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ABSTRACT 10 

Kaolinite naturally contains radiation-induced electron defects in its structure induced by 11 

ionizing radiations and can be analyzed with electron paramagnetic resonance 12 

spectroscopy (EPR). They include the so-called A-center, which is crucial for 13 

geochronological applications due to its stability at the scale of geological periods. Indeed, 14 

previous studies have substantiated the thermal stability of naturally occurring A-centers in 15 

kaolinite through annealing experiments. However, the stability of artificially created A-16 

centers, which are used to determine paleodose through calibration via irradiation 17 

experiments and subsequent dating of kaolinite formation, still needs to be more 18 

adequately specified to confirm their relevance. Therefore, this research probed the thermal 19 

stability of A-centers produced by ionizing 1.5 MeV He
+
 beams in two samples, i.e., the 20 

reference KGa-2 and a very disordered lateritic soil kaolinite. Heating experiments showed 21 

that the annealing of irradiated samples at 250°C was relevant to determining A-center 22 

concentration. Second, the annealing of artificial A-centers at higher temperatures was 23 

found to be a second-order process, as for natural A-centers. Annealing parameters such as 24 
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activation energy (2-2.6 eV) were determined with estimates of half-life at 300K, which 25 

was found to be > 10
12 

years for natural and artificial A-centers. Thus, the parameters for 26 

artificial A-centers are consistent with the thermal annealing behavior of their natural 27 

counterparts. These new findings affirm that artificially generated A-centers mimic natural 28 

ones in terms of EPR spectra and thermal stability, enhancing the reliability and precision 29 

of EPR dating methodologies used in kaolinite dating. 30 

Keywords: Kaolinite, Radiation-induced defects, A-center, Thermal stability, EPR dating 31 

 32 

1. Introduction 33 

Kaolinite, a ubiquitous clay mineral at the Earth's surface, is a crucial archive for 34 

deciphering the complex sequence of geological, soil, or paleoclimatic transformations over 35 

time (Murray, 1988; 2007; Balan et al., 2014; Mathian et al., 2019; 2020; 2022). Its structure 36 

exhibits a spectrum of various points or extended defects (Cases et al., 1982; Giese, 1988; 37 

Clozel et al., 1994), offering valuable insights into formation conditions and geological 38 

history. In particular, irradiation can induce radiation-induced defects, the influence of which 39 

on changes in material physicochemical properties, including specific surface area, cation 40 

exchange capacity, and mean layer charge, has been explored previously (Pushkareva et al., 41 

2002; Plötze et al., 2003; Allard and Calas, 2009; Balan et al., 2011). 42 

In this study, the investigation focuses on the Radiation-Induced defects (RIDs) present 43 

in all-natural kaolinite, which can be detected via the sensitive Electron Paramagnetic 44 

Resonance technique (EPR) (Angel et al., 1974; Meads and Malden, 1975; Cuttler, 1980). 45 

These early studies showed that these defects were identified as trapped positive holes on 46 

oxygen atoms of the kaolinite structure according to their g values, which are higher than g 47 

values for the free electron (g=2.0023).  Four RIDs were differentiated according to their EPR 48 

signal, their symmetry, and the presence of a superhyperfine structure or not, namely A-, A', 49 
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B-, and H- centers (Allard et al., 2012). Some isochronal or isothermal annealing experiments 50 

demonstrated that these defects exhibit contrasting stabilities (Clozel et al., 1994). 51 

Furthermore, Goodman et al. (2016) proposed the existence of an additional radiation-induced 52 

defect known as the C-center, but its stability was not explored. This revealed that annealing 53 

kinetics of the most stable RID, the so-called A-center, was a second-order process and 54 

enhanced the knowledge of its activation energy (around 2 eV) and half-life, around 10
12

 55 

years, as extrapolated at Earth’s surface temperature (300 K). This defect is thus stable at the 56 

scale of geological periods and cumulates over time, providing various applications that are 57 

valuable for Earth science issues. 58 

The RIDs represent signatures of radioactivity, first offered a perspective of tracing 59 

radionuclide migrations in the geosphere, thus by using kaolinite as an 'in situ dosimeter' 60 

(Muller et al., 1992; 1993; Ildefonse et al., 1990; Allard et al., 1994; Allard and Muller, 1998; 61 

