varied from very strongly acidic (pH <4.0) to strongly acidic (pH 4.0–5.0) and 

moderately acidic conditions (pH <5.5). Increasing acidity was accompanied by greater 

exchangeable acidity and a predominance of monomeric inorganic Al. In several horizons, 

exchangeable acidity constitutes more than 60% of the effective CEC, indicating a high 

degree of Al saturation (Thomas and Hargrove, 1984; Bhaskar et al., 2009). Within this 

relatively narrow pH range, the soil exchange complex shifts towards increasing dominance 

by Al, hydroxy-Al species and H⁺, representing an important pedogenic threshold in strongly 

weathered tropical soils (Sparks, 1995). 
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It is important to distinguish between the degree of cumulative weathering and the current 

rate of weathering. Although the high CIA, CIW and PIA values indicate a strongly 

weathered state, present-day weathering rates may be comparatively slow because prolonged 

weathering has already depleted much of the readily weatherable primary mineral fraction 

(Stewart et al., 2001). Therefore, the high weathering-index values primarily represent the 

integrated effect of long-term pedogenesis rather than necessarily indicating rapid 

contemporary mineral weathering. 

The topsoil characteristics of several profiles are also noteworthy. The surface horizons 

contain incompletely mineralized organic matter, presumably favoured by intensive rubber 

cultivation and regular incorporation of leaf litter, and generally have organic carbon contents 

>0.6%, dark brown to blackish-brown colours in the 5YR hue range, base saturation <10% 

and pH <5.0. These characteristics are consistent with the concept of modic surface horizons 

described in the FAO classification framework (FAO, 1998). The occurrence of modic 

topsoils in ferruginous soils of the Shillong Plateau has also been reported, with Bhaskar et 

al. (2009) suggesting their potential recognition at the subgroup level in Sombrihumults. 

The identification of argillic horizons in these highly weathered soils can, however, be 

complicated by the difficulty of recognizing diagnostic clay skins. This limitation has been 

highlighted in reviews of the red and ferruginous soils of India, including the Kerala and 

northern Indian regions (Pal et al., 2014). The weak or poorly expressed clay skins in some 

profiles may consequently result in the placement of certain soils within Dystrudepts rather 

than more strongly developed Ultisol-related taxa, despite evidence of advanced weathering. 

The total Al/Fe ratio varies considerably among the studied profiles, ranging from 10.97 in 

P1 to 0.94 in P2, with values commonly falling between 2 and 3 in several genetic horizons. 

The variation reflects differences in the relative accumulation and redistribution of Al and Fe 

during pedogenesis. However, the Al/Fe ratio should be interpreted together with redox 

morphology, drainage status, Fe mineralogy and other weathering indicators because the ratio 

alone does not provide unequivocal evidence of anaerobiosis or Fe reduction. Where 

associated with prolonged saturation and other redox features, a decline in Fe relative to Al 

may indicate enhanced Fe mobilization under reducing conditions (Thompson et al., 2006). 

The high CIA and CIW values further indicate extensive alteration of primary silicate 

minerals and substantial depletion of mobile base-forming elements. In combination with the 
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stable geomorphic setting and the strongly weathered mineralogical characteristics, these 

indices support an interpretation of predominantly autochthonous soil development on a 

relatively stable terrain within the southern monsoonal zone (SMZ) of Kerala. The 

particularly high PIA values in P4 and P5 indicate extensive alteration of plagioclase 

feldspars, accompanied by depletion of primary plagioclase and relative enrichment of 

secondary Al-bearing clay minerals. These observations are consistent with the progressive 

transformation of primary silicate minerals into secondary aluminous phases during 

prolonged chemical weathering (Ray et al., 2008). 

Overall, the combination of very low base saturation, strongly acidic pH, high Al saturation, 

elevated CIA/CIW/PIA values, variable Al/Fe ratios and the development of argillic and 

kandic horizons provides evidence for advanced pedogenesis and intense chemical 

weathering in the studied ferruginous soils. The observed thresholds represent the cumulative 

effects of prolonged leaching, desilication, base depletion, secondary clay formation and 

relative enrichment of Al and Fe under humid tropical conditions. 

4.10. Weathering Ratios and Weathering Indices 

According to Chittleborough (1991), the weighted mean weathering ratio (WR) is <2 in all 

profiles except P3, which records a markedly higher weighted mean of 9.04. In general, WR 

shows a decreasing trend with depth, indicating progressive alteration and redistribution of 

weathering products within the soil profile. In P5, the ratio remains consistently low, with 

values <1.15 throughout the profile, suggesting a highly weathered condition with strong 

depletion of mobile constituents relative to the less mobile components. The significance of 

this ratio lies in its sensitivity to the relative behaviour and redistribution of Al during 

weathering, which complements indices based primarily on the mobility of alkali and 

alkaline-earth elements (Price and Velbel, 2003). 

The WR1 and WR2 indices, derived from the Chemical Index of Alteration (CIA) concept of 

Nesbitt and Young (1982), distinguish clear differences in the degree of weathering among 

the profiles. Based on the weighted mean CIA values, P3 (65.84%) is classified as slightly 

weathered, P1 (82.59%) and P2 (80.64%) as highly weathered, and P4 (92.84%) and P5 

(92.68%) as extremely weathered. The very high CIA values in P4 and P5 indicate extensive 

alteration of primary silicate minerals and pronounced depletion of mobile base cations. The 
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contrasting value in P3 suggests substantially lower overall weathering intensity relative to 

the other profiles. 

The Harnois Chemical Index of Weathering (CIW; Harnois, 1988), which excludes K₂O and 

therefore reduces the influence of K-bearing minerals such as K-feldspar (Fedo et al., 1995), 

exhibits depth patterns broadly comparable to those of CIA. The index varied from 64.75 in 

the AB horizon of P3 to 97.19 in the Bt5 horizon of P5, indicating a progression from 

comparatively weak to extremely intense chemical weathering. The similar depth behaviour 

of CIA and CIW across profiles developed from different parent materials suggests that 

prolonged pedogenesis and leaching have exerted a strong influence on the major-element 

composition of these soils. 

The K-free Weathering Indices WI-1 and WI-2 of Darmody et al. show comparatively 

irregular depth distributions. Their weighted mean values range from 6.83 to 24.06 for WI-1 

and from 1.61 to 4.37 for WI-2, with the reported extremes occurring among P4 and P3. 

These indices provide additional evidence for progressive redistribution of major elements 

during pedogenesis. The relative enrichment of Al and Fe is consistent with the preferential 

retention of these comparatively less mobile elements, whereas Ca and other mobile 

constituents are progressively depleted through the weathering of primary minerals, 

particularly plagioclase feldspars. Such geochemical behaviour is characteristic of 

progressive chemical weathering and has also been reported for soils of Karamaidan, Central 

Asia (Aquino et al., 2024). 

The coefficient of variation (CV) further highlights differences in the stability of the 

weathering indices within the profiles. Following the variability classes proposed by Harka 

(2021), VR and CIA show low variability (CV <20%), indicating relatively consistent 

behaviour with depth. The Richie Index (RI) shows moderate variability, whereas WR, 

Parker Index, WI-1, WI-2, mSi/mAl and mSiO₂/mR₂O₃ exhibit high variability. The 

remaining indices show very high variability (Fig. 4), reflecting stronger vertical 

differentiation in elemental mobility and redistribution. Such variability may result from 

differences in parent material, mineralogical composition, drainage conditions, intensity of 

leaching and the degree of pedogenic development among the profiles. 

