
2015 International Nuclear Atlantic Conference - INAC 2015 
São Paulo, SP, Brazil, October 4-9, 2015 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR - ABEN 
ISBN: 978-85-99141-06-9 

 

STUDY OF THE RELATION OF THE BAND AT 3595 CM-1 IN FTIR 
SPECTRUM OF NATURAL QUARTZ WITH COLOR DEVELOPMENT 

BY GAMMA IRRADIATION 
 

Helena Cristina M. Silva1, Fernando S. Lameiras2 

 
1 Programa de Pós-Graduação em Ciência e Tecnologia das Radiações, Minerais e Materiais 

Centro de Desenvolvimento da Tecnologia Nuclear – CDTN/CNEN 
Av. Antônio Carlos, 6627 – Campus da UFMG 

31270-901 Belo Horizonte, MG 
helenacrisms@gmail.com 

 
2 Centro de Desenvolvimento da Tecnologia Nuclear – CDTN/CNEN 

Av. Antônio Carlos, 6627 – Campus da UFMG 
31270-901 Belo Horizonte, MG 

fsl@cdtn.br 
 

 
 
 

ABSTRACT 
 
Brazil is a major producer of gemological quartz as smoky quartz, morion, citrine, amethyst, and prasiolite. Due 
to its abundance, hardness, and color varieties, quartz is used in jewelry industry. However, very often quartz is 
found in nature colorless or with faint colors, which requires exposure to ionizing radiation for color 
enhancement or development. Not all quartz can develop color. Chromophore chemical elements must be 
present in suitable proportions for color development after irradiation and heating. Infrared spectrometry is used 
to separate the quartz that can develop colors from the ones that cannot. Bands in infrared spectrum can indicate 
the presence and relative contents of chromophore chemical elements, such as aluminum, iron, lithium, sodium, 
and hydrogen. Some samples of colorless quartz show a band at 3595 cm-1 whose origin is yet not assigned. 
Samples of quartz with a prominent band at 3595 cm-1 were exposed to gamma rays and heating to observe its 
behavior. From the statistical point of view, no modification was observed on the position and amplitude of this 
band after irradiation up 75 kGy and heating to 300-330oC. This study should be completed with samples of 
different origins and higher doses, as well as chemical analyses of trace chemical elements in the samples. 
   
 
 

1. INTRODUCTION 
 
Brazil is a major producer of gemological quartz as smoky quartz, morion, citrine, amethyst, 
and parasiolite. Because of its abundance, hardness, and color varieties, quartz is important 
for jewelry industry, especially bijou industry. However, very often quartz is found in nature 
colorless or faintly colored, which requires exposure to ionizing radiation for development of 
colors with commercial value. Irradiation with gamma rays is routinely used in Brazil and 
elsewhere for this purpose. CDTN is currently an important provider of irradiation services of 
quartz in Brazil [1]. 
 
Not all quartz can develop color. It must contain low levels (usually below 500 ppm) of 
chromophore chemical elements such as aluminum, iron, lithium, sodium, and hydrogen. If it 
does not contain these elements in suitable proportions, it cannot develop colors of 
commercial value. It is very important to distinguish the colorless quartz that can develop 
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color from the ones that cannot. A technique was developed in CDTN that helps costumers of 
irradiