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This study presents the probable environment from pet-
rographical, mineralogical and geochemical analyses of 
representative samples from Bamhantara block, Kabird-
ham district, Chhattisgarh, India using EPMA and SEM-
EDS for petrological study, and XRF and ICP-MS for 
geochemical inference. Microscopic study revealed the 
dominance of boehmite minerals that specify the syn-
environmental depositional condition, while circular/ 
well-rounded pisolitic texture indicated autochthonous 
deposits. The geochemical study determined the progres-
sive changes in major, trace and REE concentrations 
from precursor rock to bauxite during weathering. 
Bamhantara bauxite has been formed under oxidizing 
(positive Ce anomalies; Ce/Ce*, 0.92–2.15) and near alka-
line to alkaline ((La/Yb)N and La/Y ratio > 1) conditions. 
The analogous trend of REE for bauxite/laterite and 
precursor rock indicates that lateritic bauxite had an 
autochthonous origin and is a chemical disintegration 
product of Deccan Trap basalt under tropical to sub-
tropical climates. The geochemical behaviour of REE 
revealed that bauxite/laterite was generated from type-2 
basalt characterized by positive Ce, Eu and Dy anomaly. 
The low concentration of kaolinite indicates desilica-
tion under a hot tropical climate. 

 

Keywords: Bauxite, basalt, laterite, precursor rock, weath-

ering. 

 

LATERITES and bauxite deposits form duricrusts during in-

tense tropical weathering conditions1. The world’s largest 

bauxite deposits are mainly distributed in tropical and sub-

tropical regions on both sides of the equator between latitu-

des 30S and 30N (ref. 2). Major bauxite mining occurs 

in northern South America, West Africa, India, Southeast 

Asia, and northern to southwestern Australia3. Generally, 

three types of bauxitic minerals are found, viz. gibbsite 

(Al2O3·3H2O), boehmite (AlO(OH)) and diaspore; whereas 

laterite is a mixture of varying proportions of goethite 

(FeO(OH)), hematite (Fe2O3), limonite (-FeO(OH)) and 

kaolinite (Al2Si2O5(OH)4) (refs 4–6). The large gibbsite 

deposits are located in Guyana Shield, Guinea, Australia, 

Brazil and India7,8. There are mainly two types of bauxite 

deposits – laterite-type bauxite formed from the weathering 

of igneous, metamorphic or sedimentary rocks, and karst 

bauxite formed in limestone terrain9. In India, the existence 

of extensive belts of laterite along the Maikal range hills 

is well-documented. This laterite-type bauxite developed 

over the Deccan continental flood basalt province10. During 

the Cenozoic period, the multi-phase rift history of India 

played an important role in the morpho-tectonic evolution 

and the associated erosional, depositional and deep weather-

ing of the massive basaltic province11. It might have con-

tributed to the development of laterite and bauxite. The 

weathering profiles also played an important role in the 

evolution of tropical and subtropical landscapes of India, 

Africa and Australia12–15. Generally, laterite developed 

from ultramafic rocks due to strong weathering depending 

upon the climatic and topographical conditions16,17. Factors 

such as the type of protoliths, pH variation during weather-

ing, adsorption processes, groundwater geochemistry, varia-

tion of Fe concentration in the weathering profiles, leaching 

degree of minerals and geochemistry of elements have 

played an important role in the distribution of elements during 

weathering. Bauxite/laterite is formed by intense chemical 

weathering of rocks under warm and humid climates, 

leading to the accumulation of least soluble metals and 

transportation of soluble elements18–23. Water percolation 

through the faulted and fractured parent rocks was extremely 

efficient in leaching silicates and concentration of aluminium 

in the form of bauxite24. The development and destruction 

of the lateritic horizon depend solely on long-term climatic 

and tectonic stability along with slow geomorphological 

evolution over 104–106 years (ref. 25). Two of the most 

important environmental parameters are precipitation and 

temperature. Other factors such as vegetation26,27, role of bac-

teria28, role of groundwater29,30, effect of the alternation of 

dry and wet seasons26, and effect of topography26,31 are also 

important to the lateralization process. That process was 

terminated by the upliftment, climate changes or both, and 
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led to the rapid erosion and stripping of the lateritic weath-

ering profile. 

 The highly elevated bauxite deposits within Fe-duricrusted 

surfaces (above 900 m) in the Bamhantara area of Kabird-

ham district, Chhattisgarh, India, were formed from the 

successive weathering of the Deccan Volcanic Province. 

