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Figure 2. Mean first derivative spectrum of the whole dataae three individual spectra in
the 2150-2350 nm range. P1: peak of maximum refied of kaolinite, between 2212-2214

nm; P3: peak of maximum reflectance of gibbsitetween 2272-2284 nm; P2: point of

minimum reflectance between P1 and P3, situatadldest 2234 and 2248 nm; P2*: intersection
point of the spectra, situated between 2256 an@ 2a6

3 Results

3.1 Reference soil analyses

The descriptive statistical analyses of mineralalgzharacteristics of the soils are
shown in Table 1. On average, aluminium was theomejement (197 + 83 g Ky
Al,0s sp), followed by silicon (142 + 69 g KgSiO, s and iron (80 % 49 g kg
FeOs sa). However, a large variability was observed amthrggstudied soils (Fig. 3a).
The mean Ki and Kr ratios, calculated from the S#&action results, were 1.5 and 1.1,
respectively. According to the CPCS (1967), thdssaie classified as ferrallitic when
Ki < 2. Therefore, 32 soil samples of the 148, uohg 3 Ferralsols, were not correctly
classified based on field observations (Ki > 2).
Kaolinite was the dominant mineral of the clay fiae (305 + 148 g kg) (Table 1
and Fig. 3b). Crystalline iron oxides, estimatedthg CBD extraction (s csp),
accounted for 43 + 30 g RgThe amount of AlDs in the kaolinite was 227 + 110 g'kg
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, whereas the amount of A& substituted in the iron oxides was 12 + 12 ¢ k§he
chemical estimation of Al substitution of iron ogglwas 33%, i.e. nearly the maximum
theoretical Al substitution ratio (Cornell and S@rmann, 1996). The goethite and
hematite contents, calculated from the iron oxidetent and Al substitution ratio, were
34 + 26 g kg and 12 + 18 g Kg respectively. The gibbsite content, calculatedtithe
remaining amount of AD; was 98 + 131 g K§ The mean Ry ratio, calculated from

the kaolinite and gibbsite contents, was 0.75 $0.2

e Ferralsol
+ Cambisol Q (b)
4 Nitisol

:9\\\\\:9\\
2D 0P D B D DB D
Gt+Hm

Figure 3. SIO,, Al,0; and FgO; (a) and kaolinite (Kt), gibbsite (Gb) and goethite
hematite (Gt+Hm) (b) relative contents for the Biwls, Cambisols and Nitisols studied
in Madagascar.
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Table 1. Descriptive statistics for mineralogical constittseand ratios of the studied ferralitic
soils

Mineralogical

constituents / min max mean SD median
ratios

AlL,O; cap g kg' 0.5 76.9 12.5 11.7 8.5
Fe0s cep g kg* 0.0 181.4 42.7 30.4 37.4
SiO; sa g kg* 6.2 314.9 141.8 68.8 134.2
Al,O; sa g kg* 22.0 381.2 196.6 83.1 207.2
Fe0s sa g kg* 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* 13.3 676.3 304.7 147.9 288.3
Gibbsite (Gb) g kg 0.0 456.2 97.7 131.1 83.8
Rab 0.03 1.00 0.75 0.25 0.79
Goethite (Gt) g kg 0.0 128.2 33.6 25.8 26.5
Hematite (Hm) g kg 0.0 79.5 12.2 17.9 1.8

Al,O; cgp the amount of Al substituting Fe in iron oxidestermined by the citrate-bicarbonate-dithionite
(CBD) deferrification method; KE@; cgp: the amount of Fe determined by the CBD metho@;, Si: the
amount of silicon determined by the sulfuric acidraction method (1:1 deionized water/cc. sulphuric
acid; SA); AbO; s the amount of aluminium determined by the SA mdilFeO; sa the amount of iron
determined by the SA method; Ki: SIQYAI O3 sp Kr: SiO, sd(AlO05 sa + F&O; sp); Kaolinite,
Gibbsite, Goethite and Hematite calculated accgrdinEqgs. 1 to 4; R Kt/(Kt + Gb); SD: standard

deviation.