Overall, the weathering indices consistently demonstrate a gradient of chemical weathering 

from P3 through P1/P2 to the highly weathered P4 and P5 profiles. The agreement among 
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CIA, CIW, WR, WI-1, WI-2 and the silica-to-aluminium and silica-to-sesquioxide ratios 

provides complementary evidence for progressive desilication, depletion of mobile bases and 

relative enrichment of Al- and Fe-bearing phases during prolonged tropical weathering. 

Table 12.Weathering indices of lateritic soils of Kerala 

 

Horizon 

mSi/mA
l 

mSi/ 
mR2O3 

(RPI) VR CIA% 

RI*100(
Rieche 
index) 

WIP 

*100(Pa
rkerInd

ex) 

WR(Chi
ttleboro

ugh) 

WI-1 

(Darmo
ody) 

WI-2 

(Darmo
ody) 

mFe/mA
l B/mAl B/R2O3 Harnois 

mSI/mT
I PIA 

mAl/mT
I 

P1-Madgaon series 

Ap 7.57 3.66 2.07 75.38 24.36 19.57 1.75 7.19 3.72 9.05 0.47 0.23 80.03 73.19 78.71 9.67 
BW1 6.44 3.62 1.78 79.27 25.29 19.28 2.08 8.4 3.68 10.3 0.37 0.21 83.94 76.42 82.94 11.87 
Bt1 3.87 2.48 1.56 83.34 30.1 21.18 1.8 7.06 2.53 8.59 0.25 0.16 89.13 73.2 88.31 18.92 
Bt2 3.17 2.53 1.26 88.56 30.28 15.94 1.52 12.68 2.58 19.1 0.2 0.16 92.5 71.23 92.15 22.45 
ѿ 4.94 2.99 1.61 82.59 27.93 18.75 1.78 9.22 3.05 12.45 0.30 0.18 87.31 73.41 86.51 16.64 

P2-Darbandora,,Goa,  Very fine, Kaolinitic, family of  Typic Kanhaplustalfs (Archean schists and ferruginous quartzite) 

A 3.88 2.24 1.73 75.94 28 30.56 2.97 5.47 2.31 6.3 0.49 0.29 85.72 72.95 83.67 18.81 
A2 3.59 2.77 1.3 81.7 27.57 32.81 2.21 12.27 2.8 17.9 0.34 0.26 91.59 72.75 90.44 20.31 
Bt1 3.9 2.65 1.47 80.05 28.23 33.41 2.02 8.4 2.68 10.78 0.36 0.26 91.3 73.34 89.88 18.82 
Bt2 3.59 2.75 1.31 81.83 28.58 34.2 2.08 11.82 2.78 16.95 0.44 0.34 92.51 72.81 91.39 20.7 
ѿ 3.73 2.67 1.40 80.64 28.28 33.42 2.15 10.08 2.70 13.89 0.40 0.30 91.35 73.01 90.04 19.81 

P3-Kinalur series, Kozhikode, Kerala: Fine loamy, isohyperthermic family of  Kaolinitic, Kanhaplic Haplustults (Granite Gneiss) 

Ap1 5.44 4.94 1.11 68.15 18.82 39.77 7.69 54.59 5.09 123.6 0.61 0.56 73.94 80.48 71.52 14.79 
Ap2 5.63 4.11 1.37 62.67 22.03 44.59 10.87 15.86 4.28 17.86 0.77 0.56 67.44 81.16 64.75 14.41 
Bt1 5.37 4.46 1.2 63.71 21.03 52.7 8.53 27.05 4.59 40.44 0.7 0.59 69.06 79.49 66.24 14.81 
Bt2 5.71 4.73 1.21 65.77 20.12 44.82 8.5 28.37 4.86 38.99 0.53 0.44 70.73 80.95 68.34 14.17 
Bt3 4.8 3.15 1.52 71.98 26.6 37.28 7.76 9.37 3.22 10.13 0.57 0.38 78.12 79.45 76.08 16.57 
ѿ 5.44 4.24 1.30 65.84 21.85 43.98 9.04 24.06 4.37 37.87 0.65 0.51 71.10 80.48 68.61 14.84 

P4-Kanjirapally series, Kottayam, Kerala:  Loamy skeletal, Kaolinitic, family of  Ustic Kandihumults (Charnokite) 
Ap 2.95 2.44 1.21 90.82 30.98 12.77 2.17 14.28 2.45 18.86 0.15 0.13 93.97 78.81 93.75 24.32 
Bt1 2.36 1.75 1.35 92.98 36.11 11.49 1.68 6.85 1.77 7.93 0.12 0.09 96.07 67.76 95.94 28.76 
Bt2 2.05 1.6 1.28 93.23 38.82 12.49 2.31 7.4 1.62 8.55 0.13 0.1 96.07 65.38 95.95 31.92 
Bt3 2.22 1.6 1.4 91.65 37.78 13.67 1.83 5.71 1.62 6.44 0.13 0.09 95.35 66.61 95.14 30.01 
Bt4 1.91 1.4 1.38 92.7 40.26 12.81 1.27 5.27 1.42 6.01 0.11 0.08 96.28 63.47 96.12 33.29 
Bt5 1.79 1.37 1.31 94.18 40.15 10.51 1.14 5.89 1.39 6.91 0.09 0.07 96.87 62.19 96.78 34.76 
ѿ 2.10 1.59 1.33 92.84 38.23 12.16 1.64 6.83 1.61 8.08 0.12 0.09 96.00 65.89 95.86 31.50 

P5.Athirampuza series, Ernakulam, Kerala:clayey skeletal, Kaolinitic, family of    Ustic Kandihumults (Laterite) 
Ap 3.23 2.46 1.31 90.36 31.7 15.81 0.93 10.39 2.48 14.99 0.15 0.11 95.49 71.01 95.21 21.99 
Bt1 2.54 2.04 1.24 93.51 35.59 12.6 1.03 10.55 2.06 14.34 0.11 0.09 97.08 68.53 96.95 26.98 
Bt2 2.19 1.66 1.32 92.24 39.4 14.12 1.3 6.91 1.68 8.34 0.12 0.09 95.96 65.97 95.79 30.15 
Bt3 2.26 1.78 1.27 93.12 38.15 13.91 1.13 8.4 1.79 10.61 0.11 0.08 96.88 66.6 96.75 29.51 
BC 2.23 1.83 1.21 93.55 37.83 13.96 1.13 10.52 1.85 14.18 0.1 0.08 97.31 66.37 97.19 29.89 
ѿ 2.47 1.94 1.27 92.68 36.64 13.92 1.10 9.33 1.96 12.42 0.12 0.09 96.60 67.65 96.44 27.83 

Mean 
±SD 

3.70± 

1.61 

2.67± 

1.07 

1.38± 

0.22 

83.20± 

10.65 

30.74± 

6.82 

23.76± 

12.95 

3.15± 

2.98 

12.53± 

10.76 

2.72± 

1.11 

18.63± 

24.09 

0.31± 

0.22 

0.23± 

0.17 

88.47± 

9.90 

72.09± 

5.86 

87.50± 

10.80 

22.41± 

7.38 

CV% 43.67 40.24 15.27 12.81 22.18 54.52 94.43 85.83 41.00 129.28 69.70 74.27 11.19 8.13 12.33 32.91 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                               Fig. 4.Violin plot for weathering indices under study 
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Table 13.Correlation matrix of weathering indexes 
 

