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Natural silicate mineral of zoisite, Ca2Al3(SiO4)(Si2O7)O(OH), has been investigated concerning �-
radiation, UV-radiation and high temperature annealing effects on thermoluminescence (TL). X-ray
diffraction (XRD) measurement confirmed zoisite structure and X-ray fluorescence (XRF) analysis
revealed besides Si, Al and Ca that are the main crystal components, other oxides of Fe, Mg, Cr, Na, K, Sr,
hermoluminescence
nnealing
V
GCD
oisite mineral

Ti, Ba and Mn which are present in more than 0.05 wt%. The TL glow curve of natural sample contains
(130–150), (340–370) and (435–475) ◦C peaks. Their shapes indicated a possibility that they are result
of composition of two or more peaks strongly superposed, a fact confirmed by deconvolution method.
Once pre-annealed at 600 ◦C for 1 h, the shape of the glow curves change and the zoisite acquires high
sensitivity. Several peaks between 100 and 400 ◦C appear superposed, and the high temperature peak
around 435 ◦C cannot be seen. The ultraviolet radiation, on the other hand, produces one TL peak around

◦ e aro ◦
130 C and the second on

. Introduction

Zoisite of chemical formula Ca2Al3(SiO4)(Si2O7)O(OH) is a
orosilicate, one of the members of the epidote group. The crystal
tructure is orthorhombic, space group Pnma and a hardness lit-
le above 6 in the scale of Moh. Several structural studies of natural
nd synthetic zoisites of different regions indicate that the principal
eature is a double tetrahedron (Si2O7) that links two types non-
quivalent octahedral chains M1,2 and M3. The M1 octahedra form
ndless, edge sharing single-chains parallel [0 1 0] to which indi-
idual M3 octahedra are attached exclusively on one side. As the
onoclinic forms, the octahedral chains are across linked in [1 0 0]

nd [0 0 1] by isolated SiO4 tetrahedra and Si2O7 groups with two
on equivalent large A1 and A2 positions in between (Fig. 1). The

attice constants of zoisite are a = 16.15–16.23 Å, b = 5.51–5.581 Å
nd c = 10.0229–10.16 Å [1–4].

3+ 3+
Ions of Fe and Cr that enter by aluminum in the structure
re replacements more important in zoisite. On the other hand,
onovalent cations such as lithium, sodium and potassium are

n interstitial positions outside the tetrahedrons and octahedrons.
lectron Paramagnetic Resonance (EPR) studies on Mn-rich zoisite
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(thulite), indicated that the Mn replaces ions of Al and Fe3+ ions are
in tetrahedral and octahedral sites [5].

EPR studies carried out by Tsang and Ghose [6,7] have related the
anisotropic EPR line, observed at low magnetic fields, in blue zoisite
(tanzanite) as being due to Fe3+ ion that enters as impurity in the
structure of the crystal, substituting Al in position II of the octahe-
dral chains. In a similar EPR study, Hutton [8] has given a different
interpretation. The ion of Cr3+ was considered to be responsible for
EPR line in the low field region of the spectrum. Transitions for the
case of substitution at the Al sites in the octahedral chains induce
a change of g factor from 2 to 4 for the transition −1/2 to +1/2
of a system of spin S = 3/2. This change in g factor can be caused
by very intense Crystal Field in an octahedral environment of low
symmetry.

Studies of optical absorption made by Schmetzer and Berdesin-
ski [9] in zoisite sample with high content of Cr has attributed the
bands in 662 and 458 nm as being of the Cr3+ in a octahedral envi-
ronment. On the other hand, Koziarska et al. [10] studied the natural
tanzanite with high concentrations of V2+/3+ and Cr3+ with regard to
Fe and Mn. Their results indicated that Cr3+ ion is responsible for the
luminescence in the blue tanzanite. Additionally it was shown that
the ample luminescent spectrum in the infra-red region suggest

that the zoisite is interesting material for laser applications.

As zoisite is an epidote mineral its EPR, thermoluminescence
(TL) and optical absorption (OA) spectra are expected to be some-
what similar to those of other members of this group. However,
specifically for zoisite no TL works were found in the literature.

dx.doi.org/10.1016/j.saa.2010.12.076
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
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ig. 1. Linkage of M-octahedra and T-tetrahedra in zoisite. Dashed lines show the n

The work that has more relationship with our is the study by
halifa et al. [11], who studied the TL properties of minerals sphene
nd epidote under radiation damages without heat treatments.
oth minerals exhibit complex glow curves with several overleap-

ng peaks. For epidote, three peaks at 92, 114 and 122 ◦C were
ound. Here the experimental glow curve was studied using the
m–TSTOP thermal cleaning procedure. This method is appropri-
te to find peak positions with high intensity in complex TL glow
urves.