3.2 NIR calibration and validation of mineralogigadoperties with chemometric
methods
The predictions of mineralogical properties of saising chemometric methods were

poorly effective (Table 2). Only AD; sp and FeOs cgp were satisfactorily calibrated,
according to the classification of Chang et(2001) and Malley et al. (2004), wittf&

= 0.74 and 0.80 and RRD 2.0 and 2.2, respectively. All the other minegatal
properties were moderately calibrated (RPetween 1.4 and 1.7). External validations
also yielded poor results (RRE 2). In the case of kaolinite and gibbsite, th&ues for
the validation set are markedly lower than thos¢hefcalibration set & = 0.37 and
0.51 and RPP= 1.3 and 1.4, respectively).

58



Chapitre 2. La spectrométrie infrarouge : un owftilur la prédiction des constituants minéraux dds sopicaux

Table 2.Calibration and validation statistics of modifiearial least square (mPLS) regression for the nsodiprediction by SPIR of several mineralogical
constituents and ratios

Calibration set Validation set

Mineralogical Pre-treatment

constituents N out nl Mean SD SECV R2c RPD n2 Mean SD SEP(c) Bias Slope R RPD,

. of spectra

Ratios

Al,03 cgp gkg® MSC 21010 104 7 97 9.9 6.9 4.62 0.56 15 42 133 55 798 150 125 043 13
Fe0O; cep gkg® MSC 255 104 9 95 369 26.0 11.77 0.80 2.2 42 523 272 2131 140 102 063 1.6
SiO; sa gkg® NONE 244 104 5 99 1440 688 44.22 0.60 1.6 42 140.2 59.2 5842 -13.05 0.72 037 13
Al,05 sa gkg® NONE 001 104 4 100 185.7 81.3 4190 0.74 2.0 42 223.8 67.1 4090 042 099 072 1.9
F&0s sa gkg® SNV 144 104 6 98 746 46.8 28.00 0.65 1.7 42 86.3 425 4523 -260 050 022 1.1
Ki SNV 244 104 4 100 15 0.8 0.50 0.60 1.6 42 1.2 06 052 -001 094 053 15
Kr MSC 001 104 6 98 11 0.6 0.40 0.50 14 42 1.0 04 043 -008 088 044 13
Kaolinite gkg® NONE 244 104 5 99 309.3 147.8 94.98 0.60 1.6 42 301.2 127.1 12548 -28.03 0.72 037 1.3
Gibbiste gkd NONE 001 104 34 70 138.4 107.1 67.77 0.60 1.6 34 1843 929 8351 1051 090 051 14
Rkab gkg® NONE 001 104 1 103 0.8 0.3 0.20 0.57 15 42 0.7 03 021 -002 091 057 15
Goethite gkg SNV 21010 104 5 99 31.0 23,5 13.97 0.66 1.7 42 382 195 1620 331 1.04 061 1.6
Hematite gkg NONE 21010 104 51 53 181 17.0 9.94 0.66 1.7 33 229 122 1310 051 147 070 1.8

Pre-treatment: MSC: Multiplicative Scatter Correati NONE: no treatment; SNV: Standard Normal Variathe numbers indicate the derivatives (0, 1 ando2
derivation, first and second derivatives, respetyiy number of point gap (0, 4, 5, 10); numbepoint for first smoothing (1, 4, 5, 10); and numbépoint for second
smoothing (1); N: total number of samples; out: bemof outliers; n1: number of samples in the c¢atibn set (N — out); n2: number of samples invhkdation set;
Mean: mean of calibration or validation sets; Siandard deviation; SECV: Standard Error of Croskd@tion; R2: coefficient of determination of SECV; RRRatio
Performance Deviation (SD/SECV); SEP: Standard rewfdPrediction; R?% coefficient of determination of SEP. The abbr#wias 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 spal peaks for kaolinite and gibbsite
The PLS loadings of the soils spectra (Fig. 4) waralysed after the best pre-treatments