Allard et al., 2007). In detail, this led to the determination of long-term losses or gains of 62 

radionuclides definitively recorded by the clay mineral and that were not revealed by 63 

geochemical approaches. The stable A-centers have been used as geochronometers, 64 

uncovering a succession of weathering events through their extensive chronology (Balan et 65 

al., 2005; Allard et al., 2012; 2018; 2020; Mathian et al., 2019; 2020; 2022). In particular, the 66 

study of kaolinites in lateritic soils has shown to be particularly elucidative. In those studies, 67 

the protocol for dating relies on artificial irradiations to simulate the effect of natural ionizing 68 

radiations and on the determination of the paleodose (dose rate that has affected the kaolinite 69 

since its formation). The age is then classically determined as the paleodose divided by the 70 

dose rate (Hennig and Grün, 1983). This methodology of EPR dating, when applied to clay 71 

minerals, has regularly improved, mainly through the fitting of dosimetry data and the 72 

corrections of the dose rate. Despite these efforts and their importance in reinforcing the EPR 73 

dating methodology of kaolinite, the relevance of artificial A-centers to simulate the natural 74 

ones remains undocumented. It is the central inquiry of the present study. 75 
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This study questioned whether artificially produced defects can correlate with the 76 

stability of their natural equivalents, thereby validating their use in dosimetry and subsequent 77 

dating of kaolinite. Regarding the widespread presence of kaolinites with variable 78 

crystallinity, this research compares two distinct samples: the reference kaolinite KGa-2 that 79 

has a medium degree of crystalline order (Pineau et al., 2022) and a soil kaolinite labeled 80 

PF2-50 from an Amazonian laterite which is strongly disordered (this study). Results of 81 

isothermal annealing kinetics at various temperatures (250°C, 350°C, 375°C, 400°C) are 82 

presented. Subsequently, the activation energy and half-life are determined and compared 83 

between natural A-centers and their artificial counterparts induced by He
+
 ion-beam 84 

irradiations at efficient fluences.  85 

2. Methods and Materials 86 

2.1. Methods 87 

2.1.1. Characterization of samples 88 

XRD measurement was performed on a ground powder sample with a Panalytical Pro 89 

MPD equipped with an X’Celerator detector and Co-Kα1 radiation (1.789010 Å). XRD 90 

patterns were recorded with a 2θ range of 3 to 110°, with step sizes of 0.017° and an 91 

acquisition time of 280 ms/step employing a fixed divergence slit with an angle of 0.5° and a 92 

fixed anti-scatter slit with an angle of 1° (i.e., height of 1.52 mm). They were used to 93 

determine crystalline order indices such as Hinckley, HI, and Liétard, LI, indices (Hinckey, 94 

1962; Liétard, 1977; Pineau et al., 2022). Disoriented samples were prepared by filling a 95 

hollowed aluminum holder and gently smoothing over with a frosted glass slide. 96 

EPR spectroscopy was employed using a Bruker EMX plus™ spectrometer operating 97 

at X-Band frequency (9.86 GHz) with a rectangular high-sensitivity resonator cavity. The 98 

EPR spectra were meticulously recorded under consistent conditions to ensure repeatability 99 

and accuracy. The setting was a microwave power of 40 mW, which is maximum intensity 100 
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just before the plateau of saturation (Figure S1), a modulation amplitude of 0.3 mT for RID 101 

spectra, 0.5 mT for total spectra, and a modulation frequency of 100 kHz.  102 

Data were normalized according to the sample mass, receiver gain, and a constant 103 

resonant cavity-filling factor. In defining the EPR spectra, the so-called g factor of the signal 104 

was the main characteristic parameter determined from the resonance condition eq. 1:  105 

h ν = g β H0                                                   106 

Where h is the Planck constant; ν symbolizes the resonance frequency; g represents the 107 

Landé factor (the A-center signal exhibiting apparent axial anisotropy at X-band with g// and 108 

gcomponents), β stands for the Bohr magneton, and H0 is the external magnetic field. 109 

The crystalline disorder was assessed by the EPR Gaite index (Gaite et al.,1997), 110 

while the structural Fe
3+

 concentrations were measured according to the methodology 111 

established by Balan et al. (2000). The EPR spectrum of the structural trivalent iron comprises 112 

two signals, namely the Fe (2) one which corresponds to the well-ordered structure of 113 

kaolinite, while the Fe (1) one is related to its disordered structure (Balan et al., 1999). The 114 

Gaite index is a unitless measurement of the width of the isolated peak around g=9 divided by 115 

its distance to the next intense Fe (2) peak. In natural samples, it varies roughly between 3 116 

(ordered end-member) and 17 (disordered end-member). The concentration of diluted 117 

structural trivalent iron is measured on the most intense part of its spectrum (including Fe (1) 118 

and Fe (2)) by double integration after removing the baseline, as shown in Fig. S2 and 119 

calibrating to the spectrum of a reference kaolinite already quantified in a former study (Balan 120 

et al., 2000). Concentrations of RIDs values were approximated by measuring the peak 121 

amplitude of the EPR spectra within the 330-370 mT range corresponding to the 122 

perpendicular component, expressing the results in arbitrary units proportional to the spin 123 

concentration per gram. Acknowledging errors on potential variables such as mass, height in 124 

the tube, and apparatus deviation, a ±10% total error was applied to the concentrations. 125 
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2.1.2. Irradiation experiments 126 