The effect of annealing at 600 ◦C for 1 h on TL properties of epi-
otes from Tyrol and Norway seems to decrease the amount of
V bleaching besides enhancing the TL sensitivity of the samples

12]. It was assumed that TL emission in the epidote may be due
o the diffusion of defects; these are responsible for luminescence
esulting in an enhancement of the probability of radiation transi-
ion. This sensitization of thermoluminescence with annealing is in
ccord with earlier reports on similar effects on zircon and apatite

13,14].

In this work, TL properties of zoisite under high temperature
nnealing, gamma and UV irradiation effects have been studied by
L glow curve analysis. Additionally, we have determined the num-
er of peaks in the glow curve and the TL parameters (E and s) of
3
31

oxygen neighbors of the A positions which form the A1 and A2 polyhedrons [2–4].

each peak. A model for the observed TL emission has been proposed
based on thermal annealing behavior Al, Ti and E′

1 centers.

2. Experimental

Natural zoisite, used in this work, was obtained at Teófilo Otoni
in the state of Minas Gerais – Brazil. Intense green color of the
sample is due to the high quantity of Cr in the structure. Crys-
tals of zoisite were ground into powders keeping grains of the size
between 0.080 and 0.180 mm. Grains smaller than 0.080 mm were
used in the X-ray fluorescence and X-ray diffraction analysis. A
60Co source with a dose rate of 2.04 kGy h−1 was used for gamma
irradiations.

TL glow curves were obtained using a Daybleak 1100 series
automated TL reader system equipped with a photomultiplier EMI
9235QA and they were recorded from 50 ◦C up to 500 ◦C with a heat-
ing rate of 4 ◦C s−1 in nitrogen atmosphere. The TL light spectrum

was obtained in a home made TL reader with EMI 9789QB photo-
multiplier and UNICROM 100 monochromator. For the ultraviolet
irradiation a calibrated 60 W Hg lamp was used and the powder
samples exposed for several time intervals at 15 cm of distance
between lamp and sample inside a closed chamber. All gamma,
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for annealing between 600 ◦C and 700 ◦C. From the figure it can be
noticed that the TL peaks below 200 ◦C are growing up to a maxi-
mum of emission at 700 ◦C and from then onwards, they are found
to decrease in intensity. The behavior of all peaks in the region of
ig. 2. (a) TL glow curves of natural zoisite with additional gamma doses. Inset:
he peak temperatures of glow peaks as a function of irradiation determined from
he maximum points of glow peaks. (b) TL response vs radiation doses for peaks S1
130–150 ◦C) and S2 (340–370 ◦C).

ltraviolet irradiations and TL measurements were carried out at
oom temperature (RT).

. Results and discussion

Chemical analysis using X-ray fluorescence showed that the nat-
ral zoisite from Teófilo Otoni contains the following main oxides:
iO2 (40.2) mol%, Al2O3 (23.2) mol%, CaO (25.1) mol%. Besides the
ain components, Fe2O3 (2.87), MgO (2.55), Cr2O3 (1.21), NaO

0.90), K2O (0.28), SrO (0.19), TiO2 (0.14), BaO (0.13) and MnO
0.06), in mol%, are present in the crystal structure as impurities.
he diffractograms of the natural zoisite and samples that had been
nnealed at 500, 600, 700, 800 and 900 ◦C for 1 h confirmed that it
s zoisite crystal.

The TL response of natural zoisite as a function of �-irradiation
n the interval from 0.010 to 50 kGy is shown in Fig. 2a. The
low curves are characterized by three peaks: S1 (130–150 ◦C),

◦ ◦
2 (340–370 C) and S3 (435–475 C). Inset of Fig. 2a shows the
hange of the central position of peaks S1 and S2 from high to
ow temperature when the dose of �-irradiation increases. This
ehavior indicates that both S1 and S2 are composed by two or
ore peaks strongly superposed. The position of the peak S3 in
Fig. 3. TL glow curves of natural zoisite pre-annealed at 150 ◦C before completing
the TL measurement.

high-temperature shows small change and may be considered con-
stant.

A quantitative analysis of the TL intensity of peaks S1 and S2
shows that both have a supralinear behavior as function of dose,
i.e. from 20 Gy to 100 Gy for S1 and 2 kGy to 10 kGy for S2 (Fig. 2b).
TL intensity of saturation of these peaks occurs at 2 kGy and 10 kGy
respectively.

In order to eliminate the peaks at low-temperature, which in
general are more unstable, a thermal cleaning before completing
the TL reading was performed up to 150 ◦C. Fig. 3 shows two peaks
at 175 ◦C and 435 ◦C that saturates around 100 Gy and 50 Gy respec-
tively. Additionally, a peak around 260 ◦C becomes visible only from
200 Gy.

