
ELEMENTS, VOL. 10, PP. 183–188 JUNE 2014183

 1811-5209/14/0010-183$2.50  DOI: 10.2113/gselements.10.3.183

Kaolin-Group Minerals: 
From Hydrogen-Bonded Layers 
to Environmental Recorders

INTRODUCTION 
Finely divided layered silicates of the kaolin group belong 
to the “clay minerals” family. However, the high degree 
of order and chemical purity of many kaolin minerals are 
unusual characteristics for clay minerals. Kaolin-group 
minerals have thus been the subject of detailed investiga-
tions using modern approaches of mineral physics, ranging 
from quantum-mechanical modeling to the investigation 
of phonon anharmonic properties. As all clay minerals, 
they display variability in their real structure, including 
styles of layer-stacking defects, differences in particle 
size and shape, and the occurrence of minor amounts of 
impurities. This variability bears on a number of industrial 
applications and can provide information on the physical-
chemical conditions that prevailed in diverse geological 
environments (e.g. Murray 1988). The range of structures 
within kaolin-group minerals has been extensively inves-
tigated, as reviewed by Giese (1988). We summarize some 
important features and discuss recent advances in our 
understanding of the structural and spectroscopic proper-
ties of kaolin-group minerals.

POLYTYPES OF KAOLIN-GROUP MINERALS 
IN NATURAL ENVIRONMENTS
The building blocks of the fundamental kaolin layer struc-
ture consist of layers of Al2Si2O5(OH)4 composed of super-
posed sheets of silica tetrahedra and alumina octahedra 
(FIG. 1A), as fi rst proposed by Pauling (1930). The cohesion 

between these so-called 1:1 layers 
is ensured by weak H-bonds 
between three nonequivalent OH 
groups (inner-surface OH) located 
on top of the aluminous sheet 
and bridging oxygens of the basal 
silicate plane of the adjacent layer. 
An OH group (inner-OH) is located 
within the layers, between the Si 
and Al sheets. Since the original 
structure solution of Pauling 
(1930), the determination of the 
kaolinite structure took more than 
sixty years to refi ne. This long 
interval of time is explained by 
two factors, namely, (1) the occur-
rence of hydrogen atoms, whose 
positions are diffi cult to determine 
using X-ray methods, and (2) the 
small grain size of kaolinite. Using 

Kaolin-group minerals typically form as a result of hydrothermal alter-
ation and/or weathering processes. They occur in environments as 
diverse as tropical soils, continental sedimentary deposits, and altered 

crustal rocks. They have also been detected on the surface of Mars. Given 
their prevalence, they have attracted the attention of researchers in materials 
chemistry, environmental geochemistry, and high-pressure mineral physics. 
Their structure and related properties have been studied for about a century, 
and these studies refl ect advances in experimental techniques, modeling 
approaches, and concepts in mineralogy. Among key features of their struc-
ture are the predominance of 2-D stacking defects and the peculiar role of 
H-bonding in the control of their polytypism.
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FIGURE 1 Structure of kaolin-group minerals. (A) Dioctahedral 
layer of kaolinite. Note the two nonequivalent 

aluminum sites. Oxygen and hydrogen atoms belonging to 
hydroxyl groups are represented as red and black spheres, 
respectively. Compared with the ideal layer (B), the Al sites are 
contracted and the vacant site is expanded. The three inner-surface 
groups are oriented almost perpendicular to the layer, whereas the 
inner-OH group is oriented horizontally. (B) Ideal dioctahedral layer 
constructed by removing one cation from one of the octahedral 
sites of a trioctahedral layer. The three-fold symmetry decreases to 
mirror symmetry. Layer translations along the symmetric a or b 
axes lead to enantiomorphic structures. (C) Ideal layer stacking in 
kaolinite. The adjacent layer is horizontally shifted by a/3. For 
clarity, the Si sheet of the adjacent layer is represented in purple. 
(D) Ideal layer stacking in dickite. The adjacent layer is horizontally 
shifted by b/3 and rotated by 2π/3. In kaolinite and dickite, three 
H-bonds can form with three Si–O–Si bridging oxygen atoms 
(indicated as white circles). 
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X-ray diffraction (XRD) it was recognized that the kaolinite 
structure is triclinic, and a conventional base-centered 
pseudomonoclinic unit cell was proposed (Brindley and 
Robinson 1946). However, the base-centering, which 
depends on knowing the hydrogen positions, was not 
reliably established until Bish (1993) used Rietveld refi ne-
ment and low-temperature neutron diffraction data. 
Synchrotron XRD performed on micrometer-sized kaolinite 
single crystals has since confi rmed the kaolinite structure 
(Neder et al. 1999). 