The samples were irradiated with a He
+
 beam using the Tandem ARAMIS particle 127 

accelerator (IJCLab, Orsay, France) with fluences of 10
12 

and 10
13

 ions/cm² for the 250°C 128 

heating experiment and 10
13

 ions/cm² for the higher temperatures. ARAMIS is a linear 129 

accelerator providing high-energy ion beams applied to relatively high amounts of irradiated 130 

material. Before irradiation, each sample was carefully deposited from an aqueous suspension 131 

on stainless steel plates, achieving a thickness of 4 µm. This specific thickness corresponds to 132 

the penetration range of 1.5 MeV He
+
 ions in kaolinite according to the SRIM Monte Carlo 133 

code for Stopping and Range of Ions in Matter (Ziegler et al., 2010), which calculates the 134 

parameters of the impact of particles in solids. 135 

 136 

2.1.3. Annealing experiments 137 

2.1.3.1. Annealing of unstable defects   138 

The first investigation focussed on the relevance of the 250°C, 2h treatment to remove 139 

unstable defects after artificial irradiations to check if these conditions ensure a stable 140 

resulting concentration of A-centers. Among unstable defects are B and A' centers, as inferred 141 

from isochronal heating experiments (Clozel et al., 1994; Allard et al., 1994). Measurements 142 

were systematically carried out at specific time intervals: 2h, 5h, 27h, 72h, 144h, and 408h. 143 

This experiment was conducted on the KGa-2 kaolinite irradiated at two fluences, 10
12

 and 144 

10
13

 ions/cm
2
, at which it is known that a significant amount of artificial A-centers can be 145 

produced (Allard et al., 1994; Allard and Muller, 1998). 146 

2.1.3.2. Isothermal annealing of A-centers 147 

All kaolinite samples were exposed to predetermined temperatures of 350°C, 375°C, 148 

and 400°C. EPR characterizations were performed at specified durations (18h, 24h, 48h, 72h, 149 

96h, 120h) known to induce measurable A-center annealing on natural and artificially 150 
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irradiated samples. Prior to isothermal annealing, preliminary annealing at 250°C for 2h was 151 

performed to remove unstable defects on artificially irradiated samples (Allard et al., 1994).  152 

2.2. Materials 153 

 2.2.1 Mineralogical characterization of the two kaolinite samples 154 

Two kaolinite samples, namely KGa-2 and PF2-50, were analyzed. KGa-2 is an 155 

internationally referenced kaolinite from Georgia, USA, known for its poorly crystalline 156 

structure. This pure clay standard, housed in the Clay Minerals Society mineral repository, 157 

primarily comprises kaolinite with trace amounts of anatase (Van Olphen and Fripiat, 1979). 158 

PF2-50, sourced from laterite topsoil developed on the Alter do Chao sedimentary formation 159 

around 100 km north of Manaus, near Presidente Figueiredo, Amazonia, Brazil, exhibits a 160 

higher degree of structural disorder mainly due to a relatively high content of stacking faults. 161 

The sample used in this study was purified (see below) and predominantly consisted of 162 

kaolinite. 163 

The degree of crystalline order was measured using X-ray diffraction (XRD) to 164 

determine the Hinckley and Liétard indices (Hinckley, 1962; Liétard, 1977) and using EPR to 165 

determine the Gaite disorder index (Gaite et al., 1997) together with the concentration of 166 

structural Fe
3+

 (Balan et al., 2000). The structural iron corresponds to Fe
3+

 substituting for 167 

Al
3+

 in the kaolinite structure. Only the diluted part of this population is quantitatively 168 

measured by EPR, not the iron potentially occurring as clusters. 169 

 2.2.2. Purification 170 

The KGa-2 sample was used in the form provided by the CMS source repository. In contrast, 171 

the soil sample purification for EPR analysis was performed using the Mehra and Jackson 172 

(1965) deferration methodology. The PF2-50 sample, approximately 8 grams, was finely 173 

ground with an agate mortar and pestle. It was then subjected to at least three citrate-174 
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dithionite-bicarbonate (CBD) treatment cycles to remove iron oxides. Deferration involved a 175 

0.2 M sodium citrate dihydrate and 0.1 M sodium bicarbonate solution mixed with powdered 176 

soil and sodium hydrosulfite. The solution was heated to 80°C while stirring to ensure 177 

homogeneity. After reaction with DCB, the samples were rinsed with deionized water three 178 

times and centrifuged to extract the clay-sized particles, dominantly composed of kaolinite. 179 

As in all previous quantitative studies of RID in kaolinite, the objective of the deferration was 180 

to lower the contribution of iron oxides that are responsible for the baseline in the EPR 181 

spectrum and may interfere with the RID signal. Subsequently, the sample was checked by 182 

XRD and EPR. Only a small contribution of iron oxides remained in the EPR spectrum of the 183 

purified sample (which turned from reddish to white), which did not hinder the measurement 184 

of RID intensity, provided that a correction of the remaining baseline could be undertaken. 185 

 186 

3. RESULTS AND DISCUSSION 187 

3.1 Characterization of the samples 188 

Table 1 presents the distinctive crystallinity of kaolinite samples KGa-2 and PF2-50. 189 

