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Abstract—The tropical weathering of sedimentary kaolin deposits from the plateaux surrounding Manaus
(Alter do Chao formation, Amazon basin, Brazil) leads to the in situ formation of thick kaolinitic soils. The
structural changes of kaolinite have been investigated quantitatively by infrared spectroscopy and electron
paramagnetic resonance. Both techniques consistently show that each sample contains two types of
kaolinite in various proportions. The progressive decrease in kaolinite order from the bottom to the top of
the profile results from the gradual replacement of an old population of well-ordered kaolinite, typical of
the underlying sedimentary kaolin, by a more recent generation of poorly ordered soil kaolinite. The
vertical pattern of kaolinite replacement differs from that of the transformation of Fe oxides and oxy-
hydroxides previously observed in the same profile. The inherited fraction of well-ordered kaolinite ranges
from 60% at a depth of 9 m to 30% in the upper levels of the soil. The persistence of sedimentary kaolinite
in the upper horizons suggests that the rate of kaolinite transformation is relatively slow at the time scale of
lateritic soil formation. Kaolinite inheritance unlocks the lateritic record of past weathering conditions.
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INTRODUCTION

Inheritance vs. neoformation of clay minerals during

weathering is a central question for understanding soil

formation processes and using clays for paleoenviron-

mental reconstructions (Thiry, 2000). In lateritic pro-

files, kaolin minerals often display an upward

progressive decrease in grain size and crystal order, an

indication of the dissolution of old mineral populations

accompanied by the crystallization of more recent ones

(Tardy, 1993; Tardy and Roquin, 1998). At each level of

the soil profiles, inherited and newly formed kaolinite

crystals are thus expected to occur, the proportion being

directly determined by the rate of mineral transforma-

tion. Depending on the assumptions made about

dissolution and precipitation rates, different interpreta-

tions concerning the dynamics of the whole lateritic

profile can be inferred from the observed transforma-

tions. In a model assuming rapid dissolution-crystal-

lization cycles and relatively large water/rock ratios,

referred to as the ‘‘dynamical equilibrium’’ model, the

inherited fraction is small (Lucas et al., 1993, 1996). The

crystal-chemical properties and isotopic composition of

kaolinite (Giral-Kacmarcik et al., 1998) are then

considered representative of the physical-chemical con-

ditions prevailing in soil micro-environments at the

present time. In this model, the heterogeneity of

kaolinite populations may be attributed to variations of

these physicochemical conditions in space (e.g. coex-

istence of various local micro-environments) and/or time

(e.g. seasonal changes). Alternatively, in a model

assuming slow dissolution-crystallization processes, the

inherited fraction may be significant. In this case, the

progressive change in crystal-chemical properties

observed from bottom to top may simply reflect the

progressive transformation of an old kaolinite population

to a more recent one. The observed variations are

explained by variations in the advancement of a forward

transformation reaction and not by a dynamic equili-

brium with varying local conditions. The relative

resistance of kaolinite to transformation then supports

the use of its isotopic composition for paleoclimatic

investigations (Girard et al., 2000).

In the middle part of the Amazon basin (Manaus

region, Brazil), sedimentary kaolin deposits have been

exposed to long-term tropical weathering processes,

leading to the in situ formation of thick lateritic soils.

This type of profile is thus ideally suited to investigate

the resistance of kaolinite to changes in physicochemical

conditions. Except for an intermediate horizon display-

ing hematitic nodules, the loose materials reveal

progressive chemical changes as well as a progressive

decrease in the kaolinite order from bottom to top. These

progressive changes have previously been considered as

evidence for the ‘‘dynamical equilibrium’’ of kaolinites

along the profiles, implying a major contribution of

kaolinite in the Si biogeochemical cycle (Lucas et al.,

1993, 1996). In this study, we show that a model based

on only two kaolinite populations with differing

structural order accounts for the structural modifications

of kaolinite at a molecular scale. The interlayer
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configuration is probed by the stretching vibrations of

OH groups in the infrared (IR) spectra. The distortions

affecting the internal structure of the dioctahedral layer

are investigated by the electron paramagnetic resonance

(EPR) signal of structural Fe3+ ions substituted for Al3+

ions in octahedral sites.