The layered structure of kaolinite facilitates the occur-
rence of ordered polytypes, i.e. structures only differing 
by their stacking scheme, as well as variations in stacking 
order. Ordering schemes correspond to the different 
ways to stack the layers under the constraint that inter-
layer H-bonding maintains energy effi ciency. Dickite and 
nacrite are two ordered polytypes observed in nature. Both 
have monoclinic structures based on two-layer repeats. 
The structure of dickite, including H atom positions, was 
refi ned by Bish and Johnston (1993) using neutron powder 
diffraction. The structure of the less-common nacrite 
was refi ned by Zheng and Bailey (1994). Halloysite is a 
common, naturally occurring kaolin-group mineral (Giese 
1988; Joussein et al. 2005) showing characteristic tubular 
or spherical particle shapes (Fig. 3 in Williams and Hillier 
2014 this issue) and H2O molecules in the interlayer space.

According to Mercier and Le Page (2008), layer stacking in 
kaolin-group minerals can be understood by considering a 
more symmetrical trioctahedral-like layer (31m three-fold 
symmetry), which leads to eight distinguishable stacking 
schemes. The removal of one cation from this trioctahe-
dral layer leads to an ideal dioctahedral layer that displays 
a mirror plane (FIG. 1B) and increases to 36 the number 
of distinguishable stacking schemes. Among these, 20 
are energetically distinguishable transformations (EDT), 
whereas 16 enantiomorphic EDT* are mirror-related but 
not identical to an EDT. Assuming negligible interactions 
between nonadjacent layers, the low-energy polytypes can 
be obtained by considering either the repeated applica-
tion of one EDT or the successive application of an EDT 
and its EDT*. This leads to 20 structures with single-layer 
repeats and to 16 two-layer structures. Three of the inferred 
structures correspond to the naturally occurring polytypes. 
Starting from the ideal models (FIG. 1A–C), the structures 
optimized by quantum-mechanical calculations are reason-
ably close to their experimental counterparts (Mercier and 
Le Page 2008). Dickite and kaolinite are energetically close 
to each other, whereas nacrite appears less stable by ~6 kJ/
mol. Given their overall structural similarity, it is unlikely 
that the model approximations affect the relative stability 
of the polytypes. However, the theoretical values differ 
from the experimental calorimetric data, which indicate 
that kaolinite is more stable than dickite by ~18 kJ/mol 
(Fialips et al. 2003). The discrepancy between theory and 
experiment remains not understood. 

HIGH-PRESSURE POLYTYPES OF KAOLIN-
GROUP MINERALS 
In addition to crystallographic considerations, the fate of 
hydrous minerals in subduction processes and related water 
recycling to the inner Earth has motivated investigations 
aimed at determining the high-pressure (high-P) proper-
ties of these H-bonded systems. Johnston et al. (2002) 
observed that pressure affects the polytypism in kaolin-
group minerals and identifi ed a new high-P polytype of 
dickite stable above 2 GPa with distinct structural proper-
ties (Dera et al. 2003). The reversible phase transition from 
dickite to high-P dickite corresponds to a layer translation 
removing Al–Si superposition between adjacent layers and 
leading to a different H-bonding pattern. Layer translations 

appear as a general mechanism of pressure-driven phase 
transition in kaolin-group minerals (Dera et al. 2003). 

More recently, Welch and Crichton (2010) identifi ed two 
high-P polytypes of kaolinite. Kaolinite-II is stable between 
3.7 and 7 GPa and corresponds to a theoretically predicted 
polytype. The transition from kaolinite to kaolinite-II 
involves an irreversible layer-translation mechanism, 
geometrically analogous to the low-P to high-P dickite 
transformation. Kaolinite-III is observed above 7 GPa and 
directly transforms on decompression to kaolinite at 1 
GPa. It belongs to a different polytypic family, resulting 
from a different layer-slipping mechanism at high pressure. 
Remarkably, kaolinite-III was theoretically predicted using 
ab initio methods (Mercier and Le Page 2009) before its 
experimental observation by Welch and Crichton (2010). 
In kaolinite-III, two of the inner-surface OH groups are 
located just below the basal Si atoms of the adjacent layer 
and adopt an in-plane orientation. Such disruption of 
interlayer H-bonding is energetically unfavorable at low 
pressure, but the volume contraction of kaolinite-III of 
about 3% plays a stabilizing role at high pressure. 

