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Figure 2. Mean first derivative spectrum of the whole data set and three individual spectra in 
the 2150-2350 nm range. P1: peak of maximum reflectance of kaolinite, between 2212-2214 
nm; P3: peak of maximum reflectance of gibbsite, between 2272-2284 nm; P2: point of 
minimum reflectance between P1 and P3, situated between 2234 and 2248 nm; P2*: intersection 
point of the spectra, situated between 2256 and 2268 nm. 

 

3 Results  

3.1 Reference soil analyses 

The descriptive statistical analyses of mineralogical characteristics of the soils are 

shown in Table 1. On average, aluminium was the major element (197 ± 83 g kg-1 

Al 2O3_SA), followed by silicon (142 ± 69 g kg-1 SiO2_SA) and iron (80 ± 49 g kg-1 

Fe2O3_SA). However, a large variability was observed among the studied soils (Fig. 3a). 

The mean Ki and Kr ratios, calculated from the SA extraction results, were 1.5 and 1.1, 

respectively. According to the CPCS (1967), the soils are classified as ferrallitic when 

Ki < 2. Therefore, 32 soil samples of the 148, including 3 Ferralsols, were not correctly 

classified based on field observations (Ki > 2). 

Kaolinite was the dominant mineral of the clay fraction (305 ± 148 g kg-1) (Table 1 

and Fig. 3b). Crystalline iron oxides, estimated by the CBD extraction (Fe2O3_CBD), 

accounted for 43 ± 30 g kg-1. The amount of Al2O3 in the kaolinite was 227 ± 110 g kg-1  
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, whereas the amount of Al2O3 substituted in the iron oxides was 12 ± 12 g kg-1. The 

chemical estimation of Al substitution of iron oxides was 33%, i.e. nearly the maximum 

theoretical Al substitution ratio (Cornell and Schwertmann, 1996). The goethite and 

hematite contents, calculated from the iron oxide content and Al substitution ratio, were 

34 ± 26 g kg-1 and 12 ± 18 g kg-1, respectively. The gibbsite content, calculated from the 

remaining amount of Al2O3, was 98 ± 131 g kg-1. The mean RKGb ratio, calculated from 

the kaolinite and gibbsite contents, was 0.75 ± 0.25. 

 

 

 

 

 

Figure 3. SiO2, Al2O3 and Fe2O3 (a) and kaolinite (Kt), gibbsite (Gb) and goethite + 
hematite (Gt+Hm) (b) relative contents for the Ferralsols, Cambisols and Nitisols studied 
in Madagascar. 
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Table 1. Descriptive statistics for mineralogical constituents and ratios of the studied ferralitic 
soils 

Al 2O3_CBD: the amount of Al substituting Fe in iron oxides determined by the citrate-bicarbonate-dithionite 

(CBD) deferrification method; Fe2O3_CBD: the amount of Fe determined by the CBD method; SiO2_SA: the 

amount of silicon determined by the sulfuric acid extraction method (1:1 deionized water/cc. sulphuric 

acid; SA); Al2O3_SA: the amount of aluminium determined by the SA method; Fe2O3_SA: the amount of iron 

determined by the SA method; Ki: SiO2_SA/Al 2O3_SA; Kr: SiO2_SA/(Al 2O3_SA + Fe2O3 _SA); Kaolinite, 

Gibbsite, Goethite and Hematite calculated according to Eqs. 1 to 4; RKGb: Kt/(Kt + Gb); SD: standard 

deviation. 

3.2 NIR calibration and validation of mineralogical properties with chemometric 
methods 

The predictions of mineralogical properties of soils using chemometric methods were 

poorly effective (Table 2). Only Al2O3_SA and Fe2O3_CBD were satisfactorily calibrated, 

according to the classification of Chang et al. (2001) and Malley et al. (2004), with R2
cv 

= 0.74 and 0.80 and RPDc = 2.0 and 2.2, respectively. All the other mineralogical 

properties were moderately calibrated (RPDcv between 1.4 and 1.7). External validations 

also yielded poor results (RPDv < 2). In the case of kaolinite and gibbsite, the values for 

the validation set are markedly lower than those of the calibration set (R2v = 0.37 and 

0.51 and RPDv = 1.3 and 1.4, respectively).  

