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act-A new appraisal of radiation-induced defects (RID) in natural kaolinite, i.e., positive trapped 
on oxygen atoms, has been undertaken using Q-band EPR spectra, recorded at 93 K, of irradiated 

annealed and oriented kaolinite samples originating from various environments. Three different centers 
were identified. Two of the centers, A- and A'-centers, are trapped holes on oxygen from Si-O bonds. 
They have a distinct signature and orthogonal orientation, i.e., perpendicular and parallel to the (ab) 
plane, respectively. The third center, the B-center, is a hole trapped on the oxygen bonding Al in adjacent 
octahedral positions (Al,j,-O--AI,, bridge). This confirmed some previous assignments from the literature, 
some others are no longer considered as valid. 

A least squares fitting procedure is proposed to assess the RID concentration in any kaolinite. It allows 
a quantitative approach of the thermal stability of RID. Isochronal annealing shows that the thermal 
stability of the centers decreases in the order A, A', B over the temperature range 0450°C: (1) B-center 
is completely annealed above 300°C; (2) &-center can be annealed by heating at 400°C for more than 
two hours; (3) A-center is stable up to 450°C. The activation energy and the magnitude of the mean half- 
life for A-center is evaluated through isothermal annealing at 350, 375 and 400"C, with E, = 2.0 eV & 
0.2, and t,,z > 1 0 ' 2  years at 300 K. The stability of A-center seems to decrease with increasing crystalline 
disorder. Nevertheless, it is high enough for radiation dosimetry using kaolinites from any environment 
on the Earth's surface. 
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INTRODUCTION 

Kaolinite, a ubiquitous clay mineral at the Earth's 
surface (Murray 1988), is known to incorporate stack- 
ing defects ofvarious types (e.g., Cases et al 1982; Giese 
1988). At the layer scale, some point defects may be 
directly studied through their paramagnetic character, 
by using Electron Paramagnetic Resonance (EPR). They ' -  

are trace elements (substituted Fe3+, sorbed Mn2+ and 
VOZ+ ions) together with defect centers (e.g., reviews 
by Hall 1980;Pinnavaia 1981; MullerandCalas 1993). 
Defect centers are detected in all natural kaolinites 
(Meads and Malden 1975; Muller and Calas 1993). 
They have been interpreted as positive holes trapped 
on oxygen atoms, stabilized by diamagnetic precursors 
(Angel et al 1974; Meads and Malden 1975; Cuttler 
1980). These hole centers have been demonstrated to 
be radiation-induced defects (RID), through irradia- 
tion experiments and studies of various natural alter- 
ation systems (Angel et al 1974; Clozel 1991; Muller 
et al 1990, 1992). 

RID in kaolinite have been used as fingerprints of 
the condition of formation and evolution of various 
kaolinite-containing environments at the Earth's sur- 
face (Muller and Calas 1993). In particular, the use of 
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Geotechnical Engineering and Mineral Technology, Avenue 
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kaolinite as an "in situ dosimeter" was proposed, as a 
unique tool for indirect assessment of radionuclide mi- 
gration in the geosphere (Muller et al 1990, 1992; 11- 
defonse et al 1990, 199 1). This implies, however, that 
the types of RID present in any kaolinite and the pa- 
rameters which govern their formation and their sta- 

The nature and stability of RID are controversial or 
undefined in some cases, mainly because of lack of 
relevant EPR-data. In  this work, the systematic use of 
X-/Q-band hyperfrequencies at room/low tempera- 
tures, on powder/oriented, and irradiated/annealed 
samples, allowed: (1) an  unequivocal assignment of 
RID spectra, (2) the quantification of the respective 
contents of RID in natural kaolinites and (3) the es- 
timation of their geologic time scale stability in envi- 
ronments at  the Earth's surface. 

. bility are defined accurately. 

MATERIALS AND METHODS 

Samples 
Six reference kaolinites have been selected among 

numerous kaolinites from hydrothermal alteration 
zones, sediments, and soils which were previously in- 
vestigated with EPR (Clozel 1991; Muller and Calas 
1993). Table 1 lists the sources and references for the 
raw samples, together with disorder indices (obtained 
from Fourier Transform Infrared Spectrometry (DIR 
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indes) and X-ray Diffraction (R1 indes, sec below). 
some EPR characteristics (substituted iron and RID 
content). and pretreatment (defemfication. granulome- 
try). They consist of: 

( I )  two hydrothermal kaolinites from Corn\vall (En- 
gland), namely GB3 and GB 1 .  They are well-ordered 
kaolinites. as shown by their disorder indices R2 and 
DIR. and are associated lvith minor quartz and mus- 
covite (Cases c't al 1981). 