GEOLOGICAL SETTINGS AND SAMPLING

The geological context has been described exten-

sively in previous works (Fritsch et al., 2002, 2005). The

soils are developed on the thick continental sediments of

the middle Amazon basin (Alter do Chao formation).

The sediments consist of sandy clay deposits with sand

intercalations and cross-bedded stratifications. Their

mineralogy is dominated by quartz and kaolinite but

also includes hematite, goethite, Ti oxides and zircon.

Observation of well-formed kaolinite booklets indicates

extensive crystallization of kaolinite after sediment

deposition (Lucas et al., 1996). Quartz dissolution and

an upwards increase in clay content correspond to the

gradual disappearance of sedimentary structures and the

appearance of soil horizons.

The soil horizons were sampled on a 10 m thick

cross-section at a road cut, located at the edge of a

plateau ~4 km north of the town of Manaus (Figure 1).

The mineralogical and chemical characteristics of the

profile under study were reported by Fritsch et al. (2002,

2005). A thin line of hematitic gravels delineates an

abrupt discontinuity in the vertical soil differentiation.

According to Lucas et al. (1990), the hematitic stone

lines observed in the Manaus area probably result from

the thinning of a previously thick nodular horizon and in

situ accumulation of gravel-size nodules in a thin

residual layer. Seven loose soil samples were collected

in profile I (Table 1). Two samples correspond to subsoil

horizons (I-9.10, I-7.15), one to the loose soil matrix

surrounding the hematitic gravels of the stone line

(I-5.70) and four to topsoil horizons (I-4.10, I-2.80,

I-1.10, I-0.50). Note that sample I-9.10 located at the

bottom of the investigated profile does not correspond to

the parent sedimentary rock but already displays soil

features, such as a reddish pink color and micro-

aggregation (Fritsch et al., 2002).

Two reference samples of kaolinite, referred to as A1

and B4 (Balan et al., 1999, 2000, 2005a), were also used

to interpret the spectroscopic data. These samples

originate from a nearby thicker lateritic profile described

by Lucas et al. (1996). The A1 sample corresponds to a

well-ordered kaolinite sample and is typical of the

underlying sedimentary horizons (Balan et al., 2005a).

In contrast, the B4 sample is representative of the

highest degree of stacking disorder found in the lateritic

soils of the Manaus area (Giral-Kacmarcik et al., 1998;

Balan et al., 2005a). Disordered samples with similar

EPR spectra have also been observed in top horizons of

lateritic profiles from the Jari river area (Montes-Lauar

et al., 2002) and pedogenic kaolin from Minas Gerais

(Varajão et al., 2001).

EXPERIMENTAL METHODS

The samples were air dried, sieved to pass 2 mm and

homogenized prior to analysis. Chemical composition

was determined by inductively coupled plasma atomic

emission spectrometry for major elements (Al, Si, Fe,

Ti) (Fritsch et al., 2005). To improve the quality of EPR

spectra, a dithionite-citrate-bicarbonate (DCB) treatment

(Mehra and Jackson, 1960) was performed to remove

most of the Fe oxides.

The EPR measurements at 9.42 GHz (X-band) were

performed at room temperature using a Bruker ESP300E

Figure 1. Location and cross-sections of the profile (after Fritsch et al., 2002). Sedimentary and soil structures were delimited from

photocomposition and field observations.
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spectrometer. All spectra were recorded using the same

measurement parameters (microwave power = 40 mW,

frequency of modulation = 100 kHz, amplitude of

modulation = 5 G), while the gain depended on the

sample. No saturation of the paramagnetic Fe3+ signal

was observed, increasing the microwave power to

200 mW. Powder samples (~40 mg) were placed in

pure silica tubes (Suprasil grade). In order to ensure

reliability of quantitative intensity measurements, the

silica tubes were filled with constant volume and

carefully inserted at the same place in the resonance

cavity (Balan et al., 2000). Experimental spectra were

normalized with respect to gain, sample weight and

kaolinite content.