The effect of annealing at high-temperature (500–900 ◦C) on the
natural samples before irradiation with 1 kGy is shown in Fig. 4. In
the figure, a maximum enhancement of TL response is observed
Fig. 4. Effect of high temperature annealing before irradiation. After annealing sam-
ples were irradiated to 1 kGy gamma dose.
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Fig. 6. TL glow curve of the zoisite annealed at 600 ◦C and irradiated to 1 kGy gamma
dose, and them submitted to deconvolution. The peaks at 397 and 435 ◦C because
of their low intensity were not included in the deconvolution.

Table 1
Energy (E), frequency factor (s), temperature (Tm) and order of kinetic (b) for each
TL peak in zoisite.

Peak b Tm (◦C) E (eV) s (s−1)

1 1 130 1.08 (5) 5.56 (72) × 1012

2 2 150 1.97 (5) 1.26 (62) × 1013

3 1 175 1.14 (4) 1.74 (98) × 1012

4 1 200 1.18 (4) 9.70 (41) × 1011

5 1 225 1.24 (5) 7.69 (40) × 1011

6 1 255 2.17 (4) 2.63 (73) × 1010

9

diated with additional doses between to complete 20 kGy of dose.
Fig. 8 shows the glow curves behavior and TL vs dose analysis of
peaks P2, P4 and P6 respectively. A linear increase is observed for
155 ◦C and 200 ◦C peaks but the peak at 255 ◦C grows linearly from
ig. 5. Results of the Tm–TSTOP measurements for the zoisite annealed at 600 ◦C and
rradiated to 1 kGy gamma dose. The flat regions mark the presence of individual
eaks and give estimates of their positions (Tm values).

00–400 ◦C is different; a definition of the number of peaks that
articipate is difficult as both, TL intensity and temperature posi-
ion show an unusual change. In particular may be noticed that for
nnealing in the region between 800 and 900 ◦C the TL intensity is
ignificantly reduced.

This result is very different from those observed in other sili-
ate minerals by other authors and also those investigated in our
aboratory [15–17]. According to literature, the TL emission in sil-
cate minerals, independent of type and amount of impurities,
rows up to a maximum TL intensity for annealing around 900
nd 1000 ◦C. On the other hand, TL results similar to ours were
ound by Al-Khalifa et al. [12] with the epidote mineral. This is
nderstandable since zoisite is one of the members of the epidote
roup. This suggests that TL sensitization in minerals of this group
s due to the ion exchange Al-Fe or Al-Cr in the basic structure of
rystal.

.1. TL peak parameters determination

To find not only the E-value (activation energy) but also possible
umber of TL peaks, we opted for McKeever’s Tm–TSTOP method and
omputerized Glow Curve Deconvolution (CGCD) method [18,19].

Fig. 5 shows the result of Tm–TSTOP method applied to a sample
f zoisite annealed at 600 ◦C for 1 h and then irradiated with 1 kGy
amma dose. In the figure the flat regions indicate the position of
ach peak. Peaks around 150 ◦C, 225 ◦C, 255 ◦C, 397 ◦C and 435 ◦C
an be observed.

Using the TL program, which analyzes individual TL glow peaks
nd its TL parameters through the CGCD method, deconvolution
as carried out for the glow curve [20].

As often happens a large number of peaks is found, namely,
etween 100 ◦C and 400 ◦C, and nine peaks are necessary to fit the
xperimental glow curve (Fig. 6). Activation energy – E, factor fre-
uency – s and order kinetics – b of each peak are listed in Table 1.
ote that peak P1 does not appear in the Tm–TSTOP profile (Fig. 5)
nd it was found by TL reading of a natural sample irradiated with
kGy and read after 2 weeks and 2 years respectively (Fig. 7). This
gure shows the fading effect of natural sample and makes valid

he hypothesis that the peak S1 is composed by peaks at 130 and
50 ◦C. The TL parameters (b, E and s) calculated here are in com-
lete agreement with our previous work with zoisite under beta

rradiations [21].
7 2 285 2.28 (3) 2.34 (82) × 10
8 2 320 2.30 (5) 2.88 (90) × 109

9 2 360 2.32 (6) 1.00 (63) × 109

The same sample used in the deconvolution analysis was irra-
Fig. 7. Fading of TL signal in sample irradiated with 1 kGy of dose and read in two
different times. Shift of position peak S1 indicate that its composed by two individual
peaks around 130 and 150 ◦C.
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We then interpreted Toyoda and Ikeya results in the follow-
ig. 8. Glow curves of peaks 2, 4 and 6 for irradiations between 10 Gy and 20 kGy
sing linear heating rate of 4 ◦C s−1. Inset: TL vs dose curves for 155, 200 and 255 ◦C
eaks.

0 to 50 Gy then supralinearly up to about 1 kGy. Beyond this dose-
alue all peaks start to saturate.