(2) three hydrothermal kaolinites. .A I .  C3. and C 14 
originating from an altered wlcanic tuff (Nopal I ura- 
nium deposit. Chihuahua. Mexico: Ildefonse u/  1990). 
characterized by a low impurity contcnt (substituted 
iron. ancillary phases as uranium-bearing minerals), a 
high crystalline order. and a high .RID spectrum in- 
tensity (Muller cf (il 1990: lldefonse c't u1 1991). 

(3) a sedimentary kaolinite, named BAR, sampled 
in the Tertiary sedimentary basin in Charentes (France). 
It has a low crystalline order and a relatively high con- 
tent of impurities, i.e., substituted iron. associated iron 
oxides and illite (This study). It was verified that the 
presence of accessory minerals (illite, Lveeksite. quartz) 
\vas not a limitation to RID identification hecause of 
undetectable or readily diferentiated contributions in 
the R I D  region of the EPR spectra. 

.IlctJ&.r 

C~icrrocfcr.i=atio,i ofsmriiplcs. X-ray pmvder diffraction 
(XRD) data were obtained with a 'PW 1710 sertical 
goniclmeter using monochromatic CuKn radiation (40 
kV, 30 mA) at scanning rates of I"21Lmin. The Struc- 
tural order of the kaolinites \vas approached using the 
R 2  indes of Liitard (1977). which is related to the 
translations in the (ab) plane. It measures the relative 
intensity of the (1  3 1) and (1  3 1 ) diffraction peaks, ac- 
cording to the relation: 

where k stands for the local minimum in the (131); 
( 1  3 I )  inter-peak region. 

The crystalline order of the kaolinite samples was 
aiso estimated by means ofinfrared spectroscopy using 
a Fourier-Transform Infrared (FTIR) Nicolet SDS 
spectrometer. The relative intensity of the OH-stretch- 
ing bands at 3669 and 3649 cm-l is correlated with 
cqstal  ordering of kaolinite (LiGtard 1977; Cases et (11 
1982; hluller and Rocquier 1987). This indes. DIR. is 
defined as the ratio of the apparent absorbances 

DIR = [1(3649),'1(3669)] (2)  

It increases with decreasing crystalline order of ka- 
olinite. 

Irrodiutinti ~.~pi~ri t?ietz ts .  X-ray irradiations were per- 
formed to enhance thc signal of B centers, according 
to the observations of Angel CI d(1974) .  Samples were 
annealed thcrnially at 400°C fbr 14 hours prior to ;ìr- 
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tificial irradiation (see below) in order to destroy most 
ofthe defect centers present in natural kaolinites (Angel 
et al 1974; Clozel 199 1). The pre-annealed kaolinites 
were then exposed to X-ray radiation (MoKa source, 
35 mA, 50 kV) for 48 h prior to the EPR analysis. 
Irradiations were performed on kaolinite powders set 
between kapton sheets close to the X-ray shutter. 

Annealing experiments. In previous work, step-an- 
nealing was required to differentiate RID in natural 
kaolinites. The B center was removed by 250°C (2 h) 
heating (Clozel et al 1994); the A center was observed 
to remain after 400°C (24 h) heating (Angel et al 1974; 
Muller et al 1992); and A' seemed to be of intermediate 
stability (Muller et al 1992). In the present work, sys- 
tematic isochronal and isothermal heating experiments 
are conducted to obtain a better understanding of the 
themial behaviour of the various RID in kaolinite. 

The isochronal annealing was canied out for 2 h at  
25"-50"C intervals over the temperature range 100"- 
450°C, i.e., up to a temperature at which the dehy- 
droxylation process could occur (Brindley and Lemai- 
tre 1987). These experiments should define the thermal 
conditions for individualization of center spectra. 

The isothermal annealing experiments were per- 
formed in air at  300, 350, 375, 400°C, over a period 
of 120 h. They are of special interest to define the 
lifetime of some centers which are expected to be stable 
over geological periods under the thermal regime of 
the Earth's surface. Such stable centers are of the high- 
est relevance in tracing past irradiations. The stability 

.= 'i .. 

of heating temperatures ( t2"C) was monitored, using 
a thermocouple in contact with the sample meltingpot 
in a tubular furnace. 