Mineralogical 
constituents / 

ratios 
 

min max mean SD median 

Al 2O3_CBD g kg-1 0.5 76.9 12.5 11.7 8.5 

Fe2O3_CBD g kg-1 0.0 181.4 42.7 30.4 37.4 

SiO2_SA g kg-1 6.2 314.9 141.8 68.8 134.2 

Al 2O3_SA g kg-1 22.0 381.2 196.6 83.1 207.2 

Fe2O3_SA g kg-1 11.8 231.0 80.2 48.8 70.7 

Ki 
 

0.03 4.49 1.46 0.84 1.30 

Kr 
 

0.03 3.96 1.15 0.68 1.03 

Kaolinite (Kt) g kg-1 13.3 676.3 304.7 147.9 288.3 

Gibbsite (Gb) g kg-1 0.0 456.2 97.7 131.1 83.8 

RKGb 
 

0.03 1.00 0.75 0.25 0.79 

Goethite (Gt) g kg-1 0.0 128.2 33.6 25.8 26.5 

Hematite (Hm) g kg-1 0.0 79.5 12.2 17.9 1.8 
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Table 2. Calibration and validation statistics of modified partial least square (mPLS) regression for the models of prediction by SPIR of several mineralogical 
constituents and ratios 

  Calibration set  Validation set 

Mineralogical 
constituents  
Ratios 

  
Pre-treatment 
of spectra 

N out n1 Mean SD SECV R²c RPDc 
 

n2 Mean SD SEP(c) Bias Slope R²v RPDv 

Al 2O3_CBD g kg-1 MSC 21010 104 7 97 9.9 6.9 4.62 0.56 1.5 
 

42 13.3 5.5 7.98 1.50 1.25 0.43 1.3 

Fe2O3_CBD g kg-1 MSC 255 104 9 95 36.9 26.0 11.77 0.80 2.2 
 

42 52.3 27.2 21.31 1.40 1.02 0.63 1.6 

SiO2_SA g kg-1 NONE 244 104 5 99 144.0 68.8 44.22 0.60 1.6 
 

42 140.2 59.2 58.42 -13.05 0.72 0.37 1.3 

Al 2O3_SA g kg-1 NONE 001 104 4 100 185.7 81.3 41.90 0.74 2.0 
 

42 223.8 67.1 40.90 0.42 0.99 0.72 1.9 

Fe2O3_SA g kg-1 SNV 144 104 6 98 74.6 46.8 28.00 0.65 1.7 
 

42 86.3 42.5 45.23 -2.60 0.50 0.22 1.1 

Ki 
 

SNV 244 104 4 100 1.5 0.8 0.50 0.60 1.6 
 

42 1.2 0.6 0.52 -0.01 0.94 0.53 1.5 
Kr 

 
MSC 001 104 6 98 1.1 0.6 0.40 0.50 1.4 

 
42 1.0 0.4 0.43 -0.08 0.88 0.44 1.3 

Kaolinite g kg-1 NONE 244 104 5 99 309.3 147.8 94.98 0.60 1.6 
 

42 301.2 127.1 125.48 -28.03 0.72 0.37 1.3 

Gibbiste g kg-1 NONE 001 104 34 70 138.4 107.1 67.77 0.60 1.6 
 

34 184.3 92.9 83.51 10.51 0.90 0.51 1.4 

RKGb g kg-1 NONE 001 104 1 103 0.8 0.3 0.20 0.57 1.5 
 

42 0.7 0.3 0.21 -0.02 0.91 0.57 1.5 

Goethite g kg-1 SNV 21010 104 5 99 31.0 23.5 13.97 0.66 1.7 
 

42 38.2 19.5 16.20 3.31 1.04 0.61 1.6 

Hematite g kg-1 NONE 21010 104 51 53 18.1 17.0 9.94 0.66 1.7   33 22.9 12.2 13.10 0.51 1.47 0.70 1.8 

