Geochemical Controls on Engineering Performance of Highway Subgrade Soils Along the Emure–Oba Road, Southwestern Nigeria




Abstract
The engineering performance of highway pavements is strongly influenced by the geochemical composition of the underlying subgrade soils. This study evaluates the geochemical controls on pavement stability along the Emure–Oba Highway in Southwestern Nigeria through detailed X-ray fluorescence (XRF) analysis of representative lateritic subgrade soils developed over Precambrian Basement Complex rocks. Seven representative soil samples were collected from failed, partly stable, and stable pavement sections and analyzed for their major oxide composition. The results indicate that SiO₂ ranges from 41.51% to 53.37%, Al₂O₃ from 19.69% to 25.95%, Fe₂O₃ from 11.39% to 24.20%, while K₂O varies between 3.52% and 6.74%. Statistical evaluation reveals significant spatial variations in oxide concentrations resulting from differential weathering, lateritisation, and mineral alteration. Stable pavement sections are characterized by relatively higher silica content and lower alumina concentrations, whereas failed sections contain higher clay-forming oxides associated with advanced feldspar weathering. Iron oxide contributes to soil cementation under favourable drainage conditions but may become ineffective where excessive moisture weakens the soil structure. The study establishes that major oxide composition provides reliable indicators of engineering behaviour and should be integrated into highway subgrade investigations in tropical Basement Complex terrains.
Keywords: X-ray fluorescence; Major oxides; Lateritic soils; Geochemistry; Highway subgrade; Pavement stability; Basement Complex; Southwestern Nigeria.
1. Introduction
Highway failures remain one of the most persistent engineering challenges in tropical regions where lateritic soils constitute the principal construction material. In Nigeria, repeated pavement failures are commonly associated with poor subgrade conditions, excessive weathering of parent rocks, inadequate drainage, and the absence of detailed engineering geological investigations before construction (Ademila, 2018; Olorunfemi and Fasuyi, 2020). Conventional pavement investigations generally emphasize geotechnical parameters such as Atterberg limits, compaction characteristics, California Bearing Ratio (CBR), and grain size distribution. Although these parameters provide useful engineering information, they do not fully explain the mineralogical and chemical processes responsible for long-term pavement deterioration.
Geochemistry has become an important component of engineering geological investigations because the chemical composition of soils directly reflects the degree of weathering, mineral transformation, and lateritisation. Major oxides such as silicon dioxide (SiO₂), aluminium oxide (Al₂O₃), iron oxide (Fe₂O₃), calcium oxide (CaO), potassium oxide (K₂O), sodium oxide (Na₂O), magnesium oxide (MgO), and titanium dioxide (TiO₂) influence the engineering characteristics of tropical soils through their relationship with clay mineral development, cementation, particle stability, and weathering intensity (Olabode et al., 2021; Adekunle et al., 2024).
Silica is generally associated with quartz-rich soils that possess relatively high strength, good drainage, and low plasticity. Aluminium oxide reflects the abundance of clay minerals produced through feldspar weathering and generally increases with increasing chemical weathering. Iron oxide is responsible for the characteristic reddish coloration of lateritic soils and contributes to particle bonding through iron cementation. Potassium oxide is commonly associated with feldspar and mica minerals, while calcium oxide decreases progressively during advanced tropical weathering due to leaching. Consequently, the relative abundance of these oxides provides valuable information regarding the engineering competence of subgrade soils.
