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ABSTRACT 
 

Two silicate minerals talc (Mg3Si4O10.(OH)2) and zircon (ZrSiO4) having different 
crystal lattice structures were subjected to ESR dosimetric studies.  

 
Zircon shows anisotropic ESR signals at gxx=2.0168, gyy=2.0076 and gzz=2.0033, 

which have been identified as a hole center associated with Y3+ substituted at Zr4+ 
sites. Other characteristic signals have been observed and identified. The ESR signal 
at g=2.0033 showed positive response to γ-irradiation at 110Gy and is suitable to be 
used for dosimetry and dating of natural zircons. 

 
Talc a magnesium sheeted silicate exhibits ESR derivative spectrum characterized 

the presence of Fe3+ at g=4.28 and the hf-sixtet Mn2+ signals due to possible 
substitution of Fe3+ and Mn2+ in the Mg2+ octahedral sites, respectively. The 
enhancement of the Mn2+ sixtet by γ-irradiation increases the area occupied by the 
signals which makes it difficult to use for dosimetric applications. 
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INTRODUCTION 

 
Electron paramagnetism occurs in all atoms, ions, organic free radicals and molecules with an odd 

number of electrons, color centers (unpaired electrons or holes trapped at lattice defects) and metallic 
compounds (on account of conduction electrons). Electron Paramagnetic Resonance (EPR) is also 
called Electron Spin Resonance (ESR) and the two names are equally well justified. It is a 
spectroscopic technique based upon the resonant absorption of microwaves by paramagnetic 
substances, tuned by an externally applied magnetic field. In mineralogy, ESR studies concern ions 
with partly-filled inner electron shells (i.e. mainly the d- and f-transition group ions), and color centers 
caused by natural or artificial irradiation. It describes the interaction between an electronic spin 
submitted to the influence of crystal field and an external magnetic field. 

 
Mineralogical studies using ESR techniques included detection of 3d ions (Fe3+,Cr3+) in forsterite 

and fluorite were studied(1,2). The location of REE and Nb4+ in zircon(3) and the location  of Gd3+ in 
monazite were studied(4). The location of Fe2+ in quartz and paramagnetic defects in quartz have been 
studied(5,6). Extensive work concern clay minerals and micas(7,8). Greenblatt(9) studied the 4-fold 
coordinated Mn5+ in barite while Albuquerque and Isotani(10) studied the radiation defects in gypsum. 
ESR spectrum of Mn2+ was reinvestigated in calcite(11) and studied in pyrite(12).  

 
The aim of this work is to measure the ESR spectra of some naturally occurring Egyptian zircon 

and talc in order to identify their ESR characteristic signals. The physical properties of the identified 
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ESR signals in the studied minerals, are investigated including their thermal stability and their linear 
response to artificial irradiation, in an effort to evaluate their potential to be used as dosimetric 
materials. 

 
EXPERIMENTAL METHODS AND RESULTS 

2.1. Materials 
 

The zircon sample represents a purified concentrate that was separated from the Rosetta black sands 
occurring at Abu Khashaba area, 5 km north of Rashid town, on the east side of the Rashid Branch 
mouth along the Mediterranean coast of Egypt. 

 
The talc deposit occurs as lenses along a shear zone in the basic metavolcanic rocks constituting a 

belt exposed along Wadi Qulaib, which is tributary of Wadi El Allaqi trending ENE. Wadi Qulaib 
branches off Wadi El Allaqi some 150 km SSE of Asswan, (Nasr and Masoud,1999). The talc is of 
high quality, pure, white with compact foliated or platy texture. It is locally stained with malachite and 
manganese and associated with clinochlore, carbonates and illite (Nasr and Masoud, op. cit.). 

 
2.2. ESR spectrometer operation and spectra 

 
ESR spectra were measured with an ESR spectrometer (Bruker, EMX), in the X-band at room tem-

perature using a standard rectangular cavity. The ESR spectrometer operating parameters were chosen 
to provide the maximum signal-to-noise ratio for non-distorted signal as follows: Microwave 
frequency 9.7 GHz with 100 kHz field modulation, magnetic field modulation amplitude 1 gauss (G) 
with field-sweeping rate of 100G/164s and response time constant  40ms. The Lande’ g-factor and 
intensity of the ESR signal were calibrated using standard MgO doped with Mn2+ and weak pitch 
doped with (13% KCl), respectively.  