Sample orientation. EPR spectra of polycrystalline 
samples, such as kaolinite, result in the superimposi- 
tion of absorption lines from randomly distributed mi- 
cro-crystals. In order to obtain an accurate assignment 
of EPR signals, i.e., to state the orientation of the crystal 
field axis of centers with respect to the crystallographic 
axes of kaolinite, it is necessary to prepare oriented 
samples. The kaolinite usually forms platy particles 
with preferential development according to the (ab) 
crystallographic plane. An orientation parallel to the 
(ab) plane was achieved both by compression and by 
sedimentation, resulting in oriented-powder specimen. 
X-ray diffraction confirmed that both orientation 
methods were effective because only O0 1 reflexions were 
observed on diffraction patterns of oriented samples. 
It was also verified, through X-ray diffraction, that the 
compression did not induce structural modification of 
the kaolinite structure. 

I 
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EPR spectroscopy. Electron paramagnetic resonance 
spectra of RID were observed at X- (-9.2 GHz) and 
the Q-band (-35 GHz) using a CSE 109 Varian spec- 
trometer. A higher frequency gives a lower detection 
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limit and increases the gap between the spin levels, 
thus allowing acquisition of better resolved spectra. 
This increase in resolution allows a particularly clear 
distinction between frequency-dependent transitions 
(i.e., fine structure and Zeeman transitions) and the 
hyperfine structure, i.e., the resonances resulting from 
the interaction of unpaired electron spin and nuclear 
spin (Calas 1988 and references therein). 

The experimental parameters were the following: 100 
kHz frequency, 3.2 G amplitude for the modulation 
field and a time constant ranging from O. 125 to 0.25 
seconds. Saturation behaviour of RID spectra as a 
function of microwave power (X-band) was investi- 
gated in order to give possible conditions of spectrum 
individualization. At room temperature (300 K), no 
saturation occurred in the range investigated (0-200 
mW). At low temperature (77 and 93 K), the maximum 
amplitude is observed around 40 mW. However, the 
RID spectra are too similar to isolate them by differ- 
ential saturation. Satisfactory conditions of observa- 
tion were achieved using 40 mW microwave power for 
X-band and 16 dcb for Q-band. Low temperature 93 
K recording was provided using a nitrogen-flow device, 
cooled by liquid nitrogen. This resulted in strong en- 
hancement of the RID spectral intensity with respect 
to the background spectrum due to residual superpara- 
magnetic iron-oxides (Bonnin et al 1982) and of the 
hyperfine structure of B-center (Meads and Malden 
1975; Muller and Calas 1989; Clozel et al 1994). 

The observed EPR signals were labelled by their g 
values, &ef being defined by the relation: 

hv = gc&B 

where B is the field at- which resonance occurs, v is the 
cesonance frequency, ß is the Bohr magneton, h is the 
Planck's constant, g is a tensor with the eigenvalues 
g,,, g,,, g,. g-values were calibrated by comparison 
with a DPPH standard (g,,,,+ = 2.0036). The error on 
g-value measurements was estimated to be tO.001. 
The accuracy on magnetic field values was AB = rf: 1 G. 
For comparison, it was convenient to present (in the 
same figure) the X- and Q-band spectra. However, it 
must be pointed out that only the g-values can be com- 
pared, as the magnitude and the magnetic-field posi- 
tions of the resonances are frequency-dependent. 

The oriented samples were aligned using a goni- 
ometer in the spectrometer, O stands for the angle be- 
tween the direction of the magnetic field vector B and 
the (ab) plane. 

Concentrations of centers are referred to a constant 
filling-factor of the X-band resonance cavity. They are 
proportional to the number of spins per mg, expressed 
in arbitrary units (a.u.) corresponding to integrated ab- 
sorbance per mg per unit of gain. Due to the similar 
nature of the three types of centers, i.e., oxygen hole 
centers (spin %), and the close g-values and line-widths 
measured on their spectra, these arbitrary units are 
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FiguX1. EPR signal (300 I() of radiation-induced defccts 
in the natural kaolinite A l  (a) Q-band spectrum (h) ?(-hand 
spectrum. 

considered equivalent from one center to the other. 
Error on RID content determination was assumed to 
be within rf: 10(!h, taking into account additional errors 
on weighing and EPR recording. It should be noticed 
that Q-band setting is far less suitable for quantitative 
measurement, mainly because of the low reproduc- 
ibility of sensitivity and substantial error arising from 
the weak mass of samples (a few mg). 