The formation of bauxite is the result of a combination of 

geomorphological, groundwater regime and leaching fac-

tors32. It has been reported that bauxite in this area occurs 

in the form of pockets sandwiched between two highly fer-

ruginous laterite horizons33–35. Further exploration was done 

during the last four decades due to the inaccessibility and lo-

gistic problems of this remotely situated top part of the 

plateau. The mineable bauxite resource was first discove-

red in the study area. The Bamhantara plateau has been esti-

mated to contain 5 million tonnes of bauxite deposit in a 

total prospecting lease (PL) area of 0.78 km2. The deposit 

has been studied in detail by other researchers36–38. The 

present study focuses on the analysis of detailed geologi-

cal and mineralogical characteristics of bauxite deposits of 

the Bamhantara plateau in Kabirdham district, Chhattisgarh, 

to determine the concentration of major, trace and rare earth 

element (REE) in the bauxite ores developed within later-

ite over the Deccan Traps. The results of this study provide 

an opportunity to interpret the geo-environmental behaviour 

of bauxite formation in the Bamhantara plateau and similar 

types of deposits with similar geological set-ups elsewhere 

in the world. 

Geological setting 

The Bamhantara plateau is covered by laterite capping over 

the Deccan flood basalt province. Deccan basalt is fine-

grained, light greenish-grey coloured, vesicular and amy-

gdaloidal39 at an altitude ranging from 340 to 941 m amsl, 

formed at the central part of the Maikal Hills of the Satpuras 

in Kabirdham district, Chhattisgarh (Figure 1). Today, the 

province has gained global attention because of its enor-

mous volume and basaltic eruption duration that overlapped 

the Cretaceous–Tertiary boundary10,40,41. Samples collected 

from the Bamhantara plateau are covered by 0–5 m thick 

nodular and pisolitic lateritic soil. Some laterites have indu-

rated surfaces or sandy textures, while others have a mas-

sive structure with colours ranging from brick red to dark 

brown (Figure 2 a). The bauxite horizon found below the 

top lateritic soil is hard, compact, pinkish-white to white 

in colour, massive and pisolitic at some places (Figure 2 b 

and c). In a few parts, the bauxite horizons bifurcate to 

form two separate layers. The concentration of ferruginous 

material in laterite increases below the bauxite horizon. It 

overlies the Deccan basalts through the intermediate zone 

of lithomargic clay with a gradational contact (Figure 2 d). 

Bauxite occurs more or less as horizontal lenses, lenticular 

patches, and tabular bodies in the form of boulders in pockets 

enclosed within42. The primary features have resulted 

from residual weathering leading to the formation of litho-

margic clay, bauxite and laterite43. Figure 3 shows the 

subsurface disposition of lateritic soil, bauxite, ferruginous 

bauxite and clay horizons in the Fence diagram. The depth 

of the ore zone varied from 0 to 7.63 m. Supplementary 

Table 1 summarizes the cumulative thickness of bauxite in 

133 boreholes. 

Materials and methods 

In recent years, various analytical techniques have been 

used to determine major, trace and REE geochemistry and 

to study the parent rock composition, diagenetic and epige-

netic processes and environmental conditions (Eh–pH, 

drainage and climate). Field investigation of the Bamhantara 

block was carried out by detailed mapping (scale – 1 : 2000) 

and exploration (UNFC: G1 and G2 stage). A total of 194 

boreholes were drilled at 50 m  50 m intervals in an area 

of 1 km2. A total of 558 samples were used for the analysis 

from at least 148 boreholes. The core samples (558) were 

 

 

 
 

Figure 1. a, Location map of Kabirdham district, Chhattisgarh, India. 
b, Geological map (part) of T.S. no. 64F/3. c, Geological map (scale 
1 : 2000) of Bamhantara area, Kabirdham district and borehole locations 
in the study area. 
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collected and analysed (selected major oxides: SiO2, Al2O3, 

Fe2O3, TiO2, loss of ignition (LOI)) from 148 boreholes. 