made for the four analyzed minerals (Table 2),NONE 0011 for gibbsite, NONE 2441 for
kaolinite, SNV 210101 for goethite and NONE 2101@% hematite. The loadings
corresponding to the NONE 0011 pre-treatment hadpecific shape with weak and
monotonous changes for PC1 and PC2 and a markédapeearly 2265 nm for PC3 (Fig.
3a.). For the three other pre-treatments the tlwagings were closely identical, with high
loadings at 1 350-1 550, 1 850-1 950 and 2 100e2rb60 (Fig. 4b, 4c, 4d). The most specific
spectral bands produced by the studied mineralthennear-infrared range were situated
between 2 200 and 2 300 nm. The peak of gibbsite chearly detected at nearly 2 270 nm
with the NONE 0011 pre-treatment, whereas bothikaeland gibbsite peaks were detected
using the NONE 2441 pre-treatment, at nearly 2&0& 2 270 nm, respectively (Fig. 4b.).
Some specific loadings were observed for PC3 &0:16800 nm with the SNV 210101 pre-
treatment that corresponds to the best pre-treatfoegoethite (Fig. 4c.).

The correlation, obtained by linear regression keetwkaolinite content and intensities of
its specific absorption peakikd), and by polynomial regression, between gibbsotgent and
intensities of specific absorption peakls,) are shown in Fig. 5. The coefficients of
determination were satisfactory for kaolinite ariobgite, with adjusted R= 0.69 and 0.71,
respectively (Fig. 5.). These coefficients are bigthan R. values obtained for kaolinite and
gibbsite (0.60) by partial least square regressidrable 2). The values obtained for the
validation set (R, = 0.72, for both kaolinite and gibbsite) are at$milar to those of the

calibration set.
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Figure 4. Partial least square loading weights for the PGhdformed NIR reflectance values after
the best pre-treatments for the prediction of sditerals: (a) NONE 0011 for gibbsite; (b) NONE

2441 for kaolinite; (c) SNV 210101 for goethite;) (MONE 210101 for hematite. NONE: no

treatment; SNV: Standard Normal Variate. The numbkadicate the derivatives (0, 1 and 2: no
derivation, first and second derivatives, respetyiy number of point gap (4, 5, 10); and number of
point smoothing (4, 5, 10).

61



Chapitre 2. La spectrométrie infrarouge : un ogftilur la prédiction des constituants minéraux dds so
tropicaux

(a)
009 1 =09610%+98610%  m
0.08 R = 0.69 g ,
0.07 . I/I/’.
0.06 I i~ P gy %
0.0 y o OGN .
~0.04 o "}"E'/ =i,
o n P2 o ] 3
0.03 0 gm0 ™5
002 ™ CwiT W-at .
ool @ mooF To= 122 10%t + 9.54 1095
: - Rov =0.72
0
0 200 400 600 800
Kaolinite (g kg’!
(gkg?) 5
-8 Val
0.05 | 7,12 10°Gb*+3.28 10°Gb+ 1.1 107 ®)
Ric=0.71
0.04 _ ey A s .
Igs=1.17 103Gb?+ 237 10°Gb+ 9.96 1081 m
R =0.72 =
] L
0 0~ n
! i- —
-
200 300 400 500

Gibbsite (g kg!)

Figure 5. Correlation between absorption intensities of djgepieaks for kaolinite (a) and gibbsite (b)
and their contents analyzed by wet chemistry. Ikd #Gb are the heights of the first derivatives of
absorption peaks of kaolinite and gibbsite, respelgt