To record IR spectra, ~1 mg of sample was gently

ground with 300 mg of KBr. The mixture was pressed to

produce a KBr pellet and the transmission IR spectrum

of the pellet was recorded at room temperature using a

Nicolet Magna 560 FTIR spectrometer with a resolution

of 2 cm�1.

RESULTS

Electron paramagnetic resonance

Full-range EPR spectra of selected kaolinite samples

(A1, B4, I-050, I-940) were reported in a previous study

(Balan et al., 2005a). Here, we focus on the signals

around 0.16 T which are related to dilute Fe3+ ions

substituted for Al3+ ions within the octahedral sheet of

kaolinite (Figure 2). Depending on the sample, two

contributions referred to as FeI and FeII can be

identified: a nearly isotropic signal (FeI) centered at

0.16 T and an anisotropic signal (FeII) with resonances

near 0.136 T and 0.180 T.

The EPR spectrum of the sedimentary reference

sample (A1) mostly displays an FeII type spectrum

(Figure 2). This spectrum can be modeled using two sets

of fine structure parameters related to the two axially

distorted Al sites in ordered kaolinite (Balan et al.,

1999). In contrast, the spectrum of the topsoil reference

sample (B4) mostly exhibits an FeI type spectrum

(Figure 2). A detailed EPR study performed at X-band

and Q-band frequencies has shown that this spectrum is

also related to trivalent Fe ions substituted for Al in the

octahedral sheets of the kaolinite structure (Balan et al.,

1999). However, its interpretation requires consideration

of a continuous distribution of fine structure parameters

instead of two discrete sets for the FeII type spectrum.

The FeI signal is in fact produced by changes of the

symmetry of octahedral sites owing to the random

distribution of the vacant site in successive layers. The

shape of this distribution suggests the occurrence of

dickite-like stacking domains produced by a high

proportion of stacking faults in the disordered B4

sample (Balan et al., 1999). Therefore, the relative

Table 1. Mineralogical composition of the samples.

Sample Depth Ti oxides Fe oxides Gibbsite Quartz Kaolinite Fraction of low-order kaolinite
(m) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) IR EPR

I050 0.50 1.7 3.9 1.4 29.4 63.7 0.67 0.71
I110 1.10 1.7 4.0 1.6 23.1 69.6 0.66 0.69
I280 2.80 1.7 3.8 3.4 14.0 77.2 0.68 0.70
I410 4.10 1.6 3.3 1.0 14.8 79.3 0.68 0.67
I570 5.70 1.4 2.8 1.2 23.3 71.3 0.61 0.58
I715 7.15 1.3 2.1 0.0 29.6 67.0 0.54 0.52
I910 9.10 1.0 1.3 0.4 46.9 56.4 0.38 0.36

Figure 2. X-band EPR spectra of the investigated series. Points

� experiment; continuous line� fit. The spectra have been fitted

(Rp & 4.2%) using the spectrum of reference samples A1

(bottom) and B4 (top).

Vol. 55, No. 3, 2007 Kaolinite formation, Amazon Basin 255



contribution of the FeII and FeI signal can be correlated

to the stacking order of kaolinite, provided that the

distribution of Fe3+ ions within the kaolinite structure is

homogeneous.

Spectra related to the loose horizons of the profile I

display intermediate shape with both the FeI and FeII

type signals (Figure 2). From bottom to top, the relative

intensity of the resonances ascribed to the FeII spectrum

decreases progressively, indicating an overall decrease

in the stacking order of kaolinites. The spectra were

least-squares fitted using the reference spectra of

samples A1 and B4, which present almost pure FeII

and FeI signals, respectively. A linear baseline account-

ing for the slope related to the large superparamagnetic

signal centered at 0.3 T resulted in good fits (Figure 2).

The proportion of B4-type spectrum increases progres-

sively from bottom to a depth of 4 m and remains almost

constant above (Figure 3). The change in the shape of

the Fe3+ EPR signal does not correspond to a significant

variation of the structural Fe3+ content of the kaolinite.