Correlations 
mSi/m

Al 

mSi/ 
mR2O3 
(RPI) VR CIA 

RI*100 
(Rieche 
index) 

WIP 
*100(Parker

Index) 
WR 

(Chittleborough) 
WI-1 

(Darmoody) 
WI-2 

(Darmoody) 
Fe/A

l B/Al 
B/R2
O3 Harnois SI/TI PIA Al/TI 

mSi/mAl 1.00                
mSi/mR2O3 0.88 1.00               
VR 0.51 0.05 1.00              
CIA -0.85 -0.92 -0.18 1.00             
Riechie index -0.89 -0.96 -0.17 0.93 1.00            
Parker index 0.65 0.82 -0.07 -0.93 -0.85 1.00           
Chittleborough 0.59 0.79 -0.16 -0.88 -0.73 0.85 1.00          
Darmoody-1 0.42 0.75 -0.44 -0.59 -0.65 0.60 0.64 1.00         
Darmoody-2 0.88 1.00 0.05 -0.92 -0.96 0.83 0.80 0.76 1.00        
Fe/Al 0.36 0.66 -0.40 -0.49 -0.56 0.49 0.52 0.98 0.66 1.00       
B/Al 0.82 0.87 0.19 -0.98 -0.90 0.93 0.86 0.54 0.88 0.46 1.00      
B/R2O3 0.72 0.89 -0.06 -0.96 -0.89 0.96 0.91 0.71 0.90 0.62 0.96 1.00     
Harnois -0.84 -0.92 -0.14 0.97 0.89 -0.86 -0.92 -0.61 -0.93 -0.51 -0.94 -0.93 1.00    
Si/Ti 0.79 0.90 0.06 -0.87 -0.93 0.79 0.78 0.61 0.89 0.50 0.84 0.84 -0.85 1.00   
PIA -0.84 -0.92 -0.14 0.98 0.89 -0.87 -0.92 -0.62 -0.93 -0.51 -0.95 -0.93 1.00 -0.85 1.00  
Al/Ti -0.96 -0.88 -0.44 0.86 0.95 -0.72 -0.58 -0.43 -0.88 -0.36 -0.84 -0.75 0.81 -0.87 0.82 1.00 

4.11. Correlation among Weathering Indices 

Correlation analysis revealed strong and significant associations among most of the sixteen 

weathering indices used in the study (Table 13), indicating that many of these indices respond 

similarly to the progressive alteration and redistribution of major elements during 

pedogenesis. Most weathering indices showed close interrelationships and can therefore 

provide broadly comparable estimates of relative weathering intensity. The Vogt Residual 

(VR) index was an exception, showing only moderate positive correlations with mSi/mAl (r 

= 0.51), WI-1 (r = 0.44) and WI-2 (r = 0.40). This relatively weaker association suggests that 

VR may capture somewhat different aspects of elemental redistribution compared with 

indices primarily based on the depletion of mobile elements. 

The strong intercorrelations among the weathering indices are consistent with previous 

studies showing that several commonly used indices can be used as alternative or 

complementary proxies for assessing the degree of chemical weathering (Marković et al., 

2008; Buggle et al., 2011; Terhorst et al., 2014; Schaetzl and Anderson 2015). In the present 

study, the Chemical Index of Alteration (CIA), Parker index (PI) and Chemical Index of 

Weathering (CIW/Harnois) exhibited very strong correlations with one another (r > 0.90), 

indicating that these indices provide highly consistent estimates of the weathering gradient in 

the studied Kerala soils. Following the interpretation of correlation strength suggested by 

Schober et al. (2018), these relationships represent very strong associations. 

Considering both the strength of inter-index correlations and their geochemical basis, CIA, 

Parker index and CIW appear to be particularly useful complementary indicators for 

characterizing the weathering gradient of the studied Kerala soils. However, because these 
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indices are not completely independent, their use should be considered complementary rather 

than as separate, independent measures of weathering intensity. The remaining indices, 

particularly VR, WI-1 and WI-2, may provide additional information on specific aspects of 

elemental redistribution and should therefore be retained where a more comprehensive 

assessment of pedogenic weathering is required. 

4.12. Depth Function of MIA(O), MIA-R and IOL in Soils of Kerala 

The depth distribution of the Index of Lateritization (IOL) shows distinct vertical variations 

among the studied soil profiles (Fig. 5). In P1, IOL values increase from 19.52 in the Ap 

horizon to 27.27 in the Bt horizons, producing a pronounced subsurface bulge. In P2, the 

index decreases progressively with depth, from 29.41 to 25.23. P3 records a relatively low 

IOL value of 16.10 in the Ap horizon, followed by a slight increase to 18.94 in the Bt 

horizons and a subsequent decline to 15.60 in the underlying horizons. In the highly 

weathered profiles P4 and P5, IOL generally increases towards the subsurface, with values 

reaching approximately 40.86 in the Bt horizons of P4 and increasing from 27.35 in the Ap 

horizon of P5. Despite these profile-specific variations, IOL generally shows higher values in 

the genetic B horizons, particularly the argillic and kandic horizons, indicating greater 

chemical alteration in the subsurface horizons. 

The observed IOL distribution is consistent with the progressive alteration associated with 

laterization, during which prolonged weathering promotes the dissolution and redistribution 

of silica-bearing minerals and the relative concentration of Fe and Al sesquioxides in the 

weathering residue. This process is reflected morphologically by the development of 

dominant red to reddish-brown subsurface horizons characteristic of the midland soils of 

Kerala (Widdowson and Gunnell, 1999). The IOL was developed as a complementary index 

to the SiO₂–Al₂O₃–Fe₂O₃ (SAF) diagram and provides an additional quantitative measure of 

the degree of lateritic alteration (Hill et al., 2000). In the present study, most IOL values are 

<40, indicating moderate silica loss relative to Al₂O₃ and Fe₂O₃ and a weathering regime 

broadly consistent with kaolinitization rather than extreme ferrallitization. The use of IOL 

therefore provides useful information on the progressive alteration of the parent material and 

development of lateritic soil characteristics (Schellmann, 2003; Widdowson, 2007). 

The depth functions of MIA(O) and MIA-R show broadly comparable patterns across the 

profiles, although MIA(O) consistently records lower values than MIA-R (Fig. 5). Both 
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indices generally increase towards the subsurface horizons, particularly in the more strongly 

weathered profiles. In P4 and P5, MIA(O) values exceed 70–80% in several horizons, 

whereas most horizons of P1, P2 and P3 show values between 44 and 70%. The 

corresponding MIA-R values exceed 90% in P4 and P5, while values generally range from 66 

to 89% in P1–P3. The higher values in P4 and P5 are consistent with more advanced 

alteration and greater depletion of labile elements relative to the relatively immobile 

components. 

The difference between the two MIA formulations is important for interpreting the 

weathering pathway. MIA(O) treats total Fe, together with Al, as a relatively immobile 

component, whereas MIA-R incorporates Fe differently to account for situations in which Fe 

may behave as a mobile element during weathering of mafic minerals. Consequently, the two 

indices can provide complementary information on the contribution of Fe mobility to the 

overall weathering signal. Increasing MIA values indicate progressive depletion of labile 

elements, particularly Ca, Na, K and Mg, with Fe potentially contributing to the mobile 

fraction depending on mineralogical and redox conditions. 