Several researchers have demonstrated the usefulness of integrating geochemistry into engineering geological investigations. Adegbuyi et al. (2017) showed that variations in major oxide composition reflect differences in parent rock composition and weathering intensity within the Basement Complex of Southwestern Nigeria. Olabode et al. (2021) established that quartz-rich lateritic soils generally exhibit improved engineering behaviour compared with clay-rich soils. Olatunji et al. (2022) further demonstrated that mineralogical and geochemical characteristics significantly influence pavement performance through their effects on plasticity, moisture sensitivity, and load-bearing capacity.
Despite these advances, few studies have quantitatively related major oxide composition to pavement performance along the Emure–Oba Highway. Most previous investigations concentrated primarily on geophysical surveys or conventional geotechnical testing without adequately considering the chemical evolution of the lateritic subgrade. The present study therefore investigates the spatial variation of major oxides along the highway and evaluates their relationship with engineering performance. The specific objectives are to determine the major oxide composition of representative lateritic soils using X-ray fluorescence analysis, evaluate the statistical variation of the oxide constituents, assess the engineering significance of individual oxides, and establish the geochemical controls on pavement stability in the study area.
2. Geological Setting and Study Area
The study area (Figure 1) s located along the Emure–Oba Highway in southwestern Nigeria within the Precambrian Basement Complex. The highway traverses parts of Ekiti State and Ondo State between Owo, Emure, and Oba and lies approximately between latitudes 7°00′N and 7°30′N and longitudes 5°15′E and 5°45′E. The area forms part of the Nigerian Basement Complex, which represents one of the major geological provinces of West Africa and consists predominantly of migmatite, granite gneiss, banded gneiss, quartzite, schist, charnockite, and Pan-African granitoids (Rahaman, 1988; Obaje, 2009).
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Figure 1: Sample points and drainage of the study area
The Basement Complex rocks (Figure 2) have undergone multiple episodes of deformation, metamorphism, and magmatic intrusion during the Liberian, Eburnean, Kibaran, and Pan-African orogenic events. These tectonic activities produced extensive fracture systems, joints, foliations, and faults that exert significant control on groundwater movement, weathering patterns, and the engineering behaviour of overlying soils (Adeoti and Okonkwo, 2016; Bamigboye et al., 2022).
The climate of the study area is tropical with distinct wet and dry seasons. Annual rainfall ranges between approximately 1200 mm and 1600 mm, while average temperatures vary between 25°C and 32°C. The prolonged wet season promotes intense chemical weathering of feldspar-rich crystalline rocks, leading to the formation of thick lateritic weathering profiles. Continuous leaching removes mobile elements such as calcium and sodium while concentrating relatively immobile oxides including iron and aluminium. These processes produce residual soils exhibiting considerable spatial variation in engineering properties. Drainage within the area (Figure 1) is predominantly dendritic and controlled by topography and structural discontinuities within the Basement Complex rocks. Seasonal fluctuations in groundwater levels influence the moisture content of the subgrade soils, thereby affecting pavement performance. Poor drainage conditions facilitate prolonged water retention, reduce shear strength, and accelerate pavement deterioration.