In fact, the Fe concentration assessed from the intensity

of the EPR spectra ranges between 2300 and 2800 ppm,

which is close to that observed in A1 and B4 (2800 ppm)

(Balan et al., 2000).

Infrared spectroscopy

The spectrum of sample A1 is characteristic of a

well-ordered sample (Figure 4). Besides the band at

3619 cm�1 related to the stretching vibration of the inner

OH group, it displays three bands at 3652, 3668 and

3695 cm�1. These bands correspond to the two out-of-

phase and the in-phase motion modes of inner-surface

OH groups (Balan et al., 2001). A weak band is also

observed at 3597 cm�1. It corresponds to an Fe,Al-OH

stretching band and indicates the presence of Fe3+ ions

substituted in the octahedral sheet of the kaolinite

structure (Petit et al., 1990; Delineau et al., 1994;

Iriarte et al., 2005). The spectrum of sample B4 differs

significantly from that of A1 (Figure 4). The strong

bands on the low- and high-frequency sides of the

spectrum are broadened and shifted slightly at 3621 and

3700 cm�1, respectively, in the B4 spectrum. The two

central bands are replaced by an intense and broad band

observed at 3650 cm�1. In fact, the spectrum of sample

B4 has significant similarities to the spectrum of dickite

(Farmer, 1974; Prost et al., 1989). This change is related

to the rotation of the inner-surface OH group facing the

inner OH group. In the kaolinite structure, this inner-

surface OH group is nearly perpendicular to the a,b

plane whereas it is inclined in the dickite structure. The

two configurations are nearly isoenergetic but lead to

markedly different IR spectra because the rotation of the

OH group prevents its motion being coupled with that of

the two other inner-surface OH groups (Balan et al.,

Figure 3. Proportion of disordered kaolinite as a function of

depth. This proportion corresponds to the fraction of B4-type

spectrum used to fit the IR (filled squares) or EPR (open squares)

spectra. The two techniques provide quantitatively consistent

results (inset).

Figure 4. Powder transmission IR spectra of the investigated

series. Points � experiment; continuous line � fit. The spectra

were fitted (Rp & 3.5%) using the spectrum of reference

samples A1 (bottom) and B4 (top).
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2005b). The occurrence of a dickite-like hydroxyl

configuration in sample B4, also inferred from EPR

data, is probably related to stacking faults, in which the

normal translation between two adjacent layers is

replaced by a glide plane. This kind of stacking fault

will be referred to as a dickite-like stacking domain in

the present study. Note that the blue shift of the band at

3700 cm�1 in the IR spectrum may also be partly related

to the smaller thickness of kaolinite particles (Balan et

al., 2001). The weak band at 3597 cm�1 ascribed to Fe3+

ions isomorphously substituted for Al3+ ions is still

present in the spectrum but slightly broadened.

Similar to the observations obtained by EPR spectro-

scopy, the IR spectra of the loose horizons are

intermediate between that of the A1 and B4 samples

(Figure 4). In particular, from bottom to top, the relative

intensity of the band at 3668 cm�1 decreases progres-

sively and the two intense absorption bands are slightly

shifted and broadened. Therefore, the spectra were least-

squares fitted using the reference spectra of samples A1

and B4 (Figure 4). A linear baseline accounting for the

slope related to traces of adsorbed water and minor

quantity of other hydrous phases was used and good fits

were obtained (Figure 4).

A good agreement is observed between the propor-

tions derived using IR spectroscopy and those derived

using the EPR spectra of substituted Fe3+ ions

(Figure 3). Such consistency supports the interpretation

of the FeI EPR signal of sample B4 in terms of

distortions of the 1:1 layer related to dickite-like

configurations (Balan et al., 1999).