4 Discussion
4.1 Representativity of the studied soils

The studied soils correspond to ferralitic soilse oof the most common soils group
occurring in areas under tropical climate (Adanilial., 1985; Dewitte et al., 2013) and
represent around 40% of the soils of Madagascaed®er, 1971). They have a sand-loam to
clayey texture (332 + 151 g Reelay content), that is within the textural variigifound in
the majority of tropical soils. These soils werenfied as the result of intense weathering and,
consequently, were highly desilicified, as can bsesved by the low Ki and Kr ratios of most
of them (Table 1). Kaolinite was the dominant matef the clay fraction (305 + 148 g Ky
followed by gibbsite, goethite and hematite (98 31134 + 26 and 12 + 18 g Rg
respectively). This is in accord with the main ogpicon ferralitic soils, that is, predominance
of kaolinite, smaller presence of iron and aluminoxndes with minor proportions of other
components in the clay fraction (IUSS Working GraMRB, 2014).
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The mineralogical content of the studied soils giaslar to those ferralitic soils (Latosols)
of the central Brazilian Plateau that were studigdvVendrame et al. (2012). Those soils
contained 243 + 92 g Kgkaolinite, 71 + 60 g K§ gibbsite, 60 + 39 g kfgoethite and 40 +
41 g kg* hematite. However, the iron contents in the Madegasoils were lower than those
observed in the central Brazilian Plateau but sintib other Brazilian tropical soils (Melfi et
al., 1979), classified as hypo- to meso-ferric. granite-derived soils of South Africa,
Buhmann and Kirsten (1991) observed that kaolirhtdloysite, gibbsite and goethite were
the most common secondary minerals. These authgrkasize the fact that kaolinite was the
most common alteration product of granites and ena&ftks under most climatic conditions,
from arid to humid. In West Africa, Dabin and Maign (1979) found that kaolinite and illite
were the main components of the ferralitic soil®waver, the thickness of the oxic horizon
and the losses of silicon and iron was less prooedithan for other tropical regions due to
less current rainfall.

The Rcgp ratio of the studied soils (0.75 + 0.25) was alsoy similar to the that of the
Brazilian Latosols studied by Vendrame et al (200R)cp = 0.77 = 0.3). Therefore, the
variability of the kaolinite and gibbsite contewfsthe studied samples fairly well covered the
variability of the mineralogical composition of hig weathered tropical soils. Therefore, the
selected population of samples would be favorableanstruct reliable calibrations with a

limited number of samples.

4.2 Quantitative analysis of the mineralogy of &itic soils with chemometric methods

Infrared spectra of soils contain extensive infdroraon soil minerals associated with
vibrations of O-H, Al-O, Fe-O and Si-O groups. Tinain frequencies and wavelengths of
spectral absorption in the MIR and Vis-NIR for nragmil minerals, comprising quartz, clay
minerals (kaolinite, smectite/illite), carbonatatyminum (Al)/iron (Fe) oxyhydroxydes and
Fe oxides, have been reviewed recently by Soriasta®t al. (2014). However, quantitative
predictions of the mineralogical content (kaolingébsite, goethite, hematite) of soils using
infrared spectroscopy are scarce.

Few studies have used infrared spectroscopic tqabsias a tool for the quantifications of
kaolinite in soils. A first attempt to determineetltomposition of mineral-organic mixes,
made of pure minerals including kaolinite, illiteacasmectite, was carried out by Viscarra
Rossel et al. (2006a). The prediction of the amafnkaolinite in the test mixtures were
accurate (R= 0.94; RPD = 4.1). Brown et al. (2006) were abte to predict kaolinite in a

semi-quantitative manner (0-5 scale) using X-rd§ralition (XRD) as reference. The work
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by Vendrame et al. (2012) is one of the first stgdon tropical soils, where prediction of
kaolinite content by NIRS was effective{R 0.82; RPD = 2.4). Our results{R 0.60; RPD

= 1.6; Table 2), using a similar methodology, foe ferralitic soils of Madagascar are less
promising than those of Vendrame et al. (2012) heey tare slightly lower than what is

considered acceptable according to Chang et @1§20

Results on the quantifications of gibbsite in saille even scarcer than those for kaolinite.
NIR-spectroscopy was used for quantitative analggighe gibbsite of lateritic bauxite
(Konrad et al., 2015), showing that it is an e>x@@imethod (R= 0.99) and an efficient
alternative to common X-ray methods at mining sitewever, except the work by
Vendrame et al. (2012), we have not found otherkwasing chemometric methods for
guantifying soil gibbsite. For reference analysksy used thermogravimetric analysis (TGA)
and SA, and found better results for TGA? ®®0.90; RPD = 3.2) than for SA {R 0.64;
RPD = 1.7). Our results, using SA extraction foference, are consistent with those of
Vendrame et al. (2012), with®R0.60 and RPD = 1.6 (Table 2).