Among these, 133 boreholes were found to be productive 

in terms of bauxite after chemical analysis (Supplementary 

Table 1). In addition, 16 representative samples from the 

outcrops and also from the selected boreholes, six samples 

from basalt, one sample from saprolite outcrop, six samples 

from bauxite and three samples from laterite were collected 

for whole-rock geochemical analysis (all major oxides like 

SiO2, Al2O3, Fe2O3, TiO2, MgO, MnO, CaO, Na2O, K2O and 

minor elements like Ba, Mb, Sr, Zr, Y, Rb, REE) (Supple- 

 

 

 
 

Figure 2. Photographs of core sample. a, Brick-red-colours ferrugi-
nous laterite (BH no. 46); b, pinkish-white to greyish-white massive 
bauxite (BH no. 46); c, pinkish pissolitic bauxite (BH no. 46); d, greyish 
massive lithomargic clay. 

mentary Table 2). Similarly, ten borehole samples were stu-

died for mineralogical and textural analysis using ore micro-

scopy followed by electron probe microanalyzer (EPMA) 

and scanning electron microscopy coupled with energy-

dispersive X-ray spectrometry (SEM-EDS). 

 The standard methodology of X-ray fluorescence (XRF) 

and inductively coupled plasma-mass spectrometry (ICP-

MS) techniques for chemical analysis was adopted for this 

study44–48. 

 The major oxides, as well as trace elements and REEs 

were analysed by XRF and ICP-MS respectively, in the 

Geological Survey of India (GSI), Central Region, Nagpur, 

Maharashtra and State Directorate of Geology and Mining 

(DGM), Raipur, Chhattisgarh. LOI content was obtained 

by measuring the weight loss of 1 g of the sample after 

90 min of heating at 950C. The samples were processed for 

the whole-rock mineralogical composition of ores. All the 

representative samples were pulverized to obtain homoge-

neous samples. Approximately 1–2 kg of each sample was 

ground to finer size using agate jars and agate milling balls 

and sieved to ~120 mesh size. 

 Mineralogy at the microscale was studied by EPMA. 

For the study of bauxite ore, silicates, oxides and pure ele-

ments were used as standards (analytical errors was 1% 

for major elements and 3% for minor elements)49. Prior to 

analysis, the samples were typically coated with a thin 

film of conducting material (carbon) of about 20 nm thick 

for better conductivity. During EPMA, the samples were 

loaded only in the sample chamber through a vacuum inter-

lock and mounted on the sample holders. Thin sections were 

studied using a polarizing microscope (Nikon) in Optical 

Microscope Laboratory of GSI, Central Region, Nagpur, 

Maharashtra. After a detailed petrographic analysis, the 

samples were studied using transmitted, and backscattered 

electron (BSE) images obtained when the electron beam 

was rastered on the sample. The brightness of individual 

 

 

 
 

Figure 3. Fence diagram showing subsurface disposition of bauxite, 
ferruginous bauxite, laterite and lithomargic clay of Bamhantara area, 
Kabirdham district, Chhattisgarh. 
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Figure 4. Changes in (a) major oxides (%) concentration from precursor rock to bauxite; (b) trace elements (mg/kg) concentration with weathering. 
 

 

 
 
Figure 5. Distribution of SiO2 (%) with respect to Al2O3 (%) for bauxite/ 
laterite samples collected from 148 boreholes. 

 

 

phases in the images is based on the average atomic number 

of the phases present in the sample and helps us understand 

the compositional variations between the mineral phases or 

within a single phase. The optical image, BSE image and 

chemical composition of minerals in thin sections were 

compared to explore the interaction of a mineral with a high 

energy (20 kv) electron beam focused to a diameter of a 

few microns50. 

Results 

The analysis of major elements concentration revealed that 

SiO2 abruptly decreases with progressive weathering from 

basalt to laterite with a sharp neck point at the saprolitic 

zone (Figure 4 a). The average silica percentage gradually 

decreases from basalt to bauxite: 44.11 in basalt, 42.17 in 

saprolite, 16.10 in laterite and 5.84 in bauxite (Supple-

mentary Table 2). Quartz is not found in bauxite. The 

mean trace elements concentration of Zr, Ba and Nb in-

creases 2–4 times from the parent rock to the bauxite/laterite 

profile, whereas the average concentration of Y and Sr de-

creases 2–20 times from basalt to bauxite. Rb concentration 

remains constant throughout the weathering process 

(Supplementary Table 2 and Figure 4 b). 

 The SiO2 versus Al2O3 plot in Figure 5 also reveals that 

quartz is negligible with increased Al2O3 content in bauxite. 

 The petrological and mineralogical characteristics of 

bauxite indicate that mainly two types of bauxite are pre-

sent in the study area, viz. massive (Figure 6 a and b) and 

oolitic–pisolitic (Figure 7 a–d). In the massive bauxite, 

aggregates of fine- to medium-grained gibbsite are frequently 

transacted by alumino-ferruginous material (Figure 6 a). 