The progressive increase in MIA(O) from less weathered to more strongly weathered 

materials is also consistent with the influence of parent-rock composition, with MIA(O) 

generally increasing from mafic towards felsic compositions as weathering removes readily 

mobilized elements. However, its magnitude is also affected by the initial Fe and Mg contents 

of the parent material. The particularly high MIA-R values in P4 and P5 indicate extensive 

alteration of primary igneous silicates and substantial depletion of labile constituents. Values 

approaching 100% are consistent with advanced breakdown of primary silicate minerals and 

the development of secondary weathering products, particularly kaolinite and halloysite, 

although intermediate clay minerals such as vermiculite, illite and smectite may occur 

depending on parent-rock composition, drainage conditions and the stage of weathering 

(Fedo and Babechuk, 2023). 

Overall, the depth functions of IOL, MIA(O) and MIA-R reveal a coherent pattern of 

progressive subsurface weathering. The generally higher values in argillic and kandic 

horizons, together with the associated depletion of labile base-forming elements, indicate that 

the B horizons represent zones of intensified chemical alteration and secondary mineral 

formation. The particularly high MIA(O) and MIA-R values in P4 and P5, coupled with their 

high CIA, CIW and PIA values, reinforce the interpretation that these profiles have 
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undergone substantially more advanced chemical weathering and lateritic transformation than 

P1–P3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.Depth functions of IOL, MIA(O) and MIA-R  in soils 

4.13. Relationship of Weathering Indices with CIE Lab* Colour Parameters 

Multiple regression analysis was performed to examine the relationship between the 

weathering indices and soil colour parameters expressed in the CIE Lab* system. The 

analysis revealed significant relationships between the weathering indices and selected colour 

attributes. 

1. IOL = 135.1 + 1.4 a + 233.4 a*1 - 1.6 rr - 692 a/a+b 

The model showed a strong and statistically significant overall relationship between IOL and 

the selected CIE Lab* colour parameters, with (F(4,19)=8.19), (p<0.001), (R2=0.63), and 

adjusted (R2=0.56). Thus, approximately 63% of the variation in IOL was explained 

collectively by the four colour variables included in the model. Examination of the individual 

regression coefficients showed that all four predictors made statistically significant 

contributions to the model: (a) ((t=3.911), (p<0.001)), (a_1^*) ((t=2.438), (p=0.025)), redness 

rating (RR) ((t=-2.323), (p=0.031)), and the (a/(a+b)) ratio ((t=-2.559), (p=0.019)). The 

significant association of IOL with these colour parameters indicates that variations in soil 

redness and related chromatic attributes are closely associated with the degree of 

lateritization. 
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2.MIA((O) = 68.7 - 0.6 L + 1.6 b - 2.6 rr 

 

Multiple linear regression indicated a statistically significant collective relationship between 

MIA(O) and the three colour parameters (L), (b), and RR, with (F(3,20)=6.97), (p=0.002), 

(R2=0.51), and adjusted (R2=0.44). The model therefore explained approximately 51% of the 

observed variation in MIA(O), indicating a moderate-to-strong association between the 

alteration index and soil colour characteristics. The significant contribution of these colour 

parameters suggests that changes in soil lightness, yellowness, and redness are systematically 

related to variations in the degree of chemical alteration. 

 

3.MIA((R) = 68.8 + 1.1 a 

This regression model showed a statistically significant but moderate relationship between 

MIA(R) and the (a) colour parameter, with (F(1,22)=9.14), (p=0.006), (R^2=0.29), and 

adjusted (R^2=0.26). The model explained approximately 29% of the variation in MIA(R), 

indicating that the (a) value provides a significant, although comparatively limited, prediction 

of MIA(R). The positive regression coefficient suggests that increasing redness is associated 

with increasing MIA(R) values. The observed and predicted values for IOL, MIA(O), and 

MIA(R) are presented in Fig. 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Graph showing predicted vs actual IOL, MIA(O) and MIA® 
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4.14. Ternary Plots 

a) S–A–F Diagram 

The S–A–F ternary diagram proposed by Schellmann (1986b) was used for the chemical 

classification of the lateritic soils based on the relative proportions of SiO₂, Al₂O₃, and Fe₂O₃ 

(Fig. 7). The studied soils occur on relatively stable terrain in the midland region of Kerala 

and considered predominantly in situ soils. The distribution of the samples within the S–A–F 

diagram indicates progressive depletion of SiO₂ relative to Al₂O₃ and Fe₂O₃ with increasing 

intensity of chemical weathering, consistent with the general weathering trend reported by 

Hill et al. (2000) and Babechuk et al. (2014). The observed compositional trend suggests that 

weathering has resulted in substantial silica loss while Al-bearing phases remain relatively 

enriched, indicating the development of strongly weathered, Al-dominated soil materials. In 

contrast, the relatively limited displacement toward the Fe₂O₃ apex suggests that pronounced 

ferruginization or Fe accumulation is less developed than the Al-dominated weathering 

pathway. Thus, the S–A–F distribution indicates predominantly in-situ chemical weathering 

with progressive desilication and relative Al enrichment, accompanied by comparatively 

weak Fe accumulation during the earlier stages of lateritization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7 .S-A-F  and A-CN-K diagram for soils of Kerala 
 

b) A–CN–K Diagram 

The A–CN–K ternary diagram (Fig. 7), based on the relative proportions of Al₂O₃, 

CaO+Na₂O, and K₂O, indicates that the studied soils have undergone moderate to intense 
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chemical weathering, accompanied by substantial depletion of the more mobile base-forming 

elements. The distribution of the samples toward the Al₂O₃ apex reflects progressive removal 

of Ca, Na, and K from primary minerals, particularly plagioclase and K-feldspar, relative to 

the parent material (Nesbitt and Young, 1982; Nesbitt and Wilson, 1992). The observed 

weathering trend broadly follows the A–CN direction, indicating progressive desilication and 

depletion of Ca and Na, followed by further loss of K with increasing weathering intensity. 

Samples approaching the Al₂O₃ apex therefore represent highly weathered materials in which 

Al-bearing secondary phases have become relatively enriched. This pattern is consistent with 

advanced alteration and kaolinization, although the A–CN–K diagram alone cannot 

distinguish individual secondary clay minerals such as kaolinite, illite, chlorite, or smectite. 

The greater degree of weathering observed in subsurface horizons, particularly those 

associated with kandic properties, compared with some surface horizons suggests progressive 

pedogenic alteration with depth. The variation in sample positions within the diagram may 

further reflect differences in parent material, topographic position, drainage, and climatic 

conditions, which collectively influence the intensity and pathway of soil weathering. 

c) A–CNKM–F Diagram 

The A–CNKM–F ternary diagram proposed by Nesbitt and Wilson (1992) was used to 

evaluate the development and relative enrichment of Al₂O₃ and Fe₂O₃ during weathering and 

to examine the relationship between the parent material and the studied soil horizons. In this 

diagram, the magnitude of elemental depletion during weathering can be inferred from the 

length of the vector extending from the CNKM–A line toward the A–F line (Babechuk et al., 

2014). The distribution of the soil samples indicates progressive depletion of the more mobile 

elements (Ca, Na, K and Mg) relative to the comparatively immobile Al and Fe, resulting in 

their relative enrichment in the weathered soil material. The mobile elements are not 

completely removed, as indicated by the position of several samples toward the central 

portion of the diagram, suggesting varying degrees of elemental loss during pedogenesis. The 

overall sample distribution indicates a progressive weathering trend toward both the A and F 

apices, representing contrasting tendencies of Al enrichment (kaolinization) and Fe 

enrichment (ferruginization/lateritization), respectively. The relative position of individual 

horizons along these trends suggests that the studied soils have experienced variable degrees 

of chemical weathering, with Al-dominated alteration generally more prominent than 

pronounced Fe accumulation. 
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d) AF–CNK–M Diagram 

The AF–CNK–M diagram (Fig. 8), following Babechuk et al. (2014), was used to evaluate 

the relative mobility of major elements during weathering, with the relatively immobile 

elements Al and Fe represented by the AF apex, Mg (representing mafic components) by the 

M apex, and Ca–Na–K (CNK), largely associated with feldspar minerals, by the CNK apex. 