DISCUSSION

Fe distribution and kaolinite order

The similarity between the proportion of disordered

kaolinite assessed using the EPR signal of isolated

structural Fe3+ ions and that determined using the OH-

stretching bands in IR spectra provides important

information about the distribution of Fe3+ ions in

kaolinite particles. Indeed, it shows that Fe ions probe

the same amount of stacking faults as OH groups,

implying that the distribution of Fe ions is homogeneous

within the particles. Therefore, the proportion of Fe3+

ions located near a stacking fault is similar to that

occurring in normally stacked layers. This is an

indication that the formation of stacking faults in the

investigated kaolinite samples is not related to the

occurrence of structural Fe3+ ions as previously observed

in other series of kaolinite samples (e.g. Brindley et al.,

1986; Stone and Torres-Sanchez, 1988; Petit and

Decarreau, 1990; Balan et al., 2000). Consequently,

the EPR spectrum of homogeneously distributed Fe3+

ions is an efficient probe of kaolinite order.

Interestingly, the elevated proportion of dickite-like

stacking configurations seems to be quite specific to

the kaolinites developed on the Alter do Chao formation

of the middle Amazon basin. Other disordered kaoli-

nites, such as those from Georgia (KGa-2) (Balan et al.,

2000) or Charente basin (France) sediments (Balan et

al., 1999) or from the lateritic soil of Goyoum

(Cameroon) (Muller and Bocquier, 1987) have a

different FeI spectrum. The latter corresponds to a

different distribution of fine-structure parameters (Balan

et al., 1999) and suggests the predominance of a

different type of stacking faults in these disordered

kaolinites. Beside dickite-like stacking configuration,

these stacking faults may include layer rotation (R120º),

layer translation (Rb/3 shift) or occurrence of enantio-

meric layers (e.g. Giese, 1988; Bookin et al., 1989;

Plançon et al., 1989; Artioli et al., 1995; Kogure and

Inoue, 2005).

Neoformation of kaolinites and geochemical evolution

of the lateritic profile

The EPR and IR spectra indicate a decrease in

kaolinite order from the bottom to the top of the profile,

which arises together with a decrease in the size of

kaolinite particles (Fritsch et al., 2002). In fact, the

spectra can be fitted efficiently using just two reference

spectra corresponding to an ordered and a disordered

type of kaolinite; both spectroscopic methods providing

quantitatively consistent results (Figure 3). This strongly

suggests that the samples can be considered as a mixture

of two types of kaolinite, the ordered one prevailing in

the sediment-dominated samples and the disordered one

being specific to the lateritic soil. Up to a depth of 4 m,

the kaolinite content of the samples is correlated to the

concentration in weakly mobile elements such as Ti, Zr

or Th (Table 1; see also Fritsch et al., 2002).

Accordingly, the progressive structural changes affect-

ing kaolinite in the profile occur without kaolinite loss.

They result from the upwards replacement of an old

population of kaolinite formed in the sedimentary

horizons, characterized by a small amount of stacking

faults and large particle size, by a more recent one

formed in lateritic soils, with a large number of stacking

faults and smaller particle size. Note that the coexistence

of two populations of kaolinites in a given sample does

not imply that these populations can be physically

separated because pre-existing particles may act as

templates for the growth of the new population.

Inheritance of kaolinite is significant all along the

profile. The topsoil horizons still contain ~20 wt.% of

inherited ordered kaolinite and 45 wt.% of disordered

kaolinite, indicating that the kaolinite replacement is not

complete even in the uppermost horizon of the profile.

The linear decrease of the ordered kaolinite fraction as a

function of decreasing depth (Figure 5) suggests that the

dissolution of the initial population of kaolinite occurs at

a steady rate all along the profile. In the subsoil horizon,

this dissolution is compensated by the precipitation of

disordered kaolinites. Whereas water-saturated condi-

tions controlled the growth of well-ordered kaolinites in
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the sedimentary horizons, the formation of disordered

kaolinite in the soils indicate fluctuations of physical-

chemical conditions leading to transitory high-affinity

conditions for the precipitation reaction. The increasing

proportion of disordered kaolinite and the dissolution of

quartz lead to a relative accumulation of kaolinite. In

contrast, in the topsoil horizons (from a depth of ~4 m to

the surface), dissolution of kaolinite prevails and quartz

starts to concentrate. As the ratio of disordered to

ordered kaolinites is almost constant in these horizons

(Figure 3), the dissolution of ordered and disordered

kaolinites should occur at a similar rate.