The needle-shaped ilmenite occurs in a criss-cross pattern 

(Figure 6 b). The pisolitic bauxite shows oolitic–pisolitic, 

nodular texture under the microscope, with ooids of various 

shapes and sizes (Figure 7 a–d). The pisolites are mostly 

circular to elliptical in nature. The spherical grains of piso-

lites range from 400 to 800 m. In elliptical grains, the long 

axis varies from 47 to 133 m and the short axis from 43 

to 118 m. Gibbsite and boehmite occurred in the core of 

pisolites and are surrounded by the alumino-ferruginous, 

cryptocrystalline (often microcrystalline) brown-coloured, 

Fe–Ti-rich clay matrix (Figure 7 a, c and d). These have 

been considered ilmenite grains within hematite and goethite. 

Although the matrix is heterogeneous, spotted and ferrugi-

nous in composition tiny veinlets and voids are occupied 

by boehmite (Figure 7 a and d). The aggregates of boehmite 

form concentric bands at a few places (Figure 7 b, c and 

d). The Ti and Fe concentration increases from core to rim 

(Figure 7 b). Goethite is present along the boundary of piso-

lites. The aggregates of fine- to medium-grained gibbsite 

are frequently transacted by the alumino-ferruginous mate-

rial. The gibbsite–boehmite transitional phase was observed 

in the thin-section analysis at a few selected parts of the 

study area (BH no. 64) (Figure 8 a). The colloform bands 

https://www.currentscience.ac.in/Volumes/124/07/0827-suppl.pdf
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Figure 6. Photomicrographs of (a) massive bauxite (BH-14) with small specks of opaque minerals (plane polarized light, PPL); (b) massive fine 
crystalline bauxite with small specks of ilmenite (Ilm*) minerals (BH-52) (PPL)94. 
 
 

 
 

Figure 7. Photomicrographs showing the texture and mineralogy of bauxite occurring in the study area. a, Pisolitic bauxite (BH-14). The centre is 
formed by gibbsite (Gbs*) and surrounded by Fe–Ti-rich clay along with goethite (Gth*) (PPL). b, Pisolitic bauxite (BH-64). The core is formed by 
boehmite (Bhm*) (PPL). c, Fine pisolitic bauxite (BH-3W). The core is composed by boehmite (Bhm*) encircled by limonite (Lm*) (PPL). d, Pisolitic 
bauxite with the central part showing boehmite (Bhm*) surrounded by limonite (Lm*) and gibbsite (Gbs*) (PPL)94. 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 124, NO. 7, 10 APRIL 2023 832 

 

 
 

Figure 8. Photomicrographs of (a) colloform banding and rimmed texture formed by gibbsite (Gbs*) and opaque (Op*) (BH-47) (PPL) and (b) 
gibbsite and boehmite (Gbs*–Bhm*) transitional phase with low (5.72%) to moderately high (15%) amounts of TiO2. Chemical changes observed 
within the oolites from core to boundary are indicated by the colour variations. Al2O3 content increases and FeO content decreases from core to 
boundary (BH no. 64)94. 
 

 

 
 

Figure 9. Backscatter electron (BSE) images: a, Boehmite (Bhm*) encircled by Al–Fe–Ti–Si-bearing clay. Gibbsite (Gbs*)–boehmite (Bhm*) tran-
sitional phase and goethite are also present (BH-14). b, Pisolitic bauxite, with the core formed by gibbsite (Gbs*)–boehmite (Bhm*) transitional phase 
encircled by gibbsite (Gbs*). Specks of ilmenite (Ilm*) are also present within bauxite (BH-47). c, Ti-rich gibbsite (Gbs*)–boehmite (Bhm*) transi-
tion and boehmite (Bhm*) (BH-47). d, Boehmite (Bhm*) along with Fe–Al–Si-rich clay (BH-36W). 
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Figure 10. BSE images of bauxite ores of BH 46. Spectrum A shows needle-shaped ilmenite grain crosscuting 
the grain boundary of bauxite (spectrum C). Both the grains, i.e. ilmenite and bauxite are embedded within a matrix 
(spectrum B) that is mainly composed of 31.47 wt% Ti, 51.42 wt% O, 7.87 wt% Fe and 9.25 wt% Al. 