Weathering involving preferential dissolution and removal of Ca, Na, and K from feldspar 

relative to Mg results in a shift of soil compositions away from the CNK and M apices and 

toward the AF field. The distribution of the studied soils indicates substantial depletion of the 

major base cations and progressive relative enrichment of Al and Fe, reflecting advanced 

chemical weathering. 

The AF–CNK–M distribution, together with the MIA(O) values, provides evidence of 

progressive alteration and loss of mobile elements, particularly Mg, toward the AF field. The 

studied soil horizons exhibit MIA(O) values >80%, compared with values <65% in the parent 

material, indicating a marked increase in the degree of chemical alteration during 

pedogenesis. The relative enrichment of Fe₂O₃ in the highly weathered horizons further 

suggests retention and concentration of Fe during intense weathering. Under well-drained and 

oxidizing conditions, Fe is commonly retained as relatively insoluble Fe(III)-bearing oxides 

and oxyhydroxides, whereas under reducing conditions Fe(II) becomes more soluble and may 

be mobilized along with other mobile elements (Babechuk et al., 2014). However, the AF–

CNK–M diagram and total Fe₂O₃ concentration alone cannot establish Fe valence or redox 

conditions; such interpretations require supporting mineralogical, morphological, or 

geochemical evidence. Overall, the AF–CNK–M diagram and elevated MIA(O) values 

indicate progressive depletion of mobile bases and Mg, accompanied by relative enrichment 

of Al and Fe, consistent with advanced chemical weathering of the studied soils. 
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Fig.8.  A-L-F and  AF–CNK–M diagram for soils of Kerala 
 

4.15. Major Element and Trace Metal Contamination 

The degree of elemental enrichment and contamination in the studied soils was assessed 

using the enrichment ratio (ER), geo-accumulation index (Igeo), contamination factor (Cf), 

pollution load index (PLI), modified contamination factor (mCf), and ecological risk index 

(Eir) (Tables 6 and 7; Table 14). The ER and Igeo values were calculated using the elemental 

abundances of the Upper Continental Crust (UCC) reported by Taylor and McLennan (1995). 

For the major elements, most oxides exhibited ER values below 1, indicating relative 

depletion compared with the UCC and suggesting their preferential mobilization during 

weathering. In contrast, Fe exceeded an ER of 1 in the genetic horizons of all profiles, while 

Mn showed ER >1 particularly in P2, indicating relative enrichment of these elements within 

the soil profiles. The Igeo values for most major elements were negative, indicating an 

uncontaminated status. Fe was generally classified as uncontaminated to moderately 

contaminated, except in P3 (Kinalur series), where the values remained within the 

uncontaminated category. The Cf values for SiO₂, CaO, MgO, Na₂O, and K₂O were 

consistently <1, corresponding to low contamination, whereas Al₂O₃ and Mn generally 

showed Cf values between 1 and 3, indicating moderate contamination. Fe₂O₃ and TiO₂ 

exceeded a Cf value of 3 in some horizons of P1 and P2, indicating considerable enrichment 

relative to the reference background (Zhao et al., 2012). Nevertheless, the PLI values for the 

major elements remained <1, indicating an overall low level of contamination and a condition 

close to the baseline level (Mohiuddin et al., 2011). 
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Among the trace elements (Table 15), Cu showed considerable spatial and vertical variability, 

with a mean ER of 1.47 ± 1.79 and a high coefficient of variation. Particularly high ER 

values were observed in the Ap horizon of P3 (7.60), the Bt2 horizon of P4 (6.43), and P5 

(2.31), suggesting localized enrichment of Cu and a possible anthropogenic contribution. In 

general, ER values <2 indicate little or no enrichment relative to the crustal background, 

whereas values substantially >2 indicate increasing enrichment and may warrant 

consideration of anthropogenic inputs. The enrichment of Cu may be influenced by its strong 

association with Fe and Al oxides and its retention through adsorption and complexation 

processes controlled by soil pH, organic carbon, and cation-exchange capacity (Hooda, 2010; 

Solly et al., 2020). Weathering and release of Fe and Mn from parent materials may also 

contribute to the redistribution and retention of Cu within soil profiles (Ko, 2014). Zn 

exhibited a mean ER of 1.08 ± 0.59 (CV = 54.28%), with most horizons showing ER values 

close to or below 1, indicating predominantly crustal control, although slight enrichment was 

evident in some horizons of P3. Similarly, Ni generally exhibited ER values <1, suggesting a 

predominantly lithogenic or crustal source, with slight enrichment in P3 and P5 where ER 

values ranged between 1 and 2. 

Cadmium exhibited the most pronounced enrichment among the trace elements. The mean 

ER for Cd was 43.13 ± 44.89, with a very high CV of 104.08%, while its mean concentration 

was 12.00 ± 17.62 µg g⁻¹ (CV = 148.60%), compared with a UCC value of only 0.098 µg g⁻¹ 

(Taylor and McLennan, 1995). The exceptionally high ER values indicate substantial Cd 

enrichment relative to the crustal background. Such enrichment may be associated with 

agricultural inputs, including organic manures containing elevated concentrations of trace 

metals, phosphate fertilizers, pesticides, and other agrochemicals (Luo et al., 2009; Prasanth 

et al., 2013; Syamlal and Sayantan, 2024b). The use of Bordeaux mixture may also contribute 

particularly to Cu accumulation, although it is not considered a primary source of Cd. The Igeo 

values for Cd varied markedly with depth, from −3.90 in P1 to 7.89 in P5, with a mean of 

4.81 ± 1.69 (CV = 35.15%), indicating a range from uncontaminated conditions in some 

horizons to heavy or extreme Cd accumulation in others. Cu showed moderate contamination 

according to Igeo in P3, whereas the remaining profiles were predominantly within the 

uncontaminated category. 

The contamination-factor assessment further highlighted the contrasting behaviour of 

individual trace elements. The mean Cf values for Cu (3.31), Zn (2.71), Ni (2.44), and Cr 
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(1.55) corresponded to moderate to considerable contamination, whereas Cd exhibited an 

exceptionally high mean Cf of 111.3, indicating very high contamination relative to the 

reference background. In contrast, Ba and Sr had mean Cf values <1, indicating low 

contamination and predominantly lithogenic control. Despite the elevated Cf values of 

individual trace metals, the mean PLI was 0.73 ± 0.19 (CV = 25.93%), which remained 

below unity and therefore indicated an overall pollution load close to the baseline level. This 

apparent contrast between the PLI and individual Cf values reflects the mathematical 

behaviour of the PLI, which integrates the contamination factors of multiple elements; 

consequently, a very high enrichment of one element, particularly Cd, does not necessarily 

result in a PLI >1 when the remaining elements have relatively low contamination factors. 