 
Figure (1) shows the ESR derivative spectrum of natural talc at room temperature. The spectrum 

exhibits the existence of the Fe3+ and the hf sextet Mn2+ signals. Manganese appears in the 
composition of talc as a replacement for magnesium which is proved by the X-ray fluorescence (XRF) 
analysis of talc, (Fig. 2). 

 

 
Fig. 1:ESR derivative spectrum of natural talc at room temperature. 
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Fig. 2: XRF chart of talc. 
 
Figure (3) shows the derivative ESR spectrum of zircon while (Fig. 4) shows some ESR centers in 

zircon lattice. These include the hole-centers [AlO4]0 at g=2.012, O-Y3+ at g=2.019, V4+ at g=1.9699 
and Ti3+ at g=1.996. 

 
ESR spectra of natural zircon exhibit anisotropic signals at gxx=2.0168, gyy=2.0076 and gzz=2.0033. 

These have been identified as a hole center associated with Y3+ substituted at Zr4+ sites(13), as shown in 
(Fig. 5). 

 
 

 
Fig. 3:ESR derivative spectrum of natural barite from El-Bahariya at room temperature. 

 

 
Fig. (4): ESR centers in zircon at room temperature. 



The Second All African IRPA Regional Radiation Protection Congress 22-26 April 2007 Ismailia Egypt 
 

 

 
Fig. 5:Characteristic ESR signals in zircon at room temperature. 

 
The microwave power was optimized for the ESR signal (g=2.0033) for zircon and the maximum 

intensity value was found at microwave power of 2.002 mW, (Fig. 6). 
 

 
 

Fig. 6:Variation of ESR intensity with microwave power for zircon at g=2.0033. 
 

2.3. Effect of artificial irradiation 
 
The zircon and talc samples were artificially irradiated with γ-rays using 60Co-source. 

 
2.3.1. Talc 
 

All hf sixtet Mn2+ lines are enhanced by artificial irradiation at 1kGy as shown in Fig. (8). 
 

 
Fig. 8:Enhancement of the ESR sixtet of Mn+2 in talc by γ-irradiation. 
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2.3.2. Zircon 

 
The sharp ESR signal (g=2.0033) was used to investigate the dosimetric properties of natural 

zircon. This signal exhibited positive response to γ-irradiation using a dose of 110 Gy as shown in 
(Fig. 7).  

 

 
 

Fig. 7:Enhancement of the ESR signal at g=2.0033 for zircon by γ-irradiation. 
 

2.4. Investigation of the dosimetric properties of zircon 
 

As shown above, the ESR signal of zircon at g=2.0033 showed positive response to γ-irradiation 
which makes it possible to procceed to investigate the dosimetric properties of zircon at this 
characteristic signal. 
 

 
2.4.1. Dose-response 

 
The linear response of the intensity of the ESR signal to induced γ-irradiation was tested by 

irradiating the studied zircon up to 550 Gy and monitoring the intensity of the signal (g=2.0033). 
Figure (9) shows the linear relationship between intensity of this signal and the γ-doses in the range of 
110-550 Gy. The response of the studied zircon exhibits a linear behavior with a slope that equals one; 
a character of linear response according to definition.  

 

 
Fig. 9:Dose-response of the ESR signal intensities of zircon at g=2.0033. Samples were irradiated 

with γ-doses in the range 110-550 Gy. 
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2.4.2. Defect efficiency (G-value) 
 
The defect formation efficiency of a dosimetric material is expressed by the G-value, i.e., the 

number of free radicals produced per 100 eV of absorbed radiation. The number of radicals produced 
by the absorbed dose of a unit Gy is about 6.3 X 1016 kg-1 for materials with G = 1(14). Thus, the 
number of radicals, n, per 1g of a dosimetric materials is: 

n=6.3X1013  G           (Gy-1g-1)                                                                                 (1) 
 