 

 

 
 

Figure 11. BSE images of bauxite ores of BH 117. Spectra A and B 
indicate pure bauxite and Ti–Fe-rich bauxite respectively. Within Fe-
rich bauxite (spectrum C), trails of ilmenite (spectrum D) can be seen. 
Spectrum E shows Ti–Fe-rich bauxite, while spectrum F shows Prome-
thium (REE). 

formed alternating coloured rings of gibbsite and goethite/ 

limonite (Figure 8 b). Negligible amount of kaolinite was 

observed in the bauxite samples. In general, hematite, goe-

thite and kaolinite are the early minerals, and gibbsite is 

the late mineral for the formation of bauxite51. 

 The detailed mineralogical study of bauxite samples by 

EPMA indicated that boehmite was the predominant alumi-

nous mineral of the study area rather than gibbsite (Figure 

9 a–d). The criss-cross arranged ilmenite grains were obser-

ved prominently by SEM-EDS (Figures 10 and 11). Some-

times the needle-shaped ilmenite grains showed triangular 

to polygonal interspace filled by bauxite (Figure 12). 

 The ternary plot of Al2O3–Fe2O3–LOI of bauxite samples 

of the study area showed that most of them occupied the 

boehmite/diaspore window52 (Figure 13). The triangular 

variation diagrams of Al2O3–SiO2–Fe2O3 are commonly used 

to show the degree of lateritization, mineral control and 

bauxite classification53,54. Based on the mineralogical classi-

fication, most of the bauxite samples in the study area fell 

within the ferrite bauxite and bauxite fields (Figure 14 a). 

The trivariate diagram of SiO2–Al2O3–Fe2O3 in Figure 

14 b indicates different degrees of lateritization and attests 

to the formation of the ore under intense lateritization condi-

tions54. 

 REEs are important to recognize bauxitization history. 

Minor amount of HREE, i.e. Pm (8.08 wt%), was determined 

during SEM-EDS (Figure 11). The light REE (LREE; 

La–Eu), heavy REE (HREE; Tb–Lu), and REE (La–Lu) 

concentrations in the Bamhantara bauxite ranged from 59.16 

to 91.13 mg/kg (average 73.72 mg/kg), 3.83 to 9.83 mg/kg 

(average 5.73 mg/kg) and 65.39 to 100.96 mg/kg (average 

79.45 mg/kg) respectively (Supplementary Table 2). The 

https://www.currentscience.ac.in/Volumes/124/07/0827-suppl.pdf
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REE concentration in the Deccan basalt varied from 89.00 

to 165.86 mg/kg (average 112.61 mg/kg) (Supplementary 

Table 2). The average LREE, HREE and REE concen-

tration in saprolite was 68.81 mg/kg, 20.68 mg/kg and 

89.49 mg/kg respectively (Supplementary Table 2). The ratio 

of (LREE/HREE)N, (La/Yb)N and La/Y in bauxite and laterite 

varied from 0.89 to1.96, 0.67 to 2.49, and 0.88 to 3.62 res-

pectively (Supplementary Table 2). The ratio in basalt 

ranged from about 0.35 to 0.81 (LREE/HREE)N, 0.29 to 

0.87 (La/Yb)N and 0.34 to 1.00 La/Y (Supplementary Ta-

ble 2). The Eu and Ce anomalies in laterite/bauxite varied 

from 1.15 to 1.60 (average 1.27) and 0.97 to 2.15 (average 

1.32 respectively). These anomalies in basalt ranged from 

1.03 to 1.68 (Eu/Eu*) and 0.92 to 1.32 (Ce/Ce*). The chon-

drite-normalized (HREE)N and (LREE)N patterns showed 

a depleted nature with weathering along with high Eu and 

Ce anomalies (Figure 15 a–e). The saprolite sample was 

rich in Eu and Dy (Figure 15 b). For most of the samples of 

bauxite, laterite was characterized by a high concentration 

of Ce, Eu and Dy (Figure 15 c and d). Both LREE and HREE 

were depleted from fresh rock to bauxite/laterite, except Ce 

 

 

 
 
Figure 12. BSE images of bauxite ores of BH 166: Relic intergranular 
texture found within BH 166. Spectra A, B and E show laths of needle-
shaped ilmenite grains with triangular interspaces filled by pure bauxite 
(spectrum F) (100 compd% Al2O3). Grains of ilmenite are embedded 
within Ti-rich bauxite (spectra C and G) or pure bauxite (spectrum D). 