The modified contamination factor (mCf) provided further evidence of substantial variability 

in the overall degree of elemental contamination. The mean mCf was 10.63 ± 3.87, ranging 

from 6.54, classified as high contamination, to 22.52, corresponding to extremely high 

contamination. The ecological risk index (Eir) for Cr, Ni, Zn, and Cu had a mean value of 

36.66 ± 19.48, with a range of 17.74–97.61 and a CV of 53.12%, indicating considerable 

spatial variability but generally low ecological risk for these elements. In contrast, Cd 

contributed disproportionately to the ecological risk because of its very high enrichment and 

contamination factor. Overall, the results indicate that most major elements and several trace 

metals are predominantly controlled by parent material and pedogenic weathering, whereas 

localized enrichment of Cu and, particularly, Cd suggests potential anthropogenic inputs. The 

coexistence of low overall PLI values with very high Cd enrichment emphasizes the 

importance of evaluating individual contaminants alongside composite pollution indices 

when assessing the environmental quality of agricultural soils. 

Table 14.Metal contamination of major elements in lateritic soils of Kerala 

Depth 
(cm) Horizon 

 
Enrichment ratio 

 
Igeo accumulation index Cf 

 
PLI 

 
mcf SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O MnO SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O 

P1                             
0-18 Ap 0.41 0.40 1.78 0.10 0.17 0.11 0.07 0.72 -0.89 -0.92 1.22 1.55 -2.97 -2.12 -2.75 -6.11 -0.06 0.82 0.79 3.50 3.11 0.21 0.35 0.22 0.15 1.44 0.66 

18-46 A/B 0.42 0.48 1.61 0.10 0.17 0.10 0.08 0.70 -0.85 -0.65 1.08 1.21 -3.04 -2.18 -2.90 -5.97 -0.11 0.84 0.96 3.16 2.43 0.20 0.33 0.20 0.16 1.39 0.64 
46-73 Bt1 0.34 0.65 1.58 0.09 0.13 0.08 0.12 0.31 -1.14 -0.21 1.05 1.15 -3.13 -2.56 -3.26 -5.38 -1.30 0.69 1.30 3.10 2.29 0.18 0.25 0.16 0.24 0.61 0.58 
73-107 Bt2 0.35 0.81 0.73 0.09 0.12 0.04 0.09 0.11 -1.10 0.11 -0.07 1.19 -3.11 -2.67 -4.06 -5.75 -2.80 0.71 1.62 1.43 2.38 0.19 0.24 0.09 0.19 0.22 0.44 

P2                             
0-8 A 0.29 0.54 1.81 0.11 0.25 0.08 0.20 1.42 -1.39 -0.46 1.24 0.96 -2.81 -1.58 -3.26 -4.69 0.92 0.58 1.09 3.54 1.92 0.23 0.50 0.16 0.40 2.84 0.76 
8-19 Bt1 0.35 0.72 0.77 0.06 0.23 0.09 0.23 1.45 -1.11 -0.07 0.01 1.11 -3.81 -1.69 -3.10 -4.48 0.95 0.70 1.43 1.51 2.22 0.11 0.46 0.17 0.46 2.90 0.70 

19-51 Bt2 0.34 0.65 1.26 0.05 0.21 0.08 0.24 1.38 -1.14 -0.22 0.72 1.13 -3.97 -1.83 -3.14 -4.40 0.88 0.69 1.29 2.47 2.26 0.10 0.42 0.17 0.48 2.77 0.72 
51-89 Bt3 0.36 0.74 0.84 0.05 0.23 0.08 0.25 1.25 -1.07 -0.03 0.14 1.15 -3.90 -1.68 -3.28 -4.34 0.74 0.73 1.47 1.65 2.29 0.11 0.47 0.15 0.50 2.50 0.70 

P3                             
0-10 Ap1 0.42 0.57 0.14 0.19 0.15 0.25 0.16 0.30 -0.82 -0.39 -2.49 0.09 -2.08 -2.28 -1.57 -5.00 -1.33 0.86 1.15 0.27 0.19 0.38 0.31 0.51 0.32 0.60 0.43 

10-36 AB 0.41 0.54 0.92 0.25 0.16 0.32 0.15 0.29 -0.86 -0.47 0.27 -0.10 -1.66 -2.22 -1.25 -5.11 -1.39 0.84 1.08 1.80 -0.20 0.51 0.32 0.63 0.29 0.57  
36-48 Bt1 0.43 0.59 0.42 0.19 0.26 0.40 0.17 0.33 -0.81 -0.35 -0.86 0.42 -2.08 -1.52 -0.92 -4.88 -1.18 0.86 1.17 0.82 0.83 0.38 0.52 0.79 0.35 0.66 0.66 
48-66 Bt2 0.43 0.56 0.44 0.17 0.15 0.35 0.14 0.25 -0.79 -0.42 -0.79 0.09 -2.28 -2.34 -1.09 -5.14 -1.56 0.88 1.12 0.87 0.19 0.33 0.30 0.70 0.29 0.51 0.49 
66-80 Bt3 0.38 0.59 1.50 0.13 0.18 0.24 0.15 0.23 -0.97 -0.35 0.97 -0.10 -2.68 -2.10 -1.64 -5.04 -1.70 0.77 1.17 2.94 -0.20 0.25 0.35 0.48 0.31 0.46  

P4                             
0-13 Ap 0.34 0.73 0.93 0.17 0.09 0.34 0.06 0.20 -1.13 -0.05 0.28 1.18 -2.21 -3.01 -1.13 -6.36 -1.88 0.69 1.45 1.83 2.36 0.35 0.19 0.69 0.12 0.41 0.60 

13-32 Bt1 0.33 0.70 1.53 0.13 0.09 0.36 0.07 0.18 -1.18 -0.10 1.00 1.26 -2.61 -3.01 -1.06 -6.26 -2.08 0.67 1.40 3.01 2.53 0.26 0.19 0.72 0.13 0.35 0.61 
32-56 Bt2 0.34 0.68 1.81 0.17 0.08 0.43 0.06 0.17 -1.16 -0.14 1.24 0.90 -2.24 -3.32 -0.81 -6.36 -2.18 0.68 1.36 3.54 1.80 0.34 0.15 0.86 0.12 0.33 0.60 

56-83 Bt3 0.30 0.67 1.85 0.13 0.09 0.53 0.07 0.18 -1.30 -0.16 1.28 0.79 -2.68 -3.04 -0.50 -6.17 -2.03 0.62 1.34 3.63 1.59 0.25 0.18 1.06 0.14 0.37 0.61 
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83-112 Bt4 0.35 0.68 1.57 0.14 0.10 0.44 0.07 0.15 -1.12 -0.14 1.03 0.68 -2.50 -2.91 -0.76 -6.14 -2.35 0.70 1.36 3.07 1.36 0.28 0.20 0.88 0.14 0.30 0.59 
122-150 Bt5 0.35 0.73 1.34 0.15 0.09 0.39 0.07 0.16 -1.08 -0.05 0.81 0.79 -2.45 -3.08 -0.94 -6.23 -2.24 0.72 1.45 2.63 1.59 0.29 0.18 0.78 0.14 0.32 0.58 

P5                             
0-16 Ap 0.36 0.81 0.94 0.05 0.10 0.03 0.12 0.33 -1.08 0.11 0.30 1.34 -3.94 -2.94 -4.73 -5.45 -1.18 0.72 1.62 1.85 2.68 0.11 0.20 0.06 0.23 0.66 0.47 