The weathering profile generally comprises topsoil, ferruginous laterite, mottled clay, saprolite, and partially weathered bedrock. The thickness of the weathered layer varies considerably depending on lithology and structural conditions. Quartz-rich parent rocks tend to produce coarse-grained sandy lateritic soils with relatively high permeability and strength, whereas feldspar-rich rocks weather into clay-rich materials exhibiting higher plasticity and lower bearing capacity. Consequently, the engineering performance of the highway reflects the complex interaction between geology, weathering, geochemistry, drainage, and climatic conditions.
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Figure 2. Geological map of the Emure–Oba Highway showing lithological units, drainage pattern, structural trends, and representative sampling locations. (Idowu et al., 2026)
3. Materials and Methods
3.1 Field Sampling
Representative subgrade soil samples were collected from seven locations distributed along failed, partly stable, and stable sections of the Emure–Oba Highway. Sampling depths ranged between 1.0 m and 2.0 m, corresponding to the natural subgrade beneath the pavement structure. Each sampling location was selected following detailed field reconnaissance and geological mapping to ensure that the collected materials represented the prevailing subgrade conditions.
3.2 X-ray Fluorescence (XRF) Analysis
The geochemical composition of the soil samples was determined using X-ray fluorescence (XRF) spectroscopy. Prior to analysis, the samples were air-dried, pulverized, and sieved to obtain a homogeneous fine powder. Representative portions were pressed into pellets according to standard analytical procedures. The prepared samples were analyzed using an energy-dispersive XRF spectrometer calibrated with certified international reference materials. Major oxide concentrations including SiO₂, Al₂O₃, Fe₂O₃, TiO₂, MgO, CaO, Na₂O, K₂O, MnO, and P₂O₅ were determined and reported as weight percentages. Quality assurance was maintained through repeated analyses of standards and duplicate samples to ensure analytical precision and reproducibility.
3.3 Major Oxide Determination
The engineering significance of each major oxide was evaluated based on its contribution to mineral composition, weathering intensity, and subgrade performance. Silicon dioxide was interpreted as an indicator of quartz abundance and mechanical stability. Aluminium oxide represented clay mineral development resulting from feldspar weathering. Iron oxide reflected the degree of lateritisation and particle cementation. Calcium oxide and sodium oxide were considered indicators of weathering intensity because these mobile elements decrease progressively during tropical leaching. Potassium oxide was used to evaluate feldspar alteration and clay mineral formation.
3.4 Statistical Analysis
Descriptive statistical methods were employed to evaluate the spatial distribution of the major oxides along the highway. The statistical parameters calculated include the mean, minimum, maximum, standard deviation, and coefficient of variation. Scatter plots were subsequently used to examine the relationships between SiO₂ and Fe₂O₃, and between Al₂O₃ and CaO, in order to evaluate the geochemical controls on subgrade stability. These relationships form the basis for interpreting the influence of chemical weathering and oxide composition on pavement performance.
4. Results and Discussion
4.1 Major Oxide Composition of the Subgrade Soils
The results of the X-ray fluorescence (XRF) analysis are presented in Table 1. The data show that the lateritic subgrade soils are dominated by silicon dioxide (SiO₂), aluminium oxide (Al₂O₃), and iron oxide (Fe₂O₃), which together constitute over 80% of the total oxide composition. These oxides largely reflect the mineralogical composition of the weathered Basement Complex rocks and indicate advanced tropical weathering and lateritisation. Minor oxides such as TiO₂, MnO, MgO, CaO, Na₂O, K₂O, and P₂O₅ occur in relatively lower concentrations but provide valuable information regarding the degree of weathering and chemical alteration of the parent materials.
Table 1. Major oxide composition of representative subgrade soils along the Emure–Oba Highway.
	Sample
	SiO₂
	Al₂O₃
	Fe₂O₃
	TiO₂
	MgO
	CaO
	Na₂O
	K₂O
	MnO
	P₂O₅