HYDROXYL GROUPS AS LOCAL PROBES 
OF THE LAYER-STACKING PATTERN 
Although the H-bonds in the interlayers of kaolin-group 
minerals are weak, they play a key role in controlling the 
layer stacking. By providing direct insight into the proper-
ties and geometry of OH groups, vibrational infrared (IR) 
and Raman spectroscopies are important tools for the study 
of kaolin-group minerals (e.g. Farmer 1974; Johnston et al. 
1998, 2008). 

The OH-stretching spectrum of kaolinite displays four 
high-frequency bands (FIG. 2A) (Farmer 1974). These 
OH-stretching modes are not coupled to lower-frequency 
vibrational modes and can be interpreted by considering 
only the displacement of the corresponding oxygen and 
hydrogen atoms. The lower-frequency band at 3620 cm-1 
corresponds to the inner-OH group. This OH group is weakly 
affected by the layer stacking and leads to a narrow band 
polarized in the (a,b) plane. The three higher-frequency OH 
groups are H-bonded to the adjacent layer and are oriented 
almost perpendicularly to the layer plane. In an idealized 
layer (FIG. 1A), they are related to each other by three-
fold symmetry. As Farmer (1974) elegantly stated, if the 
three-fold symmetry were perfect, the infrared spectrum 
would display only two bands: one intense band polarized 
perpendicularly to the layer, corresponding to the in-phase 
stretching of the three inner-surface OH groups, and one 
weaker band with in-plane polarization and related to two 
degenerate modes involving out-of-phase stretching of the 
inner-surface OH groups. As the three-fold symmetry is 
not exact in kaolinite, the degenerate mode splits to give 
two weaker bands at 3652 and 3669 cm-1. The in-phase 
vibration occurs at ca 3697 cm-1. Quantum-mechanical 
calculations of the kaolinite IR spectrum (Balan et al. 2001) 
confi rm this earlier interpretation by Farmer (FIG. 2B). 

The modifi cation of layer stacking in dickite and nacrite 
weakens one interlayer H-bond, and the corresponding 
OH group is inclined with respect to the vertical. These 
modifi cations affect the OH-stretching spectra (FIG. 3). The 
inclined OH oscillates at higher frequency, and the two 
remaining OH groups lead to a strongly absorbing in-phase 
stretching mode and a weakly absorbing out-of-phase 
stretching mode at lower frequency (Farmer 1974). This 
interpretation was later confi rmed by quantum-mechanical 
calculations (Balan et al. 2010 and references therein). In 
the two-layer structure of dickite, coupling of OH motion 
between adjacent layers due to the long-range character 
of electrostatic interactions leads to splitting of the high-
frequency band ascribed to the inclined OH group (Balan 
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et al. 2010). Although weak, the coupling of the stretching 
motion of different OH groups is a key feature of the vibra-
tional spectra of kaolin-group minerals. 

The high-P polytypes of dickite and kaolinite exhibit 
characteristic OH-stretching bands (Johnston et al. 2002; 
Welch et al. 2012). For example, the IR spectrum of 
kaolinite-III exhibits a characteristic feature at 3595 cm-1, 
which is related to the single OH group still sharing 
an H-bond with the adjacent layer (Welch et al. 2012). 
Simultaneously, the tilting of the inner-OH group with 
respect to the layer plane weakens the H-bonding interac-
tions and its stretching frequency increases to 3710 cm-1.

Vibrational spectroscopies are thus effi cient tools for 
identifying the polytypes of kaolin-group minerals. In 
particular, kaolinite’s characteristic OH-stretching bands 
make it detectable in low concentration (<1 wt%). Given 
the small amount of sample required and coupled with 
μm-range spatial resolution (e.g. Johnston et al. 1998), these 
spectroscopic tools are complementary to diffraction-based 
techniques. The anharmonic character of OH-stretching 
modes also leads to diagnostic two-phonon absorption 
bands in the near-infrared range. These combination and 
overtone bands facilitate the remote sensing detection of 
kaolin-group minerals, including by satellite on the surface 
of Mars (Bishop et al. 2008). 