In terms of disorder, this partly reflects the diverse characteristics often found in lateritic 190 

profiles. KGa-2, with a Hinckley Index (HI) of 0.21, a Liétard Index (LI) of 0.68, and a Gaite 191 

index of 11.3, had a moderate degree of crystalline disorder.  192 

Table 1. Characterization of Kaolinite Samples KGa-2 (Georgia, USA) and PF2-50 193 

(Presidente Figueiredo, Brazil): Analysis covers E index from Gaite et al. (1997) and 194 

structural iron content [Fe
3+

] in ppm from Balan et al. (2000). Accessory mineral: A: anatase; 195 

G: gibbsite. 196 

Sample Origin Ac. Min. HI LI E-index Struct. [Fe
3+

] 

KGa-2 Sediment A 0.21 0.68 11.3 3000 

PF2-50 Soil A, G 0.17 0.44 17.0 2400 
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PF2-50 exhibited a lower HI value of 0.17, an LI of 0.44, and an E-index of 17. These indices, 197 

commonly used in kaolinite studies, provided insights into the degree of crystalline order at 198 

long-range (XRD), whereas EPR assessed local-range disorder. The structural iron 199 

concentrations in KGa-2 and PF2-50 were 3000 ppm and 2400 ppm, respectively, as 200 

determined using the methodology of Balan et al. (2000). These values, along with the 201 

crystalline order indices, hinted at different formation conditions of the kaolinites. Notably, 202 

the high concentrations of structural Fe
3+

 in these samples, compared to kaolinites from 203 

various origins (Balan et al., 2000), did not directly correlate with the level of structural 204 

disorder in kaolinite but were instead expected to be linked with iron, silica, and water 205 

activities during crystal growth (Trolard and Tardy, 1989). 206 

3.2 EPR spectra of raw samples 207 

The EPR powder spectra for the PF2-50 and KGa-2 samples displayed characteristic 208 

signals typically associated with kaolinite (Fig. 1). The spectra revealed the presence of 209 

structural Fe
3+

, substituting Al
3+ 

within the octahedral sites of the kaolinite framework, 210 

detectable at lower magnetic fields (Balan et al., 1999). On the spectrum of structural Fe
3+

, 211 

two distinct signals correspond to Fe (1) and Fe (2). The evidenced disorder is mainly related to 212 

stacking faults, but the EPR of structural iron also showed sensitivity to point defects in 213 

artificially irradiated samples (Gaite et al., 1997). The relative intensity of the Fe (2) signal 214 

within the spectra suggested that the KGa-2 sample exhibited a considerably more ordered 215 

structure when compared to PF2-50 because the Fe (2) signal was significantly intense. In 216 

contrast, for the laterite kaolinite, the Fe (1) signal was dominant (Fig.1). The baseline signal 217 

across the spectra is attributed to concentrated iron remaining in the kaolinite particles after 218 

deferration, as associated particles of oxides or oxyhydroxides (Muller and Calas, 1993), or as 219 

clusters. The total EPR spectra of the natural kaolinite samples displayed the classical signals 220 

of RIDs within the magnetic field range of 335 to 365 mT (Fig.1.). 221 
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 222 

Fig. 1. Normalized total EPR Spectra of kaolinites revealing local crystalline disorder via 223 

structural Fe
3+

 (according to relative amplitudes of parts of so-called Fe (2) and Fe (1) signals) 224 

alongside a characteristic RIDs signal in the g=2 region. Both samples exhibit contrasting 225 

relative intensities of paramagnetic species owing to their natural irradiation conditions.  226 

In the zoomed spectra of radiation-induced defects of kaolinite samples (Fig. 2), a 227 

doublet indicative of an apparent axial symmetry in the g tensor was identified, characterized 228 

by values for the A-center g//=2.049 ± 0.002 and g⊥=2.002 ± 0.001 (Clozel et al., 1994). These 229 

spectral features were consistent with previous characterizations of the A-center as holes 230 

trapped on apical oxygen atoms, commonly referred to as Si-O
-
 centers, following Marfunin's 231 

systematics (Marfunin, 1979).  232 
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 233 

Fig. 2.  EPR Spectra of radiation-induced defects in natural samples: The distinct components 234 

at g// ~2.049 and g⊥ ~2.002 are typical of the A-center in kaolinite. 235 

 236 

3.3. Isothermal annealing 237 

3.3.1. Annealing of unstable defects 238 

Artificial irradiations were also found to produce defects in kaolinite that are much less 239 

stable than natural A-centers, dominantly annealed at 250°C, 2h, according to Allard et al. 240 

(1994). Annealing of unstable defects produced by artificial irradiations before EPR 241 

measurement was frequently performed, such as on quartz (Tsukamoto et al., 2018; Benzid 242 

and Tani, 2024). Tsukamoto et al. (2018) concluded that heating irradiated samples with 243 

appropriate temperature and duration is necessary to match the natural behavior of defects in 244 