	Jn3a
	44.61
	24.20
	18.60
	1.63
	0.62
	1.02
	0.18
	3.94
	0.10
	0.07

	Jn3b
	50.83
	20.10
	14.31
	1.12
	0.45
	4.69
	0.54
	4.10
	0.09
	0.05

	Jn6a
	41.51
	24.50
	24.20
	1.85
	0.73
	0.94
	0.15
	3.52
	0.13
	0.06

	Jn6b
	52.64
	21.11
	13.72
	1.20
	0.58
	2.63
	0.36
	6.74
	0.08
	0.04

	Op4
	51.75
	20.34
	15.50
	1.30
	0.55
	1.85
	0.31
	4.62
	0.11
	0.06

	Op5
	53.20
	25.95
	12.64
	1.01
	0.44
	0.65
	0.14
	5.92
	0.06
	0.03

	Op8
	53.37
	19.69
	11.39
	0.98
	0.41
	0.80
	0.12
	4.13
	0.05
	0.02


The geochemical results indicate considerable spatial variation in oxide composition along the highway. Silicon dioxide varies from 41.51% at Jn6a to 53.37% at Op8. The relatively high silica concentrations indicate that quartz remains the dominant resistant mineral after prolonged tropical weathering. Quartz is chemically stable and contributes significantly to soil strength because it resists decomposition during weathering. Consequently, sections exhibiting higher silica contents generally possess better drainage characteristics and greater resistance to deformation. Aluminium oxide varies from 19.69% to 25.95%. Higher aluminium concentrations indicate advanced feldspar weathering and increased production of secondary clay minerals. Samples such as Op5, which contains 25.95% Al₂O₃, are therefore expected to exhibit greater plasticity and higher moisture sensitivity than silica-rich soils. These characteristics adversely influence pavement performance because clay-rich materials undergo volume changes during seasonal wetting and drying cycles. Iron oxide ranges from 11.39% to 24.20%. The relatively high Fe₂O₃ concentration observed at Jn6a (24.20%) indicates intense lateritisation and accumulation of sesquioxides following prolonged tropical weathering. Although iron oxides improve particle cementation under well-drained conditions, excessive moisture weakens the cementation bonds, thereby reducing shear strength and accelerating pavement deterioration.
Calcium oxide values are generally low, ranging from 0.65% to 4.69%. The depletion of CaO reflects extensive chemical leaching associated with humid tropical weathering. The highest CaO value occurs at Jn3b (4.69%), suggesting relatively limited weathering and greater preservation of primary feldspar minerals. In contrast, Op5 exhibits only 0.65% CaO, indicating advanced alteration of the parent rock. Potassium oxide ranges from 3.52% to 6.74%, reflecting variable feldspar and mica contents. Elevated K₂O concentrations in Jn6b (6.74%) indicate relatively greater preservation of potassium feldspar, whereas lower concentrations suggest extensive mineral alteration.
The graphical variation (Figure 2) clearly demonstrates that silica generally increases from the western portion of the highway toward the eastern sections, whereas iron oxide decreases progressively after reaching a maximum at Jn6a. Aluminium oxide exhibits localized enrichment, particularly within clay-rich zones. These variations reflect differences in parent rock composition, weathering intensity, drainage conditions, and groundwater circulation. Consequently, the chemical heterogeneity of the subgrade explains the localized distribution of pavement failures rather than uniform deterioration along the entire highway.





4.2 Engineering Significance of Major Oxides
Table 2. Engineering significance of the major oxides controlling pavement performance.
	Major Oxide
	Engineering implication
	Influence on pavement

	SiO₂
	High quartz content, improved particle strength, low plasticity
	Improves stability