16-42 Bt1 0.33 0.96 0.92 0.04 0.10 0.02 0.09 0.25 -1.18 0.36 0.27 1.00 -4.35 -2.94 -5.10 -5.80 -1.60 0.67 1.92 1.80 2.00 0.08 0.20 0.04 0.18 0.49 0.40 
42-66 Bt2 0.30 1.00 1.42 0.07 0.09 0.02 0.10 0.16 -1.33 0.42 0.89 0.90 -3.61 -3.01 -5.10 -5.64 -2.27 0.60 2.00 2.78 1.80 0.13 0.19 0.04 0.20 0.31 0.42 
66-89 Bt3 0.31 1.01 1.16 0.04 0.09 0.03 0.10 0.17 -1.28 0.43 0.60 0.90 -4.23 -3.01 -4.87 -5.64 -2.16 0.63 2.02 2.27 1.80 0.09 0.19 0.05 0.20 0.34 0.40 
89-105 BC 0.32 1.05 0.89 0.04 0.10 0.02 0.10 0.17 -1.25 0.48 0.21 0.90 -4.35 -2.87 -5.10 -5.60 -2.11 0.64 2.10 1.74 1.80 0.08 0.20 0.04 0.21 0.35 0.39 

 
 
Table 15. Trace metal contamination in lateritic soils of Kerala 

Depth 
(cm) 

ER Igeo accumulation index Cf    
Cu Zn Mn Ni Cr Cd Zr Ba Sr Cu Zn Ni Cr Cd Ba Sr Cu Zn Ni Cr Cd Ba Sr PLI mcdf ERI 

P1                           
0-18 0.64 0.51 0.25 0.23 0.75 20.87 0.03 0.04 0.04 -0.96 -1.98 -2.14 -0.41 4.38 -4.90 -4.69 2.80 2.23 1.00 3.31 91.84 0.17 0.18 0.93 9.69 27.84 

18-46 1.51 1.22 0.31 0.33 0.80 23.46 0.05 0.03 0.05 0.29 -1.69 -1.61 -0.32 4.55 -4.46 -5.04 5.24 4.18 1.14 2.79 81.63 0.11 0.17 1.04 13.63 41.64 
46-73 1.60 0.68 0.14 0.40 0.70 24.59 0.03 0.03 0.04 -0.57 -2.81 -1.31 -0.51 4.62 -4.91 -5.31 5.32 2.21 1.34 2.33 81.63 0.08 0.15 0.88 11.43 40.17 
73-107 0.70 0.53 0.05 0.50 0.76 14.92 0.03 0.02 0.04 -0.91 -4.35 -1.00 -0.40 3.90 -5.26 -5.35 2.40 1.79 1.70 2.59 51.02 0.08 0.15 0.79 8.72 27.49 

P2                           
0-8 1.01 0.95 0.75 0.87 0.80 41.93 0.07 0.03 0.06 -0.07 -0.41 -0.20 -0.33 5.39 -3.83 -5.19 2.96 2.75 2.55 2.33 122.45 0.08 0.18 0.94 10.84 34.93 
8-19 0.88 0.83 0.69 0.97 0.63 25.20 0.07 0.03 0.05 -0.27 -0.53 -0.05 -0.67 4.66 -3.74 -5.28 2.84 2.65 3.14 2.04 81.63 0.08 0.17 0.94 10.91 36.60 

19-51 0.88 0.88 0.65 1.16 0.74 18.67 0.07 0.02 0.05 -0.19 -0.62 0.21 -0.44 4.22 -3.79 -5.61 2.88 2.83 3.80 2.42 61.22 0.07 0.17 0.97 12.16 41.06 
51-89 1.77 1.10 0.58 1.18 0.69 18.44 0.07 0.02 0.06 0.14 -0.78 0.24 -0.54 4.20 -3.84 -5.66 5.88 3.61 3.91 2.28 61.22 0.07 0.18 1.15 15.93 57.12 

P3                           
0-10 7.60 1.27 0.29 0.85 0.35 51.02 0.05 0.04 0.07 0.34 -1.79 -0.23 -1.50 5.67 -4.44 -4.74 12.16 2.00 1.36 0.56 81.63 0.06 0.11 0.71 16.26 70.75 

10-36 1.34 1.59 0.32 0.91 0.69 65.60 0.05 0.09 0.07 0.67 -1.66 -0.14 -0.54 6.04 -4.35 -3.50 1.88 2.20 1.27 0.96 91.84 0.12 0.10 0.63 6.54 19.89 
36-48 0.86 1.67 0.26 0.38 0.52 40.82 0.04 0.05 0.05 0.74 -1.96 -1.42 -0.93 5.35 -4.66 -4.35 1.72 3.30 0.75 1.05 81.63 0.10 0.10 0.60 7.01 17.74 
48-66 1.05 1.82 0.25 0.70 0.69 57.40 0.05 0.05 0.06 0.87 -2.03 -0.52 -0.53 5.84 -4.34 -4.46 1.68 2.87 1.11 1.11 91.84 0.07 0.09 0.59 6.94 19.05 
66-80 1.23 3.34 0.26 0.80 0.61 58.31 0.05 0.08 0.06 1.74 -1.97 -0.33 -0.72 5.87 -4.35 -3.68 1.72 4.61 1.11 0.85 81.63 0.11 0.09 0.65 8.48 20.47 

P4                           
0-13 0.75 0.72 0.09 0.25 0.36 30.01 0.03 0.05 0.02 -0.47 -3.43 -1.98 -1.46 4.91 -5.25 -4.38 2.56 2.42 0.86 1.24 102.04 0.16 0.08 0.67 7.33 22.01 

13-32 0.74 1.09 0.08 0.11 0.24 31.18 0.02 0.04 0.02 0.12 -3.71 -3.14 -2.05 4.96 -5.42 -4.70 2.68 3.86 0.41 0.87 112.24 0.14 0.07 0.57 8.02 21.05 
32-56 6.43 0.94 0.09 0.18 0.45 40.09 0.04 0.04 0.02 -0.09 -3.44 -2.49 -1.15 5.33 -4.81 -4.71 18.00 2.59 0.50 1.26 112.24 0.11 0.07 0.77 22.52 97.61 
56-83 0.85 1.17 0.11 0.16 0.37 54.95 0.03 0.04 0.03 0.23 -3.19 -2.67 -1.45 5.78 -4.95 -4.48 2.20 3.00 0.41 0.95 142.86 0.12 0.07 0.52 6.75 17.95 
83-112 1.17 0.90 0.10 0.25 0.54 46.77 0.04 0.05 0.03 -0.15 -3.39 -2.02 -0.89 5.55 -4.83 -4.26 2.80 2.13 0.59 1.29 112.24 0.13 0.07 0.59 7.01 21.67 

122-150 1.14 0.80 0.09 0.04 0.55 39.25 0.03 0.05 0.03 -0.33 -3.40 -4.52 -0.86 5.29 -4.86 -4.20 2.96 2.04 0.11 1.44 102.04 0.14 0.07 0.47 6.76 20.28 
P5                           