Al and Ti centers in quartz.  245 

EPR spectra in Figure 3 showed the evolution of defect centers in KGa-2 upon 246 

irradiation with two distinct doses, 10
12

 and 10
13

 ions/cm
2
 and subsequent heating at 250°C at 247 

different annealing durations. Firstly, the typical shape of the A-center, which was by far 248 
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dominant, was observed on all spectra.  However, comparing the shortest and longest 249 

annealing times (2h and 408h) revealed that a minor component was annealed during this time 250 

interval. This annealed component was revealed by subtracting the 2h spectrum from the 408h 251 

spectrum. The results exhibited an axial signal with a g// component valued at 2.037 ± 0.002, 252 

aligning closely with the A' defect characteristics reported by Clozel et al. (1994), where g// 253 

was 2.039 ± 0.002. This suggests a significant correlation between the two findings. Thus, the 254 

longest annealing impacted a small amount of A' species, leaving the A-centers unaffected. A 255 

minor part of the EPR RID spectrum may consist of A's contribution in the conditions (250°C, 256 

2h) used for the dating protocol. However, it was generally observed that the RID signal's 257 

shape (not the amplitude) irradiated at different doses and subsequently annealed at 250°C 258 

was similar. Therefore, the dominant proportion of A centers remained nearly constant, and 259 

consequently, the concentration could be estimated from the signal's amplitude. This presents 260 

a relevant simplified approach to avoid the linear decomposition of the signal (Allard et al., 261 

1994; Allard and Muller, 1998), which is more complex and requires a shape for the baseline 262 

that is most often unknown with accuracy.  263 

 264 
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Fig. 3. Annealing effects on KGa-2 samples after irradiation with two distinct doses (spectra 265 

of RID overlaid in a, c). In b, d, the difference between the RID spectra after 408 h and 2h 266 

heating in bold black line (see the arrow) shows that the annealed species is the A'-center, not 267 

the A-center.  268 

Consequently, the 250°C 2h step of annealing after irradiation remains appropriate for 269 

the dating protocol. 270 

3.3.2. Annealing of natural and artificial A-centers 271 

3.3.2.1. RID Spectra of KGa-2 and PF2-50 272 

The EPR spectra for the kaolinite samples KGa-2 and PF2-50, which were subjected 273 

to both natural and artificial irradiation (at 10
13

 ions/cm
2
), are shown in Supplementary Figure 274 

3, over different thermal treatment durations, from 18 to 120 hours at 350- 400°C. This 275 

reveals a consistent decline in A-center signal amplitude (Fig. S3). Figure 4 further illustrates 276 

that for KGa-2 and PF2-50, the signal intensity progressively decreases over time, peaking at 277 

120 hours, and significantly reduces A-center concentrations at 400°C. 278 

Fig. 4. Normalized EPR Spectra in the g=2 region illustrating the isothermal annealing effect 279 

on the amplitude of the signals for KGa-2 and PF2-50. Both natural samples were heated at 280 

250°C for 2h before annealing at 400°C. All these spectra allow the measurement of the A-281 

center concentration from the signal amplitude on the g component without interference.  282 
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3.3.2.2. Concentration of the radiation-induced defects 283 

The experimental results revealed several findings regarding the behavior of artificially 284 

and naturally irradiated PF2-50 and KGa-2 minerals samples at various temperatures over 285 

time (Table 2). Firstly, it was evident, as expected, that artificial irradiation led to a 286 

substantially higher initial concentration of RIDs in both PF2-50 and KGa-2 compared to their 287 

naturally irradiated counterparts. For instance, after 250°C and 2 hours of annealing, the 288 

artificially irradiated PF2-50 exhibited a RID concentration of 44.5 a.u., significantly 289 

exceeding the naturally irradiated sample’s 7.3 a.u. Similarly, in the same conditions, the 290 

KGa-2 sample under artificial irradiation displayed a higher defect concentration (105 a.u.) 291 

than the natural sample (28 a.u.).  292 

 293 

Table 2. Concentration measurements of radiation-induced defects in natural and artificially 294 

irradiated (10
13

 ions/cm
2
 fluence indicated) samples, with an error on [RID] of ±10%.  295 

  
 KGa-2 KGa-2 10

13

 PF2-50 PF2-50 10
13

 

250°C 2h 28.0 105.0 7.3 44.5 

350°C 
 

 
 

 

 
18h 26.2 61.5 6.7 28.1 

 
24h 25.6 49.0 6.6 23.2 

 
48h 25.3 44.0 6.5 20.7 

 
72h 24.2 39.3 6.4 20.2 

 
96h 23.2 37.0 6.2 19.5 

 
120h 22.8 30.7 5.8 18.9 

375°C 
 

 
 

 

 
18h 18.6 55.5 7.1 11.1 

 
24h 17.1 50.0 5.3 9.6 

 
48h 14.0 34.4 4.4 7.4 

 
72h 13.0 25.0 4.1 6.0 

 
96h 10.0 18.0 3.5 5.4 

 
120h 9.0 14.2 3.0 5.0 

400°C 
 

 
 