PARTICLE-SHAPE EFFECTS ON THE 
VIBRATIONAL SPECTRA OF KAOLIN-GROUP 
MINERALS 
Interactions between neighboring OH groups lead to 
coupling of atomic motions in the stretching vibrational 
modes. However, macroscopic electrostatic interactions 
related to the collective oscillating motion of ions in the 
whole clay particle are also observed in the IR and Raman 
spectra of kaolin-group minerals (e.g. Farmer 1974; Balan 
et al. 2001, 2010). The collective ionic motions polarize 
the particle, and an oscillating macroscopic (i.e. constant 
over the unit cell) electric fi eld is generated by the charge 
density appearing at the surface of the polarized particle 
(FIG. 2D). In turn, the induced electric fi eld affects the 
ionic motion and is responsible for the shape-depen-
dent shift and broadening of specifi c vibrational bands. 
Accordingly, these effects also depend on the aggregation 
state of the particles and on the dielectric properties of 
the surrounding medium, generally a KBr matrix (FIG. 2C). 

For example, the high-frequency IR absorption band of 
highly ordered and coarse kaolinite is broader than that 
of more fi nely divided samples. This somewhat counter-
intuitive observation is explained by the fact that in the 
coarser samples the vibrational frequency ranges from the 
frequency determined with a zero macroscopic fi eld to that 
with a maximum induced-depolarization fi eld. The latter 
case corresponds to a higher frequency observed for a thin 
platy particle geometry (FIG. 2A). Accordingly, the same 
band is narrowed and shifted to higher frequency in fi ne 
samples also with a platy shape. The quality and chemical 
purity of many kaolin samples thus make it possible to 
observe subtle physical effects in their vibrational spectra. 
These effects cannot be neglected when discussing minor 
variations among samples.

STACKING DISORDER: A MAJOR FEATURE 
OF KAOLIN-GROUP MINERALS 
Kaolin-group minerals often depart from their ideal struc-
tures. They may have a signifi cant amount of stacking 
defects due to the fact that modifi cations of the H-bonding 
pattern change the energy by a few kJ/mol (i.e. compa-
rable to room-temperature thermal energy). Stacking 
defects are related to the crystal-growth mechanisms and 
provide information on the physical-chemical conditions 
during mineral formation. They also infl uence the thermal 
stability and surface properties of kaolin-group minerals.

The nature of stacking disorder in kaolin-group minerals 
has been widely debated (e.g. Brindley et al. 1986; Giese 
1988; Bookin et al. 1989; Plançon et al. 1989). The debate 
stems in part from the complex occurrence, in a single 
sample, of different kaolin-group minerals that have 
different degrees of disordering and particle size (e.g. 
Plançon et al. 1989; Bish and Chipera 1998). Layer-stacking 
disorder has been examined by XRD and IR spectroscopy, 
with considerable effort focused on quantitative modeling 
of XRD patterns (Plançon et al. 1989). XRD models are 
based on changes in relative layer orientations, modifying 
the position of the vacant octahedral site, and on specifi c 
interlayer translations. For example, stacking defects in 
kaolinite likely involve enantiomorphism [b/3 translation 
of the ideal layer (FIG. 1), corresponding to the t2 transla-
tion of Bookin et al. (1989)] or the occurrence of dickite-like 
domains. The narrowing and differential shift of IR absorp-
tion bands down to 10 K (FIG. 3) reveal specifi c features 