0-16 0.16 0.70 0.14 1.77 0.36 0.00 0.30 0.01 0.02 -0.52 -2.89 0.82 -1.48 0.00 -1.71 -6.33 0.60 2.61 6.73 1.36 0.00 0.05 0.06 0.59 11.40 41.97 
16-42 0.12 0.78 0.13 1.77 0.32 0.00 0.63 0.01 0.02 -0.36 -2.97 0.82 -1.65 0.00 -0.66 -6.07 0.36 2.31 5.30 0.95 0.00 0.04 0.07 0.49 9.03 32.49 
42-66 2.31 0.76 0.09 1.27 0.38 236.88 0.89 0.03 0.03 -0.41 -3.54 0.34 -1.39 7.89 -0.17 -5.17 6.48 2.08 3.55 1.07 663.27 0.08 0.07 0.81 13.33 54.35 
66-89 0.26 1.02 0.09 2.32 0.44 47.38 0.71 0.02 0.02 0.03 -3.43 1.22 -1.19 5.57 -0.50 -5.59 0.72 2.82 6.50 1.22 132.65 0.06 0.06 0.62 11.38 41.36 
89-105 0.26 0.74 0.10 3.37 0.28 47.38 0.51 0.02 0.02 -0.43 -3.38 1.75 -1.83 5.57 -0.98 -5.85 0.72 2.04 9.43 0.79 132.65 0.05 0.06 0.57 13.09 54.38 
Mean 1.47 1.08 0.25 0.87 0.54 43.13 0.16 0.04 0.04 -0.02 -2.47 -0.85 -0.97 4.81 -3.79 -4.94 3.73 2.71 2.44 1.54 111.39 0.10 0.11 0.73 10.63 36.66 

SD 1.79 0.59 0.21 0.80 0.18 44.89 0.25 0.02 0.02 0.60 1.13 1.52 0.52 1.69 1.65 0.72 3.94 0.73 2.43 0.76 122.78 0.04 0.05 0.19 3.87 19.48 

minimum 0.12 0.51 0.05 0.04 0.24 0.00 0.02 0.01 0.02 -0.96 -4.35 -4.52 -2.05 0.00 -5.42 -6.33 0.36 1.79 0.11 0.56 0.00 0.04 0.06 0.47 6.54 17.74 
maximum 7.60 3.34 0.75 3.37 0.80 236.88 0.89 0.09 0.07 1.74 -0.41 1.75 -0.32 7.89 -0.17 -3.50 18.00 4.61 9.43 3.31 663.27 0.17 0.18 1.15 22.52 97.61 

CV(%) 122.10 54.25 85.63 92.29 33.37 104.08  52.43 43.61    0.00 35.15    27.04 99.45 48.91 110.22 37.76 42.86 25.93 36.36 53.12 

 

5. Conclusions 

This study investigated the elemental geochemistry, morphopedogenic characteristics, 

weathering behaviour, and trace-metal status of five laterite-associated soil series under 

rubber cultivation in the Southern Midland Zone of Kerala. The integration of soil 

morphology, texture, CIE Lab* colour parameters, major- and trace-element geochemistry, 

weathering indices, regression models, ternary diagrams, bivariate relationships, and 

contamination indices provided a comprehensive assessment of pedogenic development and 

elemental redistribution within the soil profiles. The studied soils ranged in texture from 

sandy loam in P1 to sandy clay loam in P3 and P4 and clay in P2, with a general increase in 

clay content with depth. They were characterized by relatively low ECEC/CEC, high organic 

carbon contents in the surface horizons, and low base saturation, reflecting strong leaching 

and advanced pedogenic development and supporting their classification within Ultisol- and 

Alfisol-related soil groups. 
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The CIE Lab* colour parameters effectively captured variations in soil redness and their 

relationship with pedogenic processes. The numerical redness rating derived from Munsell 

colour showed a significant relationship with the CIE colour coordinates, particularly the a 

and b parameters. The multiple regression model for organic carbon demonstrated a strong 

relationship with CIE Lab* variables (R² = 0.82, p < 0.01), indicating that colour parameters 

can provide useful quantitative information on organic-carbon-related variation in these soils. 

Similarly, Al₂O₃ exhibited a strong relationship with colour variables and redness rating (R² = 

0.71, p = 0.001), suggesting that soil colour provides a useful indirect indicator of changes in 

the composition and distribution of Al-bearing soil constituents. However, colour should be 

regarded as a proxy for pedogenic and compositional variation rather than as a direct measure 

of individual mineral phases. 

The major-element composition was dominated by SiO₂ (mean 41.49%), followed by Al₂O₃ 

(23.21%) and Fe₂O₃ (10.07%). Their vertical variation and negative relationships indicate 

progressive redistribution and relative enrichment of Al and Fe associated with the depletion 

of more mobile constituents during weathering. The suite of weathering indices consistently 

demonstrated substantial chemical alteration, particularly in the Kangirapalli (P4) and 

Athirampuzha (P5) series, which showed very high CIA, CIW, PIA, and MIA values and 

were characterized as extremely weathered. In comparison, the Kinalur series (P3) exhibited 

a comparatively lower degree of weathering. The A–CN–K, S–A–F, and AF–CNK–M 

ternary diagrams supported the interpretation of progressive depletion of mobile base cations 

and silica, accompanied by relative enrichment of Al and Fe. Collectively, these patterns 

indicate intensive in-situ chemical weathering under the humid tropical conditions of Kerala, 

although the degree and pathway of weathering vary among soil series and horizons. 

The regression analyses further demonstrated a quantitative association between soil colour 

and weathering intensity. IOL showed a significant relationship with redness-related 

variables, including the a/a+b ratio and a₁, with the model explaining approximately 63% of 

the observed variation (R² = 0.63). MIA(O) also exhibited a significant relationship with the a 

coordinate and redness rating (R² = 0.51), whereas MIA(R) showed a comparatively weaker 

relationship with a (R² = 0.29). These relationships demonstrate the potential of CIE Lab 

colour measurements for estimating spatial and vertical variations in weathering-related 

properties, particularly in rubified horizons. Nevertheless, the regression models represent 
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statistical associations and should be independently validated before being applied for 

quantitative prediction across different soil-forming environments. 

The contamination assessment revealed contrasting behaviour among the trace elements. 

Composite pollution indices indicated a generally low overall pollution load, with PLI values 

remaining below unity, and Cr, Ni, Cu, and Zn generally presenting low ecological risk. 

However, Cd exhibited exceptionally high enrichment and contamination relative to the UCC 

background, with localized Cu enrichment also evident in some horizons. The results 

therefore suggest that most elemental variation is associated with parent material and 

pedogenic weathering, whereas the pronounced Cd enrichment may reflect additional 

anthropogenic inputs associated with agricultural management practices. The occurrence of 

high contamination factors for individual elements despite a PLI below unity highlights the 

importance of interpreting composite indices together with element-specific enrichment and 

contamination measures. 

Overall, the study demonstrates a close association between soil colour, elemental 

redistribution, and chemical weathering in laterite-associated soils of the rubber-growing 

region of Kerala. CIE Lab* colour parameters, when combined with conventional soil 

morphology and geochemical weathering indices, provide a useful approach for 

characterizing pedogenic differentiation, rubification, and the redistribution of Fe- and Al-

bearing constituents. The findings also establish quantitative relationships that may support 

rapid assessment of weathering intensity where extensive laboratory characterization is 

impractical. Future investigations should incorporate high-resolution sampling along 

complete soil profiles, mineralogical characterization, and spatially distributed geochemical 

measurements to better resolve the evolution of laterite-derived soils. Long-term monitoring 

should also focus on establishing pedogenic thresholds and detecting changes in weathering 

processes, elemental mobility, and trace-metal accumulation associated with climatic 

variability and anthropogenic management of rubber plantations. 
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