Busdim correcriotis of EPR spectrrl. Strong baseline 
perturbations arose from the presence of iron oxides 
which are ahvays associated with natural kaolinites 
(hfalengreau er al 1994). These osides are responsible 
fòr a broad resonance (AB > 1000 G) which super- 
imposes on the investigated EPR signal, whenever the 
osides occur as distinct phases or as coatings (Angel 
and Vincent 1978; Bonnin et u1 1987). Fe oxides have 
thus been eliminated prior to irradiation, using the 
complexing dithionite-citrate-bicarbonate (DCB) 
method (hfehra and Jackson 1 %O), which has no in- 
fluence on the kaolinite structure nor the shape and the 
intensity of the RID spectra (hluller and Calas 1989). 
HoLvever. the iron osides cannot be removed totally. 
particularly in soil samples (Herbillon Ct N¡ 1976; hlul- 
ler and Calas 19x5). A \veak broad isotropic resonance 
remained due to residual nanocrystalline, superpara- 

magnetic iron oside species (Muller and Calas 1993). 
whenever its intensity was reduced at low temperature. 
Tn most cases, the resonance due to remaining Fc-as- 
ides was negligible with respect to the RID signal so 
that it could be approximated by a straight line. In 
some samples. such as BAR, this procedure can not be 
applied because of a relatively strong absorption due 
to remaining Fe-asides. The contribution of the latter 
was thus approached by using the Fe-oside signal from 
deferrated saprolitic kaolinites from Brazilian laterites, 
Xyhich were shonn to be relativeiy intense with rcspecr 
to that of RID (hluller e't (I/ 1992). 

RESULTS 4 N D  DISCUSSION 

l\rmtre if the niciiiti'7)i-itidi(CCII ciq2cts 

RID (ga = 2) resonances are espccted to occur near 
I ' S O  m T  at Q-band. superimposed on a predicted sig- 
nal involving Fe3' (hleads and hlalden 1975). Figure 
la  shows an expanded version of a representative 
Q-band spectrum of RID in the range 1190 m T  to 
1 2 S O  mT. In comparison. the corresponding more fa- 
miliar (see references above) S-band spectrum of RID. 
\vhich is knonn to occur in the range 320 m T  to 336 
mT, is shown on Figure 1 b. I t  is clear that the Q-band 
spectrum is more complex than the one at X-band, as 
expected from former results of the superimposition 
of well resolved signals with different shape and inten- 
sity. Furthcr information about the different contri- 
butions were obtained on Q-band spectra of irradiated 
and annealed kaolinite samples. 

Evidtwcc-for otic t)pe qf,4/-0---4/ ccrirer (B-cctiter). A11 
the X-ray irradiated kaolinites exhibited a Q-band 
spectrum presenting an orthorhombic anisotropy with 
narrow hyperfine multiplets on the three components 
of the signal (Figure 23). The corresponding S-band 
spectrum (Figure l b )  is similar to that of irradiated 
synthetic kaolinite (Angel ct al 1974). It reveals, par- 
ticularly, the presence ofa  hyperfine pattern containing 
a total of nineteen lines, the position and the spacing 
(about 0.8 mT) of which were measured on EPR spec- 
tra of natural kaolinites recorded at low-temperature 
(Meads and hlalden 1975). It must be pointed out that 
the shape of these spectra is not affected by subtraction 
of spectra obtained afier annealing esperiments. 

The hyperfine structure was recently estracted from 
the bulk Q-band spectra of two well-crystallized kao- 
linites. among which was the GB3 sample, thanks to 
an appropriate convolution of the signal by a nornial- 
ized square function (Clozel 1991: Clozel ct tz l  1994). 
Three clearly separated multiplets of 11 equidistant 
(0.76 mT) hyperfine lines centered at g, = 2.030 +. 
0.0005, g2 = 2.020 +- 0.0005 kind g3 = 1.002 0.001 
and exhibiting intensities according to the approximate 
ratio 1:2:3:3:5:6:5:3:3:2:1 nere apparent. The hyper- 
fine pattern was assigned to the interaction o f a n  un- 
paired electron (S = '~>) .sith tkvo adjaccnt nuclci "Al 
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Magnetic Field (Q- Band) - Magnetic Field (Q- Band) 
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Figure 2. EPR signal of the B-center (77 K), sample GB3 
(a) Q-band spectrum exhibits the orthorhombic symmetry of 
g tensor. The superhyperfìne structure consists of three mul- 
tiplets centered on the g,, g,, g, components @) X-band spec- 
trum shows an apparent cubic symmetry, because ofthe over- 
lapping of the superhyperfine components. 