 

 
18h 9.6 13.8 4.1 6.9 

 
24h 8.6 10.0 3.4 6.2 

 
48 4.6 5.8 2.2 3.8 

 
72h 3.4 3.8 1.8 3.1 

 
96h 2.7 2.8 1.5 2.6 

 
120h 2.0 2.1 1.3 2.2 

 296 

Additionally, all the concentrations of RIDs decreased with time, whatever the 297 

temperature, confirming that the thermal conditions for annealing were fulfilled. The results 298 
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also highlighted a notable distinction between the two minerals, with KGa-2 consistently 299 

exhibiting a higher concentration of RIDs than PF2-50 under similar conditions. As the [RID] 300 

is known to increase with the dose of ionizing radiation (Allard et al., 1994; Allard and 301 

Muller, 1998), this discrepancy might be attributed to inherent differences in the dose 302 

experienced by these minerals in their environment due to a combined effect of age and dose 303 

rate. Nevertheless, other factors might also be considered, such as the amount and type of 304 

existing electron-hole traps in their structure (Ikeya, 1993). Such traps for electron holes are 305 

expected to arise from oxygen interstitials or oxygen ions near a divalent impurity occurring 306 

in the kaolinite structure, according to the model of A-center proposed by Angel et al. (1974). 307 

By restoring the local charge balance, this model accounts for the high stability of this 308 

paramagnetic species. In addition, the two samples may also differ concerning the kinetics of 309 

RID formation, which was shown to be sample-dependent (e.g., Allard et al., 1994; Allard 310 

and Muller, 1998; Mathian et al., 2020). However, the RID growth curves can only be 311 

revealed by irradiations at various doses and by the analysis of resulting dosimetry curves 312 

(e.g., Allard and Muller, 1998), which is out of the scope of this study.  313 

 314 

3.3.2.3. Stability of A-center 315 

Temperature-dependent decay kinetics were experimentally investigated by isothermal 316 

annealing, which allows the assessment of parameters such as half-life and activation energy 317 

(Ea). The decay processes are classically described by first or second-order equations (Furetta, 318 

1988). This permits the calculation of half-life at room temperature by extrapolating high-319 

temperature parameters. Such isothermal heating experiments were previously performed on 320 

natural radiation-induced defects of reference kaolinites (Clozel et al., 1994) but not on 321 

artificially produced defects. The related equations are as follows: 322 

The first order law can be written: 323 
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[A] = [A0] e
Kt

                                            324 

Where [A] is the defect concentration (a.u.), [A0] is the initial concentration, t is the 325 

time of decay, and K is the probability of decay per second, which can be expressed as:  326 

K = (t1/2)
1 
 ln2 = s0  e

Ea/kT
                     327 

s0 is the frequency factor in the unit of per second (s
-1

), k is the Boltzmann constant 328 

(k= 8.610
-5

 eV K
-1

), and T is the temperature (K). From relation (eq. 2-3), it can be seen that 329 

with first-order kinetics, the half-life is only temperature dependent and that at least two 330 

isotherm curves are required to determine Ea. 331 

More complex mechanisms may occur with second-order decay law, involving re-332 

trapping in the decay process: 333 

[A]
1

 = K  t + [A0]
1

                                     334 

and 335 

K = tg θ =  (t1/2
 
 [A0])

1
=s0  e

Ea/kT
             336 

or 337 

lnK = lns0 – (Ea/k) T
1    

                              338 

Where θ is the slope of the linear curve (eq. 4), it should be noticed that for second-339 

order kinetics, the concept of half-life is a temperature and time-dependent function of [A0]. 340 

Values of K can be calculated at different temperatures from (eq. 4) and the constants Ea, s0 by 341 

fitting the linear expression of T
1

 in (eq. 6).  342 

Figure 5 illustrates the isothermal annealing process of the A-center in kaolinite for 343 

both KGa-2 and PF2-50 samples at three distinct temperatures: 400°C, 375°C, and 350°C. 344 

The KGa-2 sample demonstrated a linear increase in the 1/[A] ratio overtime at all 345 

temperatures, clearly expressed at 400°C. This linear trend was also observable for the KGa-2 346 
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10
13

 ions/cm
2
 variant, albeit at a slightly attenuated rate. The PF2-50 samples showed similar 347 

temperature-dependent patterns but were displayed at different scales. 348 

The linear representations of the 1/[A] isotherm indicated that the decay law was 349 

described by second-order kinetics.  350 

 351 

Fig. 5. Isothermal annealing of A-centers at different temperatures for KGa-2 and PF2-50 352 

samples. Kinetics corresponds to second-order laws, according to the linear increase of 1/[A] 353 

as a function of time.  354 

3.3.2.2. Kinetic parameters 355 

Utilizing a 1/[A] representation allowed the determination of the temperature-dependent 356 

decay constant K, which was the slope of the linear curves represented in Fig. 5 (Table 3).  357 