(Figure 15 a–e). The basalt and saprolite samples showed a 

relatively flat HREE than LREE, whereas the HREE pattern 

in bauxite and laterite samples was highly irregular and 

sharper than LREE (Figure 15 a–d). The bauxite samples 

mostly showed positive Ce anomalies (Ce/Ce*), which indi-

cates the oxidizing condition during the ore-forming pro-

cess55 (Figure 15 c). The variation of La/Y ratio in bauxite 

was used to determine the change in pH during weather-

ing56,57 (Figure 16 a and b). 

Discussion 

The results of the present study, in terms of major and trace 

elements characteristics, indicate that the highly mobile 

and soluble constituents like Si, Mg, Ca, Na and K are 

leached out from basalt, while the least mobile chemical 

constituents like Al, Fe and Ti are retained due to solubility, 

sorptive phenomenon and translocation58 (Supplementary 

Table 2). The Al2O3 concentration increases from basalt to 

laterite with a sharp neck point at the saprolitic part. The 

Fe2O3 content increases gradually from basalt to bauxite and 

further increases rapidly from bauxite to laterite. The LOI 

content follows almost the same trend throughout the baux-

itization history. The TiO2 content is constant during the en-

tire process. The average variation of major oxide content 

and chemical composition of basalt and bauxite (Supple-

mentary Tables 1 and 2) show that the mean SiO2 content 

decreases from 44.11% (basalt) to 3.79% (bauxite). The 

increasing Al2O3 and TiO2 content from 13.06% (basalt) to 

50.15% (bauxite) and 2.47% (basalt) to 7.35% (bauxite) are 

due to the higher ionic potential of the quadrivalent element 

that tends to prefer small ionic potentials which cause almost 

quantitative precipitation of quadrivalent elements within 

bauxite59. The variation in concentration of Si and Al within 

bauxite and laterite is controlled by drainage condition60,61.  

 

 

 
 

Figure 13. Ternary phase diagram of Al2O3–Fe2O3–LOI of 16 basalt, 
saprolite, bauxite and laterite samples54. 
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Figure 14. Fe2O3–Al2O3–SiO2 triangular diagram showing (a) the mineralogical classification of 133 bauxite ores in the Bamhantara area and (b) 
degree of lateritization. 
 

 

The increasing Al concentration and decreasing Si concen-

tration within bauxite show evidence of autochthonous (or 

in situ) weathering60,61 (Figure 4 a). The low amount of Si 

also suggests its removal during weathering in a well-drained 

system. The abundance of Fe from basalt to laterite sug-

gests that iron is crystallized to form goethite and haema-

tite as a result of intense weathering under suitable climatic 

conditions62. The uniform concentration of Ti indicates evi-

dence of weak leaching32 (Figure 4 a and Supplementary 

Table 2). Thus, the geochemical processes of lateritization 

and bauxitization occur by selective mobilization, leach-

ing and partial re-precipitation with hydration of the ele-

ments that remain in the weathering profile. 

 The petrological analysis specifies that there may be two 

generations of boehmite present in the study area. The early-

generation boehmite occurs at the core of pisolites, while 

the late-generation boehmite is comparatively well-crysta-

llized and formed at the boundary of the pisolites and also 

in voids, pores and veinlet or incrustations (Figure 7 a–d). 

Gibbsite is poorly crystallized and occurs at the centre of 

the pisolites (Figure 7 a). Among the different textures, 

ooids and pisoids can be attributed to the heterogeneity of 

the initial colloids that are derived from the alteration of 

source rock63. The thin-section analysis reveals that the pi-

soids might have been developed from rhythmic precipita-

tion of iron–aluminum hydroxide gel into spherical or oval 

bodies due to changes in the groundwater level64 (Figures 

7 b and 8 a). The process of chemical weathering is not 

continuous. Instead, it is formed during relatively short 

periods of intense weathering, separated by long periods 

of less intense weathering. The Bamhantara bauxitic materi-

als were formed under oxidizing conditions as the study area 

was not immersed in groundwater. As the groundwater rose 

and submerged the area, the depositional conditions decrea-

sed. The pisolitic bauxite was formed under these condi-

tions64. The pisolites are intact, circular and well-rounded in 

nature, which indicates the in situ type of depositional his-

tory63. The pisolitic bauxite also indicates increased drain-

age density in plateau bauxite65. Under tropical conditions, 

laterite may undergo desilication with the formation of 

concretionary bauxite66. The segregation of gibbsite in the 

form of colloform bands is due to absolute enrichment of 

Al or Fe resulting in the destruction of relic textures, fol-

lowed by rearrangement in spherical fabrics65 (Figure 8 b). 