(I = 5/2; natural isotopic abundance = 100%) that are 
equidistant from the paramagnetic center. The appar- 
ent 19 line pattern frequently observed on X-band 
spectra of natural kaolinites was interpreted as resulting 
from the overlapping of these super hyperfine (SHF) 
structure lines. The anisotropic components at gls g,, 
and g, are correlated to the corresponding SHF mul- 
tiplets, thus only one type of center is responsible for 
the observed spectrum, labelled B-center after Angel 
et al (1 974). The various structural alternatives con- 
sidered by Clozel et al (1994) led to the reasonable 
conclusion that this center is a hole trapped on the 
oxygen bonding two AI in adjacent octahedral posi- 
tions (AIv~-O--AIv~ bridge). Thus, the previous as- 
sumptions from Angel et al (1974) and Meads and 
Malden (1975) that one or two centers are located on 
oxygen bonding AI in a tetrahedral position are no 
longer considered valid. 

Evidence for ìwo types of Si-O- centers. As shown on 
Figures 3a and 3b, B-centers can be completely an- 
nealed equally well in irradiated as in natural samples 
by heating a t  a temperature ranging from 250°C to 
300°C for a few hours. This is apparently due to the 

PPH 

:=2.006 

I g=2.001 

1 
Magnetic Field (X- Band) 

I 1 I 1 I w 
320 324 328 332 3361. mT 

Figure 3. Annealing of the B-center. Several anisotropic res- 
onances remain, which can be distinguished by further heat- 
ing. 

total disappearance of the superhyperfine structure and 
of the main component of the B-center centered at g, 

-. = 2.020. At the same time, it is observed that: (1) the 
B-center component centered at g, = 2.040 is replaced 
by a weak feature centered at g = 2.039 -t 0.0005; (2) 
the B-center component centered at g, = 2.002 is re- 
placed by a doublet of sharp, intense resonances at  
about the same g-value; and (3) a relatively sharp res- 
onance is present a t  g = 2.049 +- 0.0005. A progressive 
increase in temperature results in a continuous de- 
crease of the intensity of the resonance at  g = 2.039, 
which completely disappears at 400"C, while the in- 
tensity of the resonance at  g = 2.049 remains quite 
unchanged (Figure 4a). Moreover, at 400"C, the lines 
from the sharp doublet around g = 2.002 are better 
resolved. By increasing the heating up to 450°C for 20 
hours, a slight decrease of the intensity of the three 
remaining resonances at  g = 2.049 and around g = 
2.002 is observed. This allows the identification of one 
center spectrum. 

This center is stable a t  elevated temperatures, up to 
450°C. Its EPR spectrum presents a weak orthorhom- 
bic symmetry with the following g-values: g, = 2.0490 
-t 0.0005, g,, = 2.006 +. 0.001, andg, = 2.001 2 0.001 
(Figure 4a) in agreement with data obtained on soil 
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hlvgnetic Field (Q-  Band) 
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Figure 3. EPR signal of the A-center, sample A l .  (a) Q-band 
spectrum. the center presents an orthorhombic s lmmrtc  (h) 
X-hand spectnim shows an apparent axial symmetq, hc.cau5e 
g, and & components are too close to be resolved. 

kaolinites (hiuller 1988). The >;-hand spectrum (Figure 
3h) only exhihits a doublet. which suggests an apparent 
axial symmetq of the g tensor (g'/ = 2.039 f 0.002 
and g l  = 2.007 I 0.001), since the g, and g, com- 
ponents are too close to he separated. These values 
characterize unamhiguously the ubiquitous A-center 
(Angel et id 1974; hluller and Calas 1989; Clozel 199 1 ). 
The A-centers have been interpreted as holes trapped 
on an apical oxygen atom. They have been noted Si- 
O--centers by reference to the hlarfunin's systematics 
(Marfunin 1979). The Q-hand orientation dependance 
demonstrates that the & component is oriented per- 
pendicular to the (ah) plane (Figure h) ,  as stated pre- 
viously from X-hand spectra by Jones t't ul (1973). 
While the g-values for A-centers remain constant in 
natural kaolinites, the half-width of the g// component 
varies slightly among the samples within 0.7-1.3 mT. 
I t  was shown earlier that these variations are closely 
related to the structural order of the sample. i.e., the 
thickness of coherent domains assesscd by nidth at 
half-height ofthe (002) X-ray diffraction line. The \vid- 
er  the &'i component, the smaller the coherent domain 
(Clozel 1991). A precursor model for the A-center \vas 

hlagnetic Field (a- ßand)  

1190 1210 1230 
- 

I I I r 
1250 lZi0 m'l' 
DPPH 

323 32s 332 336 mT 3 LO 

Figure 5.  EPR signal of the A'-center. sample A I .  Spectra 
are individualized by subtracting the suitable amount of A 
signal from the signal of Figure 3. (a) Q-hand spectrum (h) 
N-band spectrum. 

proposed hy Angel c-t al ( 1  9 7 4 ,  which involved a di- 
valent ion (Fe2+ or hlg2+ ) substituted for Al'+ in the 
octahedral sheet. This model was supported by esperi- 
mental evidence. and it explains the high stability of 
the center by local charge unbalance compensation. 