FIGURE 2 Infrared (IR) spectra of the OH-stretching 
modes of kaolinite. (A) IR absorption spectrum 

of OH-stretching modes of a well-ordered and coarse 
kaolinite sample from Decazeville, France (top). The four 
absorption bands were fi tted using an additional contribution 
to match the broader high-frequency band. The theoretical 
absorption spectrum computed for a platy particle in a KBr 
matrix is reported in red (bottom). The assignment of the 
observed bands in terms of vibrational modes is 
straightforward. The theoretical high-frequency band is 
shifted with respect to the vibrational frequency computed 
with a zero macroscopic electric fi eld (vertical bars). This 
type of shape-dependent effect explains the broadening of 
the high-frequency band in experimental spectra (Balan et 
al. 2001) (B) Atomic displacement patterns of the four 
OH-stretching modes corresponding to the theoretical 
spectrum. As predicted by Farmer (1974), the high-frequency 
mode corresponds to the in-phase vibration of the three 
inner-surface OH groups. (C) Experimental geometry of a 
transmission experiment. I0(ω) and It(ω) are the frequency-
dependent incident and transmitted IR intensity, respectively. 
Ideally, the sample consists of small kaolinite platelets diluted 
in a KBr matrix. (D) Vibrational ionic displacements 
perpendicular to the basal plane of the platelets induce the 
formation of oscillating surface charges (+/- σ) on the basal 
faces, which create a macroscopic electric fi eld in the 
particle. This fi eld is responsible for the shift of the 
absorption band observed in (A).
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that can be ascribed to dickite-like or nacrite-like OH 
 confi gurations (Johnston et al. 2008). At low temperature, 
even well-ordered kaolinite and dickite samples display 
minor features due to few short stacking sequences corre-
sponding to another polytype (FIG. 3). The occurrence of 
less-stable nacrite-like confi gurations suggests that a large 
variety of stacking defects with stability intermediate 
between kaolinite and nacrite (Mercier and Le Page 2008) 
may occur in disordered samples. Some of these stacking 
defects could leave the OH confi guration unaffected, which 
is diffi cult to distinguish using the vibrational spectra 
characteristics. 

A breakthrough in the investigation of stacking defects was 
achieved by Kogure and Inoue (2005), who directly imaged 
defects in large crystals from hydrothermal and sedimen-
tary deposits using high-resolution transmission electron 
microscopy. Their work revealed the occurrence of Bookin’s 
t2 translation and the t0 translation [i.e. 2a+b)/3 transla-
tion of the ideal layer of FIGURE 1]. Dickite or kaolinite 
domains were also observed among stacking sequences 
dominantly corresponding to the other polytype (FIG. 4). 
Importantly, the defect type depends on the sample origin, 
and the observation of long-period polytypes underlines 
the role of spiral growth in the formation of stacking 
defects (see also FIGURE 1 in Schroeder and Erickson 2014 
this issue).

KAOLIN-GROUP MINERALS AS RECORDERS 
OF ENVIRONMENTAL PROCESSES
The structure of kaolin-group minerals depends on the 
physical-chemical conditions prevailing during their 
formation. As a result, it can provide important informa-
tion on past environments on the Earth’s surface and alter-
ation processes in the continental crust. The real structure 
not only includes the stacking defects discussed above, but 

also a diversity of particle shapes and sizes, as well as a 
number of point defects and chemical impurities (Muller 
et al. 1995).

Kaolinite particles range from large hexagonal platelets 
to small anhedral particles (FIG. 5). Lath-shaped particles, 
elongated along the a axis, are also observed (e.g. Kogure 
et al. 2005). Kaolinite platelets are often stacked together 
to form kaolinite “booklets.” Large crystals are usually 
observed in environments enabling slow crystal growth 
from slightly supersaturated solutions, such as those in 
sedimentary deposits, or under the higher-temperature 
conditions of hydrothermal deposits promoting the devel-
opment of equilibrium shapes. In contrast, soil kaolin-
ites usually display much smaller particle sizes. Many 
samples display kaolinite with contrasting particle sizes 
and shapes (FIG. 5). The relation between the particle size 
and the occurrence of stacking defects depends on the 
aqueous environment, reaction kinetics, and precursors. 
In lateritic soils, topsoil kaolinites are small and disor-
dered, whereas kaolinite samples collected at the bottom 
of the weathering profi les (saprolite) display larger size 
and more ordered stacking (FIG. 5). The specifi c roles of 
factors such as solution supersaturation, solution composi-
tion, soil porosity, and the occurrence of organic matter 
have still to be determined. In contrast, some hydrothermal 
samples display an inverse relation between particle size 
and layer-stacking order. This behavior could stem from 
the interaction between different spiral hillocks and 
two-dimensional nuclei on the well-developed basal face of 
large crystals (Kogure and Inoue 2005). Dickite and nacrite 
usually display larger particle sizes owing to their specifi c 
formation environments (e.g. geothermal fi elds). Recently, 
Kogure et al. (2005) and Kameda et al. (2005) used electron 
backscattered diffraction (EBSD) to investigate the inter-
play between kaolinite particle shape and stacking pattern. 
Although restricted to the investigation of large particles, 
this method opens new possibilities for the investigation 
of structure versus property relations for single particles. 