The TL emission spectrum of zoisite in 3D and 2D representation
Fig. 9a and b) shows a strong band around 310 nm and weak one at
70 nm. This indicates that there exist two recombination centers.
t is clear that the most of recombination of centers occur at 310 nm.

The effect of UV bleaching is shown in Fig. 10a. In this case,
amples annealed at 600 ◦C for 1 h and then irradiated to 1 kGy were
xposed to UV light from calibrated 60 W mercury lamp. In first
lace, in the sample not exposed to UV light, peaks around 130,
00 and 255 ◦C are visualized. At this stage peak P6 (255 ◦C) is more
han 3 times weaker than peak P4 (200 ◦C). Anyway the peak height
f all of them decreases as the time of bleaching increases. Fig. 10b
hows the decay curves with UV exposure time of the above three
eaks. They seem to obey an exponential equation:

(t) = Ir + I0 exp
(−t

�

)
(1)

here Ir is the residual TL-value, I0 is the TL intensity at t = 0 and �
he time after which TL intensity minus the residual-value is 30%
f I0-value. From this result we can say that all three peaks are
leached in short time, about 3–4 min and they all leave a resid-
al TL, namely, the UV light does not bleach completely. On the
ther hand, the result shown in Fig. 10a is difficult to understand
ince a very long exposure of 3900 min shows a much smaller TL
esidual. It is necessary to perform further bleaching measurements
or exposure times between 120 and 3900 min to understand this
esult.

In many silicate minerals already examined, transition metal
ons, commonly found, give rise to absorption band and EPR signals

hich are independent of radiation as well as of annealing temper-
ture. Therefore, TL mechanism cannot be based on such impurities.
n the other hand, aluminum, titanium, sodium, lithium, hydrogen
nd oxygen (this is not an impurity), are important elements that
articipate in the TL emission.

Aluminum is present in many silicate minerals (Ti not always,
ut nevertheless quite frequently), and always is found substituting
ilicon in the tetrahedron SiO4. Since Aluminum is trivalent (+) and

ilicon tetravalent (+), the charge disequilibrium is compensated
y attracting monovalent ions such as Na+, Li+, H+, giving rise to
enters like [AlO4/M+]. In the case of titanium, [TiO4/M+]-center
s formed. These two centers release M+ under irradiation leaving
Fig. 9. The isometric plot of the TL emission spectrum of zoisite annealed at 600 ◦C
followed by 1 kGy �-ray irradiation. A heating rate of 4 ◦C s−1 was used. (a) 3D
representation. (b) TL emission spectra contour map.

Al-hole center and Ti-hole center:

[AlO4/M+] + e−irradiation−→ [AlO4/h] + M(M+ + e−)

where [AlO4/h] is called aluminum-center.
Rudra and Fowler [22] have shown that in quartz oxygen vacan-

cies can be produced thermodynamically at room temperature
(RT); we will denote it by [OV]2+. We expect that this also happens
in any silicate crystal. Electrons released due to irradiation can be
captured by oxygen vacancy forming [OV/e2−] center. Toyoda and
Ikeya [23] have shown by ESR measurements that as the quartz
crystal is heated from RT, by EPR measurements, Ti-center signal
starts decreasing around 120 ◦C and disappear around 250 ◦C; the
Al-center starts decreasing around 150 ◦C and disappears around
420 ◦C. The E′

1 center is observed to increase from 120 ◦C reach-
ing maximum at 300 ◦C and then decreases and disappears around
450 ◦C. Of course, E′

1-center is [OV/e2−] that lost one electron.
ing way for silicate of zoisite: Around 120 ◦C one electron from
[OV/e2−]-center is released giving rises to E′

1 center. The released
electron recombines either with hole in Ti-center or with hole in
Al-center and emits 130–150 ◦C and 200 ◦C TL peaks light. Beyond
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00 ◦C heating releases electron from E′
1 center and recombin-

ng with hole in Al-center emit light producing high temperature
eak.
. Conclusions

A natural zoisite sample irradiated from 10 Gy to 50 kGy of
amma radiation, presents a prominent TL peak in the range
30–150 ◦C, which is a superposition of 130 and 150 ◦C peaks. Much

[

[

[
[
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less intense peaks are observed at 340–370 ◦C and at 435 ◦C. Ther-
mal cleaning at 150 ◦C isolates peak at 175◦ C.

Using the deconvolution analysis not less than nine peaks super-
posing and covering 100–400 ◦C temperature range are found, with
E-value varying from 1.08 eV to 2.32 eV. The TL emission spectrum
has shown a very strong band around 310 nm and a much weaker
band around 270 nm indicating that there are two recombination
centers.

Ultraviolet light causes bleaching of TL peaks of 600 ◦C in zoisite
samples which have been annealed for 1 h and irradiated to 1 kGy
gamma dose. The decrease of TL peaks occurs rather fast, In 3–4 min
65% of the intensity is diminished.
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