The unexplained resonance in Figure 3 ( g  = 2.039) 
exhibits a thermal stability intermediate between those 
o f  U- and A-center spectra. The relevant signal can 
only he isolated by subtracting the suitable portion of 
the A-center spectrum from that of Figure 3. this por- 
tion heing deduced from the intensity of its parallel 
component. The resulting asymmetric doublet (Figure 
53) characterizes a center of axial symmetry (S = I l : )  

\vith EPR parameters (g ' i  = 2.039 & 0.002 and g l  = 
2.008 2 0.001) that are distinct from those of the 
A-center. These values are also confirmed on  the 
S-hand spectra obtained with the same subtraction 
procedure (Figure 5h). They are those reported for the 
so-called A'-center identified hy hluller et o1 ( I  990). 
The g-valucs are higher than those of the free electron 
(g = 7.0023). so these centers likely originate from 
trappcd holes (hlarfunin 1979). As the corresponding 
resonances are devoid of apparent hyperfine structure 
at liquid nitrogen tempcrature, this center \vas consid- 
ered :is a second type of Si-O -center. It must he also 
pointed out that the half-width at half height of the gli 
component of the A'-ccntcr is higher than that of the 
:\-center (e.g., on the sample Cl4,  17 G for A' and S 

.- 
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DPPH 3 
I + f T  

f I \  

I I 

Figure 6 .  Orientation dependence of A'-center with respect 
to A-center (Q-band) (a) powder spectrum. The two centers 
are nearly orthogonal, as can be seen from oriented powders 
with B// (ab) plane (b) and B I  (ab) plane (c). 

G for A). After the annealing of the B-centers, orien- 
tation experiments were also carried out on sample C3, - 
which presented the most intense A' spectrum (Figure 
6a). The orientation dependence is shown in Figure 6 
for two different orientations of the crystallites with 
respect to the magnetic field B. It is clearly observed 
that the parallel component of A'-center is more in- 
tense when B is parallel to the (ab) plane (@ = O"; Figure 
6b), by contrast to the A-center which is almost per- 
pendicular to the (ab) plane (@ = 90"; Figure 6c). No 
model has yet been proposed for this center because 
of the lack of experimental evidence. Nevertheless, the 
substantial relative enhancement of A'-center induced 
by heavy ion beam (Pb2+ implantation, Muller et al 
1990; Clozel 1991) strongly suggests it is directly re- 
lated to some intrinsic point defects as vacancies or 
interstitials rather than substitutions. 

Concentration of lhe radiation-induced defects 
The content of the respective defects can be deduced 

from the quantitative contributions of the above-de- 
fined A, A' and B spectra, using a least squares fitting 
procedure (linear decomposition). Due to the sample 
dependence of the A-center signal shape, it was nec- 

i 
I 

.J 

I 

i 

a 

b 

V 5 mT 

Figure 7. Least squares linear decomposition of the RID 
signal: - Experimental; . . . . . Fit; -. . . . . - A-center; 
--- A' center; --- B-center (a) at 300 K for the kaolinite 
Al, (b) at 93 K for BAR kaolinite. The contents of the ra- 
diation induced defects are deduced from the proportion of 
the respective spectra. 

essary to anneal each kaolinite a t  400°C for 24 hours 
in order to define their A-center spectrum. The refer- 
ence spectrum for A'-center was that extracted from 
sample C3, the kaolinite from the Nopal U-deposit 
giving rise to the best identification of A'-center sig- 
nature among all the natural kaolinites studied. The 
reference spectrum for B-center was that obtained with 
pre-annealed X-ray irradiated sample GB3. 