 Pre-treatment: MSC: Multiplicative Scatter Correction; NONE: no treatment; SNV: Standard Normal Variate. The numbers indicate the derivatives (0, 1 and 2: no 
derivation, first and second derivatives, respectively); number of point gap (0, 4, 5, 10); number of point for first smoothing (1, 4, 5, 10); and number of point for second 
smoothing (1); N: total number of samples; out: number of outliers; n1: number of samples in the calibration set (N – out); n2: number of samples in the validation set; 
Mean: mean of calibration or validation sets; SD: standard deviation; SECV: Standard Error of Cross Validation; R²c: coefficient of determination of SECV; RPDc: Ratio 
Performance Deviation (SD/SECV); SEP: Standard Error of Prediction; R²v: coefficient of determination of SEP. The abbreviations for the mineralogical constituents 
and ratios are specified in the footnote of Table 1 
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3.3. NIR calibration and validation of specific spectral peaks for kaolinite and gibbsite  
The PLS loadings of the soils spectra (Fig. 4) were analysed after the best pre-treatments 

made for the four analyzed minerals (Table 2), i.e. NONE 0011 for gibbsite, NONE 2441 for 

kaolinite, SNV 210101 for goethite and NONE 210101 for hematite. The loadings 

corresponding to the NONE 0011 pre-treatment had a specific shape with weak and 

monotonous changes for PC1 and PC2 and a marked peak at nearly 2265 nm for PC3 (Fig. 

3a.). For the three other pre-treatments the three loadings were closely identical, with high 

loadings at 1 350-1 550, 1 850-1 950 and 2 100-2 500 nm (Fig. 4b, 4c, 4d). The most specific 

spectral bands produced by the studied minerals in the near-infrared range were situated 

between 2 200 and 2 300 nm. The peak of gibbsite was clearly detected at nearly 2 270 nm 

with the NONE 0011 pre-treatment, whereas both kaolinite and gibbsite peaks were detected 

using the NONE 2441 pre-treatment, at nearly 2 205 and 2 270 nm, respectively (Fig. 4b.). 

Some specific loadings were observed for PC3 at 1 650-1 800 nm with the SNV 210101 pre-

treatment that corresponds to the best pre-treatment for goethite (Fig. 4c.). 

The correlation, obtained by linear regression between kaolinite content and intensities of 

its specific absorption peaks (IKt), and by polynomial regression, between gibbsite content and 

intensities of specific absorption peaks (IGb) are shown in Fig. 5. The coefficients of 

determination were satisfactory for kaolinite and gibbsite, with adjusted R²c = 0.69 and 0.71, 

respectively (Fig. 5.). These coefficients are higher than R2c values obtained for kaolinite and 

gibbsite (0.60) by partial least square regressions (Table 2). The values obtained for the 

validation set (R2v = 0.72, for both kaolinite and gibbsite) are also similar to those of the 

calibration set. 
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Figure 4. Partial least square loading weights for the PCA transformed NIR reflectance values after 
the best pre-treatments for the prediction of soil minerals: (a) NONE 0011 for gibbsite; (b) NONE 
2441 for kaolinite; (c) SNV 210101 for goethite; (d) NONE 210101 for hematite. NONE: no 
treatment; SNV: Standard Normal Variate. The numbers indicate the derivatives (0, 1 and 2: no 
derivation, first and second derivatives, respectively); number of point gap (4, 5, 10); and number of 
point smoothing (4, 5, 10). 
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Figure 5. Correlation between absorption intensities of specific peaks for kaolinite (a) and gibbsite (b) 
and their contents analyzed by wet chemistry. IKt and IGb are the heights of the first derivatives of 
absorption peaks of kaolinite and gibbsite, respectively. 

 

4 Discussion 

4.1 Representativity of the studied soils  

The studied soils correspond to ferralitic soils, one of the most common soils group 

occurring in areas under tropical climate (Adamoli et al., 1985; Dewitte et al., 2013) and 

represent around 40% of the soils of Madagascar (Roederer, 1971). They have a sand-loam to 

clayey texture (332 ± 151 g kg-1 clay content), that is within the textural variability found in 

the majority of tropical soils. These soils were formed as the result of intense weathering and, 

consequently, were highly desilicified, as can be observed by the low Ki and Kr ratios of most 

of them (Table 1). Kaolinite was the dominant mineral of the clay fraction (305 ± 148 g kg-1), 

followed by gibbsite, goethite and hematite (98 ± 131; 34 ± 26 and 12 ± 18 g kg-1, 

respectively). This is in accord with the main concept on ferralitic soils, that is, predominance 

of kaolinite, smaller presence of iron and aluminum oxides with minor proportions of other 

components in the clay fraction (IUSS Working Group WRB, 2014). 
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The mineralogical content of the studied soils was similar to those ferralitic soils (Latosols) 

of the central Brazilian Plateau that were studied by Vendrame et al. (2012). Those soils 

contained 243 ± 92 g kg-1 kaolinite, 71 ± 60 g kg-1 gibbsite, 60 ± 39 g kg-1 goethite and 40 ± 