	Al₂O₃
	Clay mineral development
	Increases plasticity and swelling

	Fe₂O₃
	Lateritic cementation
	Improves strength under dry conditions

	CaO
	Degree of weathering
	Higher values indicate less weathering

	K₂O
	Potassium feldspar preservation
	Moderate engineering stability

	Na₂O
	Chemical weathering indicator
	Reduced values indicate advanced leaching

	MgO
	Ferromagnesian mineral residue
	Minor engineering influence

	TiO₂
	Heavy mineral concentration
	Indicator of residual enrichment



The engineering behaviour of tropical lateritic soils is strongly controlled by the interaction of these major oxides. Silicon dioxide provides mechanical stability because quartz grains possess high hardness and excellent resistance to weathering (Table 2). In contrast, aluminium oxide promotes clay mineral formation, thereby increasing plasticity, water absorption, and compressibility. Iron oxide contributes to cementation and aggregation of soil particles but may become ineffective under saturated conditions where moisture weakens particle bonding. The combined influence of these oxides demonstrates that pavement stability cannot be evaluated solely from geotechnical testing. Rather, geochemical characterization provides a valuable means of predicting long-term engineering performance by identifying soils susceptible to progressive chemical alteration.
4.3 Relationship Between SiO₂ and Fe₂O₃
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Figure 3. Scatter plot showing the relationship between SiO₂ and Fe₂O₃.
The scatter plot (Figure 3) indicates a negative correlation between SiO₂ and Fe₂O₃. As silica increases from 41.51% to 53.37%, iron oxide decreases from 24.20% to 11.39%. This inverse relationship reflects progressive chemical differentiation during tropical weathering. Quartz remains chemically stable, whereas iron accumulates through residual enrichment. The observed trend suggests that soils with relatively balanced proportions of silica and iron oxides provide optimum engineering behaviour because quartz improves skeletal strength while moderate iron contents enhance particle cementation.
4.4 Relationship Between Al₂O₃ and CaO
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Figure 4. Relationship between Al₂O₃ and CaO and its implication for subgrade stability.
The relationship (Figure 4) between aluminium oxide and calcium oxide demonstrates a strong influence of chemical weathering on engineering performance. Aluminium oxide increases with increasing feldspar alteration, whereas calcium oxide decreases through leaching. Consequently, an inverse relationship exists between these oxides. Samples containing high Al₂O₃ values such as 25.95% exhibit very low CaO values (0.65%) and correspond to clay-rich subgrade materials that are susceptible to deformation. Conversely, soils with relatively higher CaO values retain more primary minerals and generally possess greater engineering competence. The observed relationship therefore provides a useful geochemical indicator for evaluating the degree of weathering (Figure 5) and predicting subgrade stability.
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Figure 5: Relationship between major oxides, CIA, vs VIA, CaO vs Al2O3 , SiO2 vs Total Alkali
4.5 Statistical Treatment of the Major Oxide Data
The descriptive statistical analysis of the major oxide concentrations is presented in Table 3. The statistical parameters include the mean, minimum, maximum, standard deviation (SD), coefficient of variation (CV), skewness, and engineering interpretation. These statistics provide insight into the spatial variability of the geochemical composition and the extent of chemical weathering affecting the lateritic subgrade soils.






Table 3. Descriptive statistics of the major oxide composition of the subgrade soils.
	Oxide
	Mean (%)
	Minimum (%)
	Maximum (%)
	SD
	CV (%)
	Engineering Interpretation

	SiO₂
	49.70
	41.51
	53.37
	4.68
	9.42
	Low variability; quartz is uniformly distributed and contributes to mechanical stability.

	Al₂O₃
	22.27
	19.69
	25.95
	2.29
	10.28
	Moderate variability; reflects differences in clay mineral development.

	Fe₂O₃
	15.77
	11.39
	24.20
	4.28
	27.15
	High variability; indicates differing degrees of lateritisation and iron enrichment.

	CaO
	1.80
	0.65
	4.69
	1.43
	79.44
	Very high variability; reflects intense tropical leaching.

	K₂O
	4.71
	3.52
	6.74
	1.09
	23.15
	Moderate variability; controlled by feldspar preservation.

	Na₂O
	0.26
	0.12
	0.54
	0.16
	61.54
	High variability; indicates progressive chemical weathering.

	MgO
	0.54
	0.41
	0.73
	0.11
	20.37
	Moderate variability; residual ferromagnesian minerals.