The fitting procedure was tested on the X-band spec- 
tra of several kaolinites recorded at 300 K or 93 K, 
whatever the previous physical treatment (none, irra- 
diation, heating). Figures 7a and 7b illustrate the results 
for well-ordered (Al) and poorly ordered (BAR) kao- 
linites, respectively. The EPR spectrum of sample BAR 
exhibits a relatively high contribution from Fe-oxide 
in the g = 2 region. As a consequence, it was baseline- 
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Tempertitux ["Cl 
Figure 8. Isochronal annealing experiments: O ,&-center; 
O ,&'-center: Q 13-center. (a) Kaolinite GB1, with similar ini- 
tial contents of A, A' and B centers (EPK recording at 93 K). 
(b) Kaolinite C3. characterized by high initial contents ofA 
and A' centers (300 K). 

corrected (see "hlethods" section) prior to linear de- 
composition. It can be observed that the fitted signals 
are in good agreement with the experimental ones. The 
RID spectrum of any natural kaolinite may be es- 
plained by the occurrence of the three types of hole 
centers described above. This confirmed the study of 
kaolinites from various environments by Clorel (1 99 1). 
At the same time, this procedurc al1ou.s the determi- 
nation of center concentration in arbitrary units (the 
results obtained at 93 E; for the natural kaolinites stud- 
ied are gixen in Table 1). 

Stczbrlitj. qf the  r ~ ~ i ¿ i t i ~ ~ t i - i ~ i ~ i i ~ € ( ~  d&st.s 

The linear decomposition procedure (and the related 
quantification) allov.& us to folluw the behaviour of 
each RID during annealing experiments. 

I~0ch~onuI  hcutiiig. Isochronous annealing curves are 
illustrated in Figure 8 for t\vo ,amples GBl  and C3. 
that contain substantially different amounts of defects 

(Table 1 ). Sample G B  1 is characterized by about equal 
contents of A .  A' and B-centers. In contrast, the RID 
content is esceptionally high in C3. consisting of  neg- 
ligible B-, high A- and very high A'-ccnter populations. 
It was verified that the thermal stability of the centers 
decreased in the order A-, A'-> B-centers over the tem- 
perature range 0450°C.  

The B-center is completely annealed oyer 300°C (2 
h) heating, ;is can be ohserved at 93 E; by its clearly 
resolved super hyperfine structure. Therefore. it can be 
inferred that the anneaiing remperarure oï "u-ceniers in 
most samples is about 100°C higher than that reported 
in the literature (200°C; Angel cr t i l  1974) depending 
on their initial concentration and temperature of the 
EPR recording. 

The ,&'-center is stable up  to 400°C ( 2  hours). as 
obsened for samplc C3. At this temperature it was no 
longer detectable in Gß1 due to the lower initial con- 
tent. 

Finally, the A-center is stable up to 450°C. i.e., a t  a 
temperature close to that at which the dehydroxylation 
process occurs. An interesting observation was that the 
signal intensity of the A-center increased in the range 
25c)-35o"C and \vas restored at 400°C. This is evi- 
denced by a maximum increase ofabout 30(!b, although 
data \vere fluctuated more for GBI. This behaviour 
suggested that some hole transfers occurred as a result 
of thermal activation. The source of this transfer was 
not clearly identified. It might be attributed to the A'- 
center decay, according to a constant relationship es- 
tablished betuxen increase of the A-center and de- 
crease of the A'-center content at 300 K measurements 
(Clozel 199 1). Such electron transfers during annealing 
esperinients have been reported in the literature for 
various materials (Gnscom 1984; Hennig and Griin 
1983). A s  this process \vould also happen at ambient 
temperaturc during geological time. it will have to be 
taken into account for the assessment of radiation dos- 
age (paleodose) in the geosphere. 

I so thev"  hmtit7g. Temperature-dependent kinetics 
of decay were experimentally in\ estigated by isother- 
mal annealing. which allows the assessment of half- 
life. t,,, and activation energy. E, (eV). The processes 
of decay are classically described b y  first or second 
order equations (Furetta 198s). The first order (Ar- 
rhenius) law can be \vritten: 

[A] = [Ao]e-h' (3) 

\%here [A] is the instantaneous defect concentration 
(xu.). [AJ is thc initial concentration, t is time ofdecay 
and K is the probabilit) of decay per second, v.hich 
can be expressed as: 

K = (t,.)-' Ln 2 = siJ e-€-  hT (-1) 

s,, being the frequency factor usually in the range IC)'- 
10'" s- '  (hlarfiinin 1979), k the B o l t m "  constant ( k  
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= 8.6 eV K-I) and T the temperature (K). From 
relation (4) it can be seen that the half-life is only 
temperature dependent, and that at least two isotherm 
curves are required to determine E,. These deductions 
are usually assumed in the fields of EPR or thermo- 
luminescence (TL) dating, to assess the lifetime of RID. 
In various minerals investigated by TL, the ranges of 
activation energy and lifetime at 15°C were 1.6-1.9 eV 
and 106-1010 years, respectively (Aitken 1985). These 
are consistent with EPR data obtained for quartz (Shi- 
mokawa and Imaï 1987) or calcite (Hennig and Grün 
1983; Wieser et al 1985). 