Table 3. The decay parameters were derived from the thermal annealing on natural and 358 

artificially irradiated samples (10
13

 ions/cm
2
 fluence indicated). The 300K values were 359 

extrapolated. 360 

  K (decay per second) ±10% 

T (°C) T (K) KGa-2 KGa-2 10
13

 PF2-50 PF2-50 10
13

 

400 673 0.0037 0.0037 0.0053 0.0034 
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375 648 0.0006 0.0005 0.0016 0.0013 

350 623 0.0001 0.0002 0.0002 0.0002 

27 300 1.8910
-27

 8.9310
-23

 4.6410
-25

 2.8910
-22

 

 361 

Subsequently, lnK values were inferred, allowing for the determination of s0 and 362 

activation energy using Eq .6. The relation between lnK and 1/T for the three experimental 363 

temperatures was linear (Figure 6). This allowed the extrapolation of lnK and K to 300K 364 

(Tables 4, 3).  365 

 366 

Fig.6. Correlation between the natural logarithm of the decay constant K considering ±10% 367 

error on (lnK) and the inverse temperature (1/T) for both the KGa-2 and PF2-50 samples. The 368 

linear equations allow extrapolations of lnK to 300K. 369 

Although only three experimental points were available, the linear fit had good R
2
 370 

values, affirming the reliability of the second-order annealing process. 371 

Table 4 provides an insightful overview of the reaction kinetics parameters, focusing on the 372 

activation energy, the half-life t1/2, and the frequency factor s0 at room temperature.  373 
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The KGa-2 and PF2-50 samples displayed activation energies (Ea) ranging from 2 to 2.6 eV 374 

and 2 to 2.3 eV, respectively, with an estimated error of ±20% based on second-order kinetic 375 

principles applied to the lnK versus 1/T plot. These values of activation energy were higher 376 

than those generally reported for defects in other minerals, such as quartz by TL or OSL (e.g., 377 

Schmidt et al., 2018) or by EPR (Toyoda and Ikeya, 1991; Nilges et al. 2008, 2009; Pan et al., 378 

2008; Pan and Hu, 2009; Benzid and Tani, 2024). Nevertheless, they remained close to those 379 

determined for natural A-centers in kaolinite by Clozel et al. (1994), i.e., 2 eV. Even 380 

considering the error in their value, there were systematically higher for the naturally 381 

produced defects when compared to their artificial counterparts. Indeed, as the decay process 382 

was a second-order kinetics, the concentration of RIDs, consistently higher for the artificially 383 

irradiated kaolinites, was expected to influence the stability parameters. Some studies of the 384 

stability of radiation-induced defects such as [AlO4/h
+
] and [TiO4/M

+
] in quartz, where M

+
 is 385 

usually H
+
 or alkali ions, have shown an evolution of the activation energy as a function of 386 

the dose that varied in the same direction as those revealed herein for kaolinite: the higher the 387 

dose, the lower the activation energy (Benzid and Gabor, 2020).   388 

The ±20% error in t1/2 was calculated from Eq .5. using extreme K decay constant values. The 389 

error in s0, estimated from Eq. 6 with extreme values of LnK and Ea, extends to several orders 390 

of magnitude (up to ~108) as it arises from a logarithmic expression. 391 

Table 4. Kinetic parameters for artificial and natural defects with error values (with the ±20% 392 

error in t1/2 and the ±20% error in Ea, along with several orders of magnitude for s0).  393 

 394 

 395 

300K (27°C) 
KGa-2 

 

PF2-50 

Natural Irradiated Natural Irradiated 

Ea 
(eV)  2.60 2.09 2.37 2.05 

s
0 (s

1
) 1.210

17

 1.510
13

 3.610
15

 9.510
12
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t 
1/2 

(yrs) 6.010
17

 3.410
12

 9.310
15

 2.410
12

 

 396 

The s0 (frequency factor) value for KGa-2 is 1.2110
17

, and for KGa-2 10
13 

ions/cm
2
 it 397 

was 1.5210
13

 s
1

. Similarly, for PF2-50, s0 values of 3.6910
15

 and 9.5210
12

 s
1

 were 398 

observed for PF2-50 at a fluence of 10
13

 ions/cm
2
. These obtained values were orders of 399 

magnitude higher than the one mentioned by Marfunin (1979), which, according to this 400 

author, is expected to be around 10
10 

s
1

. However, for the 110°C TL peak of another silicate, 401 

such as quartz, Schmidt et al. (2018) reported frequency factors derived from isothermal 402 

decay analyses in an interlaboratory experiment that ranged from 10
6
 to 10

17
 s

1
, depending 403 

on the heating rates and measurement systems used. Several authors using TL or OSL of 404 

quartz found frequency factors exceeding 10
14

 s
1

 (Minelli et al., 2021; Veronese et al., 405 

2004a). In their literature review of the parameters of quartz TL glow peaks, Veronese et al. 406 