In this work, the radical formation efficiency, G-value, for the studied zircon at an intermediate 
dose range were determined by double integration of the derivative spectra of the sharp characteristic 
ESR signal (g=2.0033). The area under the signal of a standard weak-pitch was compared with the 
area under the signal of zircon samples. Accordingly, the number of spins/gram (n) may be calculated 
by the practical formula (15):                                                                                                            

)g(m)Gy(DoseA
10A

n
pitchweak

13
sample

••

•
=

−

                                                                            (2) 

                                                                                     
where  
Asample    = difference between the area under the integrated ESR characteristic signal of a sample 

irradiated with any γ-dose and the area under the same ESR signal of a sample irradiated 
with another γ-dose, 

  
Aweak-pitch = area of the integrated  ESR signal of weak pitch at the same ESR conditions, 
 
Dose      = γ-dose difference between the two chosen irradiating γ-doses,  
 
m           = mass of the sample.  
 

The quantity 1013 shown in equation (2) is the number of spins (free radicals) produced in 1 g from 
the standard weak-pitch due to irradiation with 1 Gy. Equation (2) is substituted in eqn. (1) to obtain 
the G-value of the studied mineral.  

 
The G-value of the studied zircon is 0.14±0.008.  

 
2.4.3. Sensitivity (minimum detectable dose, MDD) 
 

When the dose response of a material is linear, the estimation of the minimum detectable dose may 
be easily estimated by extrapolating the line of dose response to intersect the line of detection limit, 
i.e., the line of the ratio between signal intensity and noise (S/N=1). This is the case for the studied 
zircon. The line in (Fig. 9) intersects with the x-axis at the y-axis intensity value=1, corresponding to 
the ESR spectrometer detection limit or (S/N). The value of the (MDD) for the studied zircon is 15 
mGy. 
 
2.4.4. Determination of the saturation lifetime (τs) 

 
The studied zircon samples were γ-irradiated using 60Co-source at doses ranging between 550Gy 

and 40kGy at an irradiation rate of 4.15kGy/h in order to achieve saturation of the induced defects. 
The γ-irradiation was carried out at room temperature and the samples were measured by the ESR 
spectrometer within 72 h after irradiation. The ESR signal intensity was monitored by measuring the 
intensity at (g=2.0033). The growth saturation curve is shown in (Fig. 10). The saturation dose (SD) of 
the studied zircon was determined by the plateau method and the obtained value was 40kGy. 
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Fig 10:Saturation dose (SD) of zircon for ESR signal at g=2.0033.  

 
The annual doses (D) due to natural irradiation was calculated from the concentrations of the 

radioactive isotopes of (U, Th, K and Rb) in the studied samples, Table 1, as well as the assessed 
cosmic rays effects using the equations cited in Ikeya(14). The (D) results are listed in Table 1.  

 
Table 1: Annual doses (D) for zircon sample due to the radioactive elements (U, Th, K and Rb) 

and cosmic rays. 
U-238 
(ppm) 

Th-232 
(ppm) 

K % Rb  
(ppm) 

Cosmic 
rays 

(mGy/a) 

Annual 
Dose D 
(mGy/a) 

269 629 0 0 0.3 0.309 
 

The saturation lifetimes (τs) of the ESR signal (g=2.0033) for zircon was obtained by dividing the 
saturation doses (SD) by the annual dose (D). The values of (τs) was found to be 131.5Ma. 

 
2.4.5. Determination of defects lifetime (τ) 

 
Isochronal annealing technique was used to determine the lifetime of defects (τ) in the studied 

zircon samples after γ-irradiation at 40kGy. The γ-irradiated samples were step-heated from 100-
4000C, each step was an increment of 250C with an annealing time of 15min at each step. After each 
annealing step, samples were left to cool to room temperature and the ESR signal intensities at 
(g=2.0033) were measured. The effect of the isochronal heating on the ESR signal intensity in the 
studied zircon samples is shown in (Fig. 11). 