Some more complex mechanisms may occur in- 
volving transit stage or retrapping in the decay process, 
which are described by a second order decay law of 
the form 

[A]-' = K - t  4- [Ao]-' (5) 

and 

or 

Ln K = Ln so - (E,/k)T-' (7) 

- .  
c 

where 0 is the slope of the linear curve (5). It should 
be noticed that the concept of half-life is temperature- 
and time-dependent (function of [&]). Values of K can 
be calculated at  different temperatures from (5) ,  and 
the constants E,, so by fitting the linear expression of 
T-' in (7). 

Both first and second order equations were used to 
describe the isothermal annealing of the A-center. 
Curves are plotted in Figure 9 for sample C14, the 
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Figure 9. Isothermal annealing of the A-center in kaolinite 
C14 (open circles). The relevant EPR spectra were recorded 
at 300 K. (a) Linear representation of the 400°C isotherm: the 
decay law is described by second order kinetics. (b) On 1/[A] 
representation, the fitting of isotherms provides values of the 
temperature dependent decay constant K (h-I), as the slope 
of the curves. The activation energy and the mean half-life 
are subsequently deduced from equation (7) in text. 

half-lives at 300 K can be tentatively deduced from 
the above mentioned results, assuming that activation 
energies are in  the range 1.6-1.9 eV: then, using data 
from the isochronal annealing, the magnitude of tth was 
calculated to be 102-103 years for A'-center and 10- 
102 years for B-center. 

CONCLUSIONS 

The observed Q-band EPR spectra of irradiated, an- 
nealed and oriented kaolinites from various origins, 
clearly show that only three types of radiation-induced 

- defects, namely A-, A'- and B-centers, are present: 
A-center content of which is exceptionally high. The 
best description of the data set was obtained with a 
second order relation, as evidenced in Figure 9a. Using 
results from 350"C, 375°C and 400°C annealing curves 
(Figure 9b), it was determined that E, was 2.0 I 0.1 
eV and t,h > lo1, years at 300 K for C14. Furthermore, 
the comparison of 400°C isotherms obtained on other 
samples led to the observation that the mean half-life 
seems to decrease with increasing disorder. This should 
be confirmed by more extensive study, as it is difficult 
to obtain reliable data below 400"C, for kaolinites with 
low defect content. For example, on sample BAR, it 
was possible to assume first order kinetics and likely 
values of so between IO8 and 1010 s-l, leading to E, in 
the range 1.8-2.1 eV, and a minimal half-life of lot2 
years. Such mean half-lives are surprisingly greater than 
those reported for radiation hole-centers in other min- 
erals. The stability of the A-center in kaolinite is con- 
sidered to be sufficient to accumulate the natural ra- 
diation dose over geological time. 

No systematic isothermal annealing was performed 
on A'- and B-centers. Nevertheless, assessment of the 

(1) A-center (g, = 2.0490 -t 0.0005, g,, = 2.006 f 
0.001 and g, = 2.001 -+ 0.001) is a Si-O- center with 
almost orthorhombic symmetry, with the z axis close 
to the c direction; 

(2) A'-center (g// = 2.039 +- 0.002 and g l  = 2.008 
f 0.001) is a Si-O- center with axial symmetry, its g// 
component being in the (ab) plane; 

(3) B-center (8, = 2.040 -t- 0.0005, g, = 2.020 f 
0.0005 and g, = 2.002 f 0.00 1) is a hole trapped on 
the oxygen bonding AI in  adjacent octahedral positions 
(AIv,-O--AIvL bridge). 

The respective content of A-, A'- and B-centers can 
be determined in any natural kaolinite from a least 
squares fitting of the relevant EPR spectrum. 

The thermal stability of the centers within 0450°C 
decreases in the order A >> A' > B, and their half-life 
values extended over a range of ten orders of magni- 
tude. In particular, the activation energy and the mean 
half-life for A-centers, were E, = 2.0 f 0.2 eV and t, 
> 1 O I z  years, respectively. Such a mean half-life is 
sufficiently long to use kaolinite for radiation dosimetry 
under any thermal regime at the Earth's surface. 
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