(2004b) cited several values reaching 10
14

 s
1

 (see their Table 1) and two even surpassing 10
16

 407 

s
1

 (Chruscinska et al., 1996; Kaipa and Haskell, 1985). Thus, these findings of high values of 408 

frequency factors for quartz support the relatively high s0 values observed in this study. The 409 

work by Benzid and Gabor (2020) also demonstrated for [AlO4/h
+
] and [TiO4/M

+
] in quartz 410 

that there is a positive coevolution of activation energy with the frequency factor as a function 411 

of dose. Such an evolution was also observed for KGa-2 and PF2-50. However, this study 412 

included only two doses (natural and artificial), contrary to the aforementioned authors, who 413 

concluded that their data set follows a Meyer-Neldel rule. 414 

Clozel et al. (1994) documented half-life for natural A-centers as above 10
12

 years. 415 

Such a prolonged half-life established kaolinite as a robust option for radiation dosimetry, 416 

especially under the low thermal constraints at the Earth's surface (considered herein as circa 417 

300K). The findings, correlating with the work of Clozel et al. (1994), revealed half-lives 418 

estimated to be greater than 10
12

 years at room temperature, reinforcing the adopted 419 

methodology and its potential implications for future research in geological radiation 420 
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dosimetry. In contrast to first-order kinetics, the half-life derived from second-order kinetics 421 

was not constant and depended on the initial concentration of defects (and temperature). Thus, 422 

one significant dataset observation was the difference in half-life values between natural and 423 

irradiated samples. Given the principles of second-order kinetics, a rise in the initial 424 

concentration invariably shortened the half-liⅠEq. 5) to keep the K value constant. This 425 

suggests that the decay process may be sensitive to the closeness of defects in the kaolinite 426 

structure. The artificial defect centers, whose concentration was much higher than naturally 427 

produced ones, had thus minimum and very high half-lives. They emerged as remarkably 428 

stable, reinforcing the methodology for using A-centers of kaolinite as a geochronometer of 429 

the geosphere. Nevertheless, it is noticed that higher temperatures of formation and evolution 430 

of kaolinites, e.g., in hydrothermal systems, would significantly anneal the A-centers, which 431 

would require constraints on the thermal regime of the system vs time to use these defects as 432 

geochronometers. 433 

The nature of A-centers can improve the understanding of their exceptionally high 434 

stabilities. Indeed, two models were proposed by Angel et al. (1974). The first one was a hole 435 

on apical oxygen in the vicinity of a divalent substitution (e.g., Mg
2+

 substituting for Al
3+

). 436 

Once an electron has been removed from this oxygen by ionizing radiations, the O

 anion 437 

becomes paramagnetic (electronic structure He 2s
2 

2p
5
) and above all, the local mass balance 438 

is restored. This is typically a process of decoration close to an impurity precursor. The 439 

second model was an electron hole on a peroxy molecule that becomes O2

, but the location 440 

of the interstitial oxygen in the kaolinite structure is not yet known. It is known that the 441 

electron resides in a π orbital (Angel et al., 1974), and its orientation, as inferred from the g 442 

component, is perpendicular to the (ab) plane (Clozel et al., 1994). Both these models are 443 

consistent with the long stability of the A-center, mainly if the peroxy occurs near the 444 

heterovalent substitution. However, nothing is known so far about the species that capture the 445 

ejected electrons nor the local structure before irradiation: it might involve a compensation by 446 
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a small interstitial cation that diffused away because of the hole formation, as was proposed 447 

for some RIDs in quartz (e.g., Benzid and Gabor, 2020). In addition, the trivalent structural 448 

iron is a good candidate for electron capture, but this has not yet been demonstrated. Indeed, 449 

the EPR spectrum in the g=4 region broadened and increased with dose as a narrow signal, 450 

which is inconsistent with a reduction. Still, the identity of the growing narrow signal 451 

remained obscure. It was proposed by Worasith et al. (2018) that it corresponds to a triplet 452 

state related to RIDs, thus interfering with the iron signal. This is likely, and according to 453 

Gaite et al. (1997), it might be correlated to the growth of B-centers during irradiation that 454 

was shown to influence the g=4 signal as the width of the structural iron spectrum and as the 455 

intensity of the narrow signal. 456 

4. Conclusion 457 

The findings reveal comparisons between the thermally assisted decay kinetics of 458 

natural and artificial A-centers in kaolinite. Utilizing a second-order reaction model instead of 459 

a first-order one provided a much more accurate representation of the annealing kinetics. All 460 

the activation energies were discerned between 2.0 and 2.6 eV for the reference and irradiated 461 

samples. Remarkably, extrapolated half-life values of artificially generated A-centers, 462 

assessed at room temperature, are consistent with previous research on naturally induced 463 

kaolinite defects, as they exceed 10
12

 years. In conclusion, the results affirm that artificially 464 

generated A-centers simulate natural ones in terms of EPR signal and stability, thereby 465 

validating and fortifying their use in advanced EPR dating methodologies of kaolinites.   466 
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