It is also considered to be formed by colloidal deposition 

of aluminous and ferruginous material followed by recrys-

tallization67. The colloidal growth may be due to the variation 

of rhythmic differentiation of Fe+3 and Al+3 of the hydroxyl-

gel. The alumino-ferruginous material within the aggregates 

of fine to medium-grained gibbsite indicates the possible 

redistribution of Fe in the bauxite profile47,63,68 (Figure 6 a 

and b). It has been observed that the core of the pisolites 

was mainly formed by gibbsite–boehmite transitional phase 

or boehmitic–bauxite. The Ti and Fe contents increased 

from the core towards the boundary of the pisolites and 

formed Fe–Ti or Ti-rich bauxite. The ilmenite grains showed 

a cross-cutting relationship with the grain boundary of bau-

xite (Figures 10 and 11). The presence of relic intergranular 

texture (Figure 12) within bauxite provides direct clues 

that it is the result of the chemical weathering product of 

basalt (Deccan Traps; Figure 12). The lath-shaped ilmenite 

grains formed triangular interspaces that were filled up 

later by bauxite. Good preservation of relic texture indicates 

porous rock with main areas of relative aluminum enrich-

ment in plateau bauxite65 (Figure 12). The mineralogical 

composition of Bamhantara bauxite reveals iron hydroxides 

and accessory minerals like feldspar, zircon, rutile, anatase, 

ilmenite and a few clay particles. These minerals are suitable 

for the formation of kaolinite69. A low amount of kaolinite 

was detected in the bauxite samples. The presence of kao-

linite indicates indirect bauxitization70,71 or desilication of 

kaolinite47,72,73 under hot, rainy, tropical climate63, which 

https://www.currentscience.ac.in/Volumes/124/07/0827-suppl.pdf
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can be considered the main weathering mechanism for the 

formation of bauxites. 

 The goethite and haematite in bauxite indicate that both 

minerals formed during weathering in highly oxygenated 

conditions. The dehydration process mainly converts goethite 

into haematite74,75. The occurrence of both goethite and 

haematite also suggests their origin as a result of weathering 

in an oxygenated condition without complete dehydration 

of goethite. The presence of both unaltered primary mineral 

phases and altered products suggests that the mafic minerals 

such as hornblende and augite, and plagioclase from the  

 

 

 
 

Figure 15. Chondritic normalized distribution of REE in (a) basalt; (b) 
saprolite; (c) bauxite; (d) laterite; (e) Chondrite-normalized (HREE)N 
and (LREE)N trend with respect to weathering. 

host basaltic are converted into bauxite (strong deferrugi-

nization and elimination of kaolinite) during weathering62. 

The geochemical and textural variations of bauxite in the 

Kabirdham rocks suggest evidence of chemical weathering 

of the parent rock61,76,77. 

 Generally, in bauxite deposits, gibbsite, boehmite and dia-

spore are the predominant aluminum phases47. The miner-

alogical analysis indicates that the bauxitic mineral in the 

study area is boehmite with sparse occurrences of gibbsite 

or gibbsite–boehmite transition phase (Figure 9 a–c). The 

chemical composition, as shown from the triangular diagram 

(Fe2O3–Al2O3–LOI), also indicates that boehmite is the major 

mineral constituent rather than gibbsite (Figure 13 a). This 

has also been interpreted from the spectral behaviour of 

bauxite and laterite at Kabirdham district, Chhattisgarh78.  

 The triangular plots of SiO2, Al2O3 and Fe2O3 as the end-

members drawn to classify bauxite show the degree of later-

itization and reconstruct geochemical paths during bauxitiza-

tion (Figures 13 b and 14 a). The figures also suggested 

that low amounts of kaolinite support bauxitization from 

basalt due to strong deferruginization and destruction of 

kaolinite21,79. Thus, the Bamhantara bauxite can be catego-

rized into bauxite and/or ferrite–bauxite based on geochemi-

cal analysis. It indicates tropical palaeo-geographic conditions 

that favour bauxitization and the formation of bauxite hori-

zons. The mineralogical changes in the parent rock led to the 

development of extensive lateritic bauxite deposits62,80–82.  