FIGURE 3 Low-temperature infrared absorption spectra of 
kaolin-group mineral samples: kaolinite (KGa-1) from 

Georgia, USA; dickite from Nowa Ruda, Poland; nacrite from 
Sweden; poorly ordered kaolinite from Manaus, Brazil. The spectra 
were recorded at 10 K in transmission geometry using dilution in 
KBr disks. The poorly ordered sample reveals contributions from 
kaolinite-like (K), dickite-like (D), and nacrite-like (N) stacking 
sequences. The ordered nacrite and kaolinite samples also reveal 
minor contributions from dickite. The band at 3690 cm-1 observed 
in the dickite sample displays a distinct anharmonic character that 
has been tentatively ascribed to a kaolinite-like confi guration 
(Balan et al. 2010).

FIGURE 4 High-resolution transmission electron microscope 
(TEM) images displaying (A) domains of dickite in a 

kaolinite-dominant stacking sequence and (B) domains of kaolinite 
in a dickite-dominant stacking sequence (from Kogure and Inoue 
2005). The indices on the right indicate the orientation of the layer 
(>Sn<) and the horizontal shift between the layers (>Vn,n+1<). D: dickite 
stacking sequence; K: kaolinite stacking sequence; T: twin fault.
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Regarding the chemical impuri-
ties in kaolin-group minerals, a 
number of studies have focused 
on transition elements, among 
which iron is the most common. 
As kaolin-group minerals usually 
have a greater chemical purity 
than other clay minerals, it is 
often difficult to determine 
whether the impurities occur 
in the mineral structure or in 
associated minor phases. To 
this end, spectroscopic methods 
are used, including vibrational 
spectroscopy, electron paramag-
netic resonance (EPR), nuclear 
magnetic resonance spectroscopy 
(NMR), and diffuse refl ectance 
UV–visible spectroscopy.

For example, the OH-stretching 
IR spectrum often reveals minor 
amounts of cationic substitu-
tions at the Al site, lowering 
the frequency of the inner-OH 
stretching band. The weakness 
of the signal attests to the low 
extent of substitutions, but its 
quantitative use is made diffi cult 
by band overlap as well as by 
the broadening effects in disor-
dered samples. In contrast, EPR 
is sensitive and chemically selec-
tive. It allows detection of dilute 
transition elements occurring 
in paramagnetic valence states 
(e.g. Fe3+, Cr3+, Mn2+, VO2+). 
Small magnetic phases display 
a less-informative broad super-
paramagnetic EPR signal, but 
their effects have been detected 
by solid-state NMR. EPR provides 
only partial information on the 

distribution and speciation of impurities. A number of 
studies have dealt with iron ions, indicating the substitu-
tion of Fe3+ for aluminum in the two nonequivalent sites of 
kaolinite. The Fe3+ EPR spectrum is affected by minor struc-
tural distortions and indirectly probes the occurrence of 
stacking defects in disordered samples (Muller et al. 1995). 
However, no evidence has been found for a direct effect 
of substituted Fe3+ on the formation of stacking defects. 
Detection of Mn2+ or VO2+ is less common, and these ions 
have been interpreted as records of specifi c redox condi-
tions. The observation of Mn2+ ions in kaolinite from later-
itic crusts may record fl uctuations of the groundwater table, 
whereas vanadyl ions often observed in sedimentary rock–
hosted kaolins may trace kaolin diagenesis and maturation 
of organic matter (Muller et al. 1995). Crandallite-group 
minerals and isomorphously substituted anatase are ubiqui-
tous at trace levels in sedimentary rock–hosted kaolins, and 
each of these is known to bear trace amounts of transition 
and rare earth elements.