41 g kg-1 hematite. However, the iron contents in the Madagascar soils were lower than those 

observed in the central Brazilian Plateau but similar to other Brazilian tropical soils (Melfi et 

al., 1979), classified as hypo- to meso-ferric. In granite-derived soils of South Africa, 

Bühmann and Kirsten (1991) observed that kaolinite, halloysite, gibbsite and goethite were 

the most common secondary minerals. These authors emphasize the fact that kaolinite was the 

most common alteration product of granites and mafic rocks under most climatic conditions, 

from arid to humid. In West Africa, Dabin and Maignien (1979) found that kaolinite and illite 

were the main components of the ferralitic soils, however, the thickness of the oxic horizon 

and the losses of silicon and iron was less pronounced than for other tropical regions due to 

less current rainfall. 

The RKGb ratio of the studied soils (0.75 ± 0.25) was also very similar to the that of the 

Brazilian Latosols studied by Vendrame et al (2012) (RKGb = 0.77 ± 0.3). Therefore, the 

variability of the kaolinite and gibbsite contents of the studied samples fairly well covered the 

variability of the mineralogical composition of highly weathered tropical soils. Therefore, the 

selected population of samples would be favorable to construct reliable calibrations with a 

limited number of samples. 

 

4.2 Quantitative analysis of the mineralogy of ferralitic soils with chemometric methods 

Infrared spectra of soils contain extensive information on soil minerals associated with 

vibrations of O-H, Al-O, Fe-O and Si-O groups. The main frequencies and wavelengths of 

spectral absorption in the MIR and Vis-NIR for major soil minerals, comprising quartz, clay 

minerals (kaolinite, smectite/illite), carbonates, aluminum (Al)/iron (Fe) oxyhydroxydes and 

Fe oxides, have been reviewed recently by Soriano-Disla et al. (2014). However, quantitative 

predictions of the mineralogical content (kaolinite, gibbsite, goethite, hematite) of soils using 

infrared spectroscopy are scarce.  

Few studies have used infrared spectroscopic techniques as a tool for the quantifications of 

kaolinite in soils. A first attempt to determine the composition of mineral-organic mixes, 

made of pure minerals including kaolinite, illite and smectite, was carried out by Viscarra 

Rossel et al. (2006a). The prediction of the amount of kaolinite in the test mixtures were 

accurate (R2 = 0.94; RPD = 4.1). Brown et al. (2006) were also able to predict kaolinite in a 

semi-quantitative manner (0-5 scale) using X-ray diffraction (XRD) as reference. The work 
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by Vendrame et al. (2012) is one of the first studies on tropical soils, where prediction of 

kaolinite content by NIRS was effective (R2 = 0.82; RPD = 2.4). Our results (R2 = 0.60; RPD 

= 1.6; Table 2), using a similar methodology, for the ferralitic soils of Madagascar are less 

promising than those of Vendrame et al. (2012) as they are slightly lower than what is 

considered acceptable according to Chang et al. (2001). 

Results on the quantifications of gibbsite in soils are even scarcer than those for kaolinite. 

NIR-spectroscopy was used for quantitative analysis of the gibbsite of lateritic bauxite 

(Konrad et al., 2015), showing that it is an excellent method (R2 = 0.99) and an efficient 

alternative to common X-ray methods at mining sites. However, except the work by 

Vendrame et al. (2012), we have not found other work using chemometric methods for 

quantifying soil gibbsite. For reference analyses, they used thermogravimetric analysis (TGA) 

and SA, and found better results for TGA (R2 = 0.90; RPD = 3.2) than for SA (R2 = 0.64; 

RPD = 1.7). Our results, using SA extraction for reference, are consistent with those of 

Vendrame et al. (2012), with R2= 0.60 and RPD = 1.6 (Table 2).  