The iron oxide content of soils has been predidtech different spectral regions of the
Vis-NIR, based on characteristic absorption featwate550-650, 750-950, 1 406 and 2 449
nm (Summers et al., 2011). The reference analysee warried out using total elemental
analyses (Ben-Dor and Banin, 1994), SA extractddenframe et al., 2012; this study) or
CBD extraction method (Ben-Dor and Banin, 1994; Bem et al., 2008; Summers et al.,
2011; this study) of which the CBD extraction methmpyoved to be the most effective (Ben-
Dor and Banin, 1994; this study, Table 2). Our foeh of the iron oxide content (R= 0.80
and RPD = 2.2) of soils using CBD extraction wasedahsolely on NIR (1100-2500 nm),
while the other studies used Vis-NIR (350 or 4080P nm). The resulting coefficient of
determination was still comparable %R 0.61-0.98) which is notable since the major
absorption features of iron oxides appear genenallige Vis region (550-650 nm).

Quantitative analysis of the mineralogy of ferfalgoils with diagnostic absorption peaks
has been of great concern for a long time. Excedptastudies (Madeira et al., 1995), this
methodology was rarely used due to the inhomogeseif soil samples that preclude highly
accurate quantitative analysis (White and Roth,6).98 our study, this method, using the
two diagnostic absorption peaks of kaolinite arfabgite on the first derivative spectra, gave
better results than those obtained previously waithltivariate calibration on the whole
spectra: the Rbetween kaolinite or gibbsite contents and spkedata increased from 0.60 to
0.69 for kaolinite and from 0.60 to 0.71 for gildksithe R? 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 ofrathieerals in the diagnostic peak can
also disrupt the quality of the results. The katdispectrum is characterized by an absorption
feature at approximately 2 200 nm, as well asillit montmorillonite spectra (Dufréchou et
al., 2015). The presence of significant levels ahtmorillonite is unlikely in ferrallitic soils,
but that of illite was observed (Dabin and Maignid®79). However, the peak of the
kaolinite is generally located at around 2 205-8 2@, while the stronger peak of illite is
located at smaller wavelength, i.e. 2 198-2 206(Rwst and Noble, 1993). As in our study
the peaks were always located at 2 206-2 208 rgnijfisiant interference between kaolinite

and illite was unlikely.

5 Final considerations and conclusions

Highly weathered ferralitic soils cover large areasthe tropics. The reactive mineral
constituents of soils, i.e. clay minerals (kaokhitand Al/Fe oxides (gibbsite, goethite,
hematite), play a key role, with organic mattarthe physico-chemical functioning of soils.

Soil mineral composition (type, proportion, and cemtration) determine soil properties,
such as texture, structure, and CEC, and are regperfor P sorption (Soriano-Disla et al.,
2014). The use of spectroscopy-based analysis timate this composition in weathered
tropical soils can be useful to assist soil suraegt group soils with similar characteristics. It
is particularly relevant in poor countries, such Madagascar, where soil surveys are
incomplete and mostly developed for great scalesvaimere rapid and more cost-effective
methodologies are required for the assessmentlafigaity indicators (Mairura et al., 2007).

While numerous studies have been conducted to ifpahe soil organic matter with
infrared spectral methods (see Soriano-Disla et2@ll4), research on soil mineralogy using
this approach is still scarce. In our study, maltiste calibration on the whole spectra failed
to give models of good quality to predict kaolinged gibbsite: the iron oxide content using
CBD extraction was the only one which could be mted with this method. However, we
showed that reliable spectroscopy-based analyse®ibimineralogy can be obtained with
NIR-spectrometry using diagnostic absorption peatkkaolinite and gibbsite. These results

are encouraging for the development of similaristsidn larger data sets.
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