RADIATION DAMAGE IN KAOLIN-GROUP 
MINERALS, RADIOACTIVE DOSIMETRY, 
AND KAOLINITE DATING 
The sensitivity of EPR spectroscopy enables detection of 
unpaired electrons corresponding to native radiation-
induced damage (Muller et al. 1995; Allard and Calas 
2009). These electronic point defects are produced by 
ionizing radiation, which occurs in the environment due to 
the decay chains of radioactive isotopes. The EPR spectrum 

FIGURE 5 Scanning electron microscope images of a kaolin 
sample from the Manaus area, Amazon basin, Brazil. 

(A) Image in backscattered electron mode of a section displaying 
residual minerals (quartz, Ti oxides, zircon) in a kaolinite matrix. 
The kaolinite matrix displays two types of particles: large kaolinite 
booklets (e.g. upper left) and fi ne kaolinite particles in a more 
homogenous matrix. (B) Image in secondary electron mode of 
large kaolinite crystals from sedimentary layers at the bottom of 
a lateritic profi le. (C) Image in secondary electron mode of small 
kaolinite crystals from a lateritic topsoil.

FIGURE 6 Weathering processes and kaolinite 
dating (after Balan et al. 2005). 

(A) Lateritic profi le developed on sedimentary kaolin 
on the border of the Rio Negro, Manaus area, Brazil 
(inset map). The section is ~30 m high. The lateritic 
soil corresponds to the ~6 m thick yellow-brown layer 
at the top of the profi le. The color of sedimentary 
kaolin layers varies from white to red, depending on 
the associated iron oxides (hematite). (B) Orientation 
of the principal axis of the g-tensor (which relates the 
magnetic moment of the defect to its electron spin) 
and assumed location of the paramagnetic radiation-
induced defects in kaolinite (after Allard and Calas 
2009). (C) Variation of electron paramagnetic 
resonance (EPR) intensity related to radiation-induced 

defects as a function of experimental irradiation dose. 
Extrapolation of the dosimetry curve to zero makes it 
possible to determine the paleodose, that is, the radia-
tion dose recorded by the kaolinite sample since its 
formation. Inset: EPR spectrum of the radiation-
induced defects. The g values are indicated. These 
defects correspond to electron holes located on the 
oxygen sites of the kaolinite structure. (D) Paleodose 
recorded by kaolinite as a function of estimated 
present-day dose rate. Dotted lines represent 
isochrons at 25 Ma and 10 Ma. Blue: sedimentary 
layers; open symbols: transition levels; orange: later-
itic soil samples; black: kaolinite from iron nodules in 
lateritic soil.
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of the defects depends on their atomic-scale environment 
(FIG. 6). Isochronal annealing experiments have shown that 
some of these (A-centers) are stable at ambient temperature, 
with a lifetime of ~1012 years. The defect concentration 
can be calibrated as a function of the radiation dose by 
artifi cial irradiation experiments, quantifying the natural 
dose responsible for the native defects (the paleodose). 
The paleodose depends on the time elapsed since kaolinite 
formation and on the environmental radioactive dose rate. 
This dose rate can be assessed from radionuclide concentra-
tions or directly measured. 

Two scenarios can then be envisioned depending upon the 
sample’s geological setting. If the age of kaolinite forma-
tion can be independently determined, the paleodose 
provides information on temporal variations of the dose 
rate compared with the present-day value. This approach 
has revealed past uranium migration in natural analogues 
of high-level nuclear waste repositories, such as the Nopal 
uranium deposit, Chihuahua, Mexico (Muller et al. 1995). 
On the other hand, if the dose rate is assumed to be time 
independent (e.g. when radionuclides are sequestered in 
resistant minerals), an age can be assessed for kaolinite 
formation. The timing of kaolinite transformation has been 

investigated in lateritic profi les developed on continental, 
late-Cretaceous sedimentary formations of the Manaus 
area, Amazon basin, Brazil (Balan et al. 2005). The ages 
obtained for the sedimentary layers attest to diagenetic 
processes after sediment deposition. The topsoil samples 
display more recent ages and low crystal order, indicating 
transformation of the sediment kaolinite by dissolution/
precipitation. However, their defect concentrations indicate 
that their formation does not correspond to present-day 
conditions but more likely to older weathering stages. 

Determination of their defect structure offers various ways 
of identifying different generations of kaolinite in a soil 
section, or even in a single kaolin sample. Combined with 
stable isotope geochemistry, the defect structure of kaolin-
group minerals should provide original information on 
the conditions that prevailed over time in the alteration 
environments of the Earth’s surface.
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