The statistical results (Table 3) reveal that SiO₂ has the highest average concentration (49.70%) and the lowest coefficient of variation (9.42%). This indicates that quartz is uniformly distributed throughout the study area and provides the principal framework supporting the mechanical stability of the subgrade soils. The relatively small standard deviation (4.68%) suggests that quartz behaves as a stable residual mineral throughout the weathering profile. Aluminium oxide has a mean value of 22.27% and a coefficient of variation of 10.28%, indicating moderate spatial variability. The distribution of Al₂O₃ reflects localized differences in feldspar decomposition and clay mineral formation. Areas with elevated aluminium concentrations are associated with increased kaolinite development and higher moisture sensitivity. Iron oxide exhibits a considerably larger coefficient of variation (27.15%), demonstrating that lateritisation varies significantly along the highway. The maximum Fe₂O₃ concentration (24.20%) occurs at Jn6a, while the lowest concentration (11.39%) is recorded at Op8. These differences indicate that iron enrichment depends on drainage conditions, topography, groundwater movement, and parent rock composition.
Calcium oxide possesses the highest coefficient of variation (79.44%), confirming that CaO is the most mobile oxide during tropical weathering. The progressive depletion of calcium results from prolonged chemical leaching under humid climatic conditions. Consequently, CaO provides an excellent indicator of weathering intensity and residual soil maturity. Potassium oxide exhibits moderate variability with a coefficient of variation of 23.15%, reflecting partial preservation of potassium feldspar within relatively fresh weathering profiles. Sodium oxide also shows considerable variability due to its rapid removal during hydrolysis of plagioclase feldspars. Overall, the statistical analysis demonstrates that the chemical composition of the subgrade soils is primarily controlled by differential weathering rather than random geochemical variation. The observed spatial differences explain the inconsistent engineering behaviour of the highway and justify the need for site-specific geochemical characterization before pavement construction.
4.6 Geochemical Implications for Pavement Performance
The geochemical composition of lateritic soils exerts a direct influence on pavement performance through its control of mineral stability, particle bonding, weathering intensity, and moisture sensitivity. The results of this study demonstrate that the engineering behaviour of the Emure–Oba Highway cannot be adequately explained by conventional geotechnical parameters alone. The relatively high silica content observed in stable sections promotes better engineering behaviour because quartz particles possess high compressive strength, excellent abrasion resistance, and minimal volume change during seasonal moisture fluctuations. Consequently, silica-rich soils generally exhibit improved compaction characteristics and reduced susceptibility to deformation. The enrichment of aluminium oxide indicates progressive feldspar weathering and the formation of secondary clay minerals. These clay minerals increase the plasticity of the soil matrix, reduce permeability, and promote water retention within the subgrade. Under repeated traffic loading, these conditions accelerate rutting, differential settlement, and fatigue cracking. Iron oxide contributes positively to pavement performance through the development of ferruginous cementation. Lateritic soils containing moderate iron concentrations generally possess stronger interparticle bonding and improved shear resistance. However, prolonged saturation reduces the effectiveness of iron cementation because water weakens the bonding forces between soil particles. Consequently, iron-rich soils may still experience pavement failure where drainage conditions are poor.
The depletion of calcium oxide throughout most of the study area confirms that extensive tropical weathering has removed chemically mobile elements from the weathering profile. This advanced weathering stage increases the proportion of residual clay minerals while simultaneously reducing the engineering competence of the subgrade. The combined behaviour of these oxides demonstrates that geochemical characterization provides a reliable means of predicting pavement performance. Consequently, XRF analysis should become an integral component of engineering geological investigations for major highway projects constructed on tropical lateritic soils.
5. Conclusions
This study demonstrates that the engineering behaviour of the Emure–Oba Highway subgrade is fundamentally controlled by the geochemical composition of the lateritic soils developed over the Precambrian Basement Complex. The dominant major oxides are silicon dioxide, aluminium oxide, and iron oxide, which together account for the majority of the soil composition and reflect the intensity of tropical weathering. Silicon dioxide constitutes the most abundant oxide, varying from 41.51% to 53.37%, and provides the principal framework for soil strength and mechanical stability through its association with resistant quartz minerals. Aluminium oxide ranges between 19.69% and 25.95% and reflects the progressive transformation of feldspars into clay minerals, thereby increasing plasticity and moisture sensitivity. Iron oxide varies from 11.39% to 24.20%, indicating differing degrees of lateritisation and residual enrichment. Moderate iron enrichment contributes to particle cementation, although excessive moisture reduces its engineering effectiveness. The statistical analysis demonstrates that silicon dioxide exhibits relatively low variability, whereas calcium oxide and sodium oxide display high coefficients of variation due to advanced tropical leaching. These variations indicate that the subgrade soils have experienced different degrees of chemical weathering despite originating from similar Basement Complex parent rocks. The inverse relationship between SiO₂ and Fe₂O₃ reflects progressive chemical differentiation during lateritisation, while the negative relationship between Al₂O₃ and CaO provides a reliable indicator of weathering intensity and clay mineral development. These geochemical relationships explain the observed differences in pavement performance along the highway. 
The study establishes that major oxide composition provides valuable engineering geological information beyond that obtained from conventional geotechnical testing. Geochemical investigation should therefore form an essential component of highway site investigations because it permits early identification of chemically unstable subgrade materials, improves pavement design, and supports the selection of appropriate stabilization techniques for sustainable highway construction.
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