 

 
Fig. 11: Stability of the ESR signal at g=2.0033 for zircon at 4000C 

 
The lifetime (τ) of the ESR signal at (g=2.0033) was determined using the equation (14): 
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log10τ=(16.409/T)Ta10–12.477,                                                          (3) 
 

where 
T     = The geothermal temperature in degrees Kelvin (0K).  
Ta10 = The annealing temperature at which the ESR signal intensity is 90% of its intensity at the 

previous annealing temperature step (0K). 
 

The (Ta10) was determined from the isochronal annealing curve (Fig. 12). 
 

The geothermal temperature (T) is estimated at 250C as an average annual atmospheric temperature 
for the conditions from which the samples were collected. The calculated defect lifetime (τ) for zircon 
is found to be 667Ma. 
 

 
Fig. 12: Isochronal annealing curve of zircon at temperatres from 100 to 400 0C. 

 
2.4.6. Determination of the effective lifetime (τe) 

 
The effective lifetime (τe) for the studied zircon was determined according to the equation (14): 

 
1/τe = 1/τ + 1/τs     .                                                                                                         (4) 

 
The value of (τe) for zircon is 110Ma.  

 
DISCUSSION AND CONCLUSION 

 
3.1. ESR spectra 
 
3.1.1. Talc 

 
ESR spectrum of Mn2+, substituted in the Mg2+ octahedral site in the talc lattice, shows that the 

allowed and forbidden lines of hf splitting are intense and associated with ∆M=±1, ∆m=0 and ∆M=±1, 
∆m=1, respectively. Complicated signal lines due to the allowed and forbidden hf lines are intense. 
Anisotropy of hf structure of Mn2+ is usually very small. 

 
Because paramagnetic ions (Fe, Mn, etc.) in the sample, either as substituting cations or as 

components of impurity phase, cause large effects that cannot be readily interpreted, electron 
paramagnetic resonance (EPR) is often used as an auxiliary technique to determine the presence of 
magnetic impurity domain. 
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3.1.2. Zircon 
 
The [AlO4]0 center is a hole-center, where the original diamagnetic [AlO4] is associated with an 

adjacent charge compensating cation M+ (H+, Li+, Na+)(16,17). Also, the center [SiO4]3--Y3+ is of this 
group, however, the stabilizing Y is incorporated at Zr site(18). 

 
The hole centers are produced by trapping an electron-hole on the ligand oxygen p orbital. Two 

distinct hole-centers [SiO2]3- according to two types of O-sites for trapping of paramagnetic holes(19).  
 
The electron-centers at [SiO4]5-, [SiO3]3- and [SiO2] were produced by trapping of an electron at the 

silicon oxide group. The most important electron-center is represented by [SiO4]5- which is moderately 
stable at room temperature(20). 

 
3.2. Dosimetric properties of the studied silicate minerals 
 
3.2.1. Talc 

 
As shown in (Figs. 1 and 8), no ESR signals due to any of the costituent radicals of talc apeared; 

neither naturally nor by artificial irradiation. On the other hand, the sharp lines of Mn2+ hf sixtet were 
enhanced by arificial irradiation. In fact, the broad area of this hf sixtet (~45mT) makes it difficult to 
estimate the dosimetric properties of talc especially G-value. As mentioned above, G-value is 
estimated by double integration of the derivative ESR spectrum. Tails of the integrated spectrum of 
broad ESR signals lead to unpredictable errors of G-values. However, the response of each of the hf 
sixtet lines of Mn2+ to artificial irradiation may need more invistigation. 
 
3.2.2. Zircon 
 

Many dosimetric materials have acceptible G-value of 0.1. The studied zircon has higher G-value of 
0.14 which lowered the MDD of zircon to 15 mGy. Materials with this low MDD along with its linear 
response to artificial irradiation and its stability against temperature may be used in many dosmetric 
applications. 

 
On the other hand, this relative high sensitivity to artificial irradiation lowered the saturation dose 

(SD) of zircon which, in turn, lowered the saturation lifetime (τs) to 131.5Ma. Finally, the effective 
lifetime (τe) of the studied zircon was lowered to only 110Ma. Since the true age of any material is 
slightly lower than its τe

(14), dating of zircon at the ESR signal (g=2.0033) is restricted to ages lower 
than 100Ma. 
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