The iron oxide content of soils has been predicted from different spectral regions of the 

Vis-NIR, based on characteristic absorption features at 550–650, 750–950, 1 406 and 2 449 

nm (Summers et al., 2011). The reference analyses were carried out using total elemental 

analyses (Ben-Dor and Banin, 1994), SA extraction (Vendrame et al., 2012; this study) or 

CBD extraction method (Ben-Dor and Banin, 1994; Ben-Dor et al., 2008; Summers et al., 

2011; this study) of which the CBD extraction method proved to be the most effective (Ben-

Dor and Banin, 1994; this study, Table 2). Our prediction of the iron oxide content (R2 = 0.80 

and RPD = 2.2) of soils using CBD extraction was based solely on NIR (1100-2500 nm), 

while the other studies used Vis-NIR (350 or 400-2 500 nm). The resulting coefficient of 

determination was still comparable (R2= 0.61-0.98) which is notable since the major 

absorption features of iron oxides appear generally in the Vis region (550–650 nm). 

Quantitative analysis of the mineralogy of ferralitic soils with diagnostic absorption peaks 

has been of great concern for a long time. Except a few studies (Madeira et al., 1995), this 

methodology was rarely used due to the inhomogeneities of soil samples that preclude highly 

accurate quantitative analysis (White and Roth, 1986). In our study, this method, using the 

two diagnostic absorption peaks of kaolinite and gibbsite on the first derivative spectra, gave 

better results than those obtained previously with multivariate calibration on the whole 

spectra: the R²c between kaolinite or gibbsite contents and spectral data increased from 0.60 to 

0.69 for kaolinite and from 0.60 to 0.71 for gibbsite; the R²v increased from 0.37 to 0.72 for 

kaolinite and from 0.51 to 0.72 for gibbsite. 
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The presence of interfering secondary peaks of other minerals in the diagnostic peak can 

also disrupt the quality of the results. The kaolinite spectrum is characterized by an absorption 

feature at approximately 2 200 nm, as well as illite or montmorillonite spectra (Dufréchou et 

al., 2015). The presence of significant levels of montmorillonite is unlikely in ferrallitic soils, 

but that of illite was observed (Dabin and Maignien, 1979). However, the peak of the 

kaolinite is generally located at around 2 205-2 208 nm, while the stronger peak of illite is 

located at smaller wavelength, i.e. 2 198-2 206 nm (Post and Noble, 1993). As in our study 

the peaks were always located at 2 206-2 208 nm, significant interference between kaolinite 

and illite was unlikely. 

 

5 Final considerations and conclusions 

Highly weathered ferralitic soils cover large areas in the tropics. The reactive mineral 

constituents of soils, i.e. clay minerals (kaolinite) and Al/Fe oxides (gibbsite, goethite, 

hematite),  play a key role, with organic matter, in the physico-chemical functioning of soils. 

Soil mineral composition (type, proportion, and concentration) determine soil properties, 

such as texture, structure, and CEC, and are responsible for P sorption (Soriano-Disla et al., 

2014). The use of spectroscopy-based analysis to estimate this composition in weathered 

tropical soils can be useful to assist soil survey and group soils with similar characteristics. It 

is particularly relevant in poor countries, such as Madagascar, where soil surveys are 

incomplete and mostly developed for great scales and where rapid and more cost-effective 

methodologies are required for the assessment of soil quality indicators (Mairura et al., 2007). 

While numerous studies have been conducted to quantify the soil organic matter with 

infrared spectral methods (see Soriano-Disla et al., 2014), research on soil mineralogy using 

this approach is still scarce. In our study, multivariate calibration on the whole spectra failed 

to give models of good quality to predict kaolinite and gibbsite: the iron oxide content using 

CBD extraction was the only one which could be predicted with this method. However, we 

showed that reliable spectroscopy-based analyses of soil mineralogy can be obtained with 

NIR-spectrometry using diagnostic absorption peaks of kaolinite and gibbsite. These results 

are encouraging for the development of similar studies on larger data sets. 
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