Therefore, a neoformation model assuming rapid

dissolution-crystallization cycles affecting kaolinites

may be inappropriate to describe the evolution of the

lateritic profile. Instead, the variations in the mean

characteristics of kaolinite samples can be explained by

the increasing advancement from the bottom to the top

of the profile of a single replacement reaction. The

apparent age of kaolinites in the investigated profile has

been estimated from their radiation-induced paramag-

netic defects (Balan et al., 2005a). It decreases from 17

to 8 Ma from sample I-910 to sample I-050, consistent

with an ancient transformation of kaolinites. However,

the significant apparent age determined for the topsoil

kaolinites in lateritic covers of the Manaus area can also

be interpreted as the residence time of disordered

kaolinite particles in the soil, indicating a slow evolution

of the disordered population of kaolinites through

dissolution-precipitation cycles.

The stone line, which appears as a major structural

discontinuity of the investigated profile at ~5.7 m, does

not affect the transformations occurring in the loose soil

matrix. Its formation is thus probably related to older

weathering processes. Similar observations have been

made on kaolinites from nodules present in Cameroon

laterites which have preserved reduced species (Mn2+)

under oxidizing conditions (Muller and Calas, 1993).

A comparison can be carried out between the

evolution of kaolinite in the investigated lateritic profile

and that of the finely divided Fe oxides and oxy-

hydroxides. The mineralogical changes affecting Fe

oxides in the profile have been interpreted as the

replacement of older populations of hematite and

goethite by a younger population of aluminous goethite,

through dissolution and precipitation processes and

without Fe loss (Fritsch et al., 2005). As observed

above, kaolinite replacement mainly occurs in the

subsoil, whereas kaolinite dissolution and Fe oxide

replacement prevails in the topsoil (Figure 5). The

contrasted trends observed between kaolinite and Fe

oxides suggest distinct evolutions in space and time. In

fact, during the replacement of kaolinite, Fe3+ is weakly

mobile, explaining why the disordered kaolinites

observed in the soil have a structural Fe content similar

to that of the underlying ordered kaolinites. In contrast,

the Al enrichment of goethite, together with the

formation of a minor quantity of gibbsite in the topsoil

horizons, have been related to the dissolution of

kaolinites (Fritsch et al., 2002, 2005). These observa-

tions are consistent with the overprinting of three stages

of evolution in the investigated profile. The most ancient

stage only appears as a relict stone line of hematitic

nodules. The intermediate stage corresponds to the

relative accumulation of kaolinite occurring simulta-

neously with the replacement of ordered kaolinites by

disordered ones. The last stage corresponds to the

transformation of Fe oxides and dissolution of kaolinite,

which leads to the accumulation of aluminous goethite

and the formation of gibbsite. This last stage is probably

related to the present-day weathering conditions pre-

vailing in the middle Amazon basin.

CONCLUSIONS

Our results indicate that kaolinite is relatively

resistant to low-temperature dissolution under tropical

weathering conditions. Spectroscopic methods sensitive

to the local structural order of crystals may contribute

significantly to the identification and quantification of

the various populations of kaolinite co-existing in a

given lateritic profile. This observation is probably not

restricted to profiles developed on sedimentary rocks

because the upper horizons of many lateritic profiles are

formed at the expense of older kaolinite-rich saprolitic

horizons. However, these kaolinites may suffer signifi-

cant changes in grain size and morphology, making it

difficult to assess their occurrence in the topsoil

horizons. In any case, kaolinite inheritance will unlock

the record of past weathering conditions during laterite

formation.

Figure 5. Mineralogical composition (wt.%) of the investigated

samples displaying the contributions of ordered and disordered

kaolinites. The fraction of kaolinite corresponding to the

disordered type (circles), as well as the fraction of Fe oxide

corresponding to goethite (squares) (Fritsch et al., 2005) are

reported. Ox � Ti, Al and Fe (hydr)oxides.
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