 The trace elements concentration (Rb, Y and Nb con-

tents) was constant during the lateralization process, except 

for a few elements like Zr, Ba and Sr (Supplementary Table 

2). The concentration of Zr and Ba increased, and Sr content 

gradually decreased with weathering. The concentration of 

other trace elements remained constant (Figure 4 b). 

 The normalized REE distribution pattern of the weathering 

products mostly inherited certain geochemical characteristics 

of their parent materials. The Eu anomaly was considered 

to be retained during intense weathering and was utilized 

for identifying the host rock of bauxite61,83,84. The samples 

from basalt, laterite and bauxite showed positive Ce anoma-

lies (Ce/Ce*) (0.92–2.15) (Supplementary Table 2), which in-

dicates oxidizing environmental conditions. The geochemical 

characteristics identified three different types of basalt. Type 

1 was characterized by positive Eu and Dy anomalies. Type 2 

was identified by positive Ce, Eu and Dy anomaly and Type 

3 exhibited a relatively flat REE pattern along with posi-

tive Dy anomaly and no Eu anomaly (Figure 15 a). There-

fore, the geochemical behaviour and trend analysis of trace 

elements and REE suggest that saprolite was formed from 

type 1 under acidic conditions, while bauxite and laterite 

were formed from type 2 under basic conditions. 

 The La/Y ratio in the samples of the study area indicates 

the change from acidic to basic conditions with weathering 

(Supplementary Table 2 and Figure 16 a)85,86. La/Y < 1 im-

plies the prevalence of acidic conditions, whereas La/Y > 1 

indicates basic conditions85,86. As the pH of water changes 

gradually, silica is no more soluble in near-neutral conditions 

https://www.currentscience.ac.in/Volumes/124/07/0827-suppl.pdf
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Figure 16. Changes in pH with weathering from basalt to laterite. (a) La/Y ratio and (b) (La/Yb)N ratio in samples of the study area. 

 

than in acidic conditions87. The absorption of silica on Al-

hydroxides leads to the formation of kaolinite in saprolite. 

Further desilication of saprolite and laterite ultimately 

leads to the formation of bauxite. The (La/Yb)N ratio in baux-

ite is controlled by pH fluctuations in the soil solution88; 

the lower (La/Yb)N ratio indicates more acidic conditions. 

The trend of (La/Yb)N ratio in the samples of the study area 

shows the change from acidic to basic conditions with 

weathering (Supplementary Table 2 and Figure 16 b). There-

fore, the mineralogical study has a major role in the distri-

bution of trace elements89–91, REEs80,92 and their behaviour 

in regolith profiles68,74. 

 Thus, the Bamhantara bauxite forms under intense lea-

ching in an acidic or neutral medium and an intensely oxi-

dizing environment with a hot and moist climate93. 

Conclusion 

The following conclusions can be drawn from the present 

study. 
 

 The Bamhantara laterite profile consists of a complete 

progression from unaltered basalt bedrock through 

subaerial weathering developed as a result of intense 

substrate alteration under tropical or subtropical cli-

mates and leaching through geological time. 

 The Bamhantara bauxite is a type of autochthonous 

(circular, well-rounded pisolites) deposit that locally 

experienced transportation and re-deposition under syn-

environmental depositional condition (presence of boeh-

mite). 

 The bauxite layer is categorized as bauxite and/or fer-

rite–bauxite based on geochemical analysis. 

 Bauxite had formed by desilication of kaolinite under a 

hot, rainy, tropical climate with an intensely oxidizing 

subtropical to tropical environment (presence of boehm-

ite, gibbsite and boehmite–gibbsite transitional phase) 

under a high degree of drainage (presence of pisolites). 

 The rhythmic precipitation of iron–aluminum hydroxide 

in bauxite occurred due to groundwater fluctuation (for-

mation of pisolites). 

 The presence of relic inter-granular texture and relic feld-

spar within bauxite provides direct clues that bauxite is 

the result of chemical weathering product of basalt 

(Deccan Traps). 

 Uniform concentration of Ti indicates weak leaching. 

 The same REE patterns for bauxite/laterite probably 

reflect a homogeneous parent rock from which the Bam-

hantara lateritic bauxite was derived under tropical to 

subtropical climates. 

 The geochemical behaviour and trend analysis of trace 

elements and REEs revealed that saprolite was formed 

from type 1 basalt under acidic conditions, while bauxite 

and laterite from type 2 basalt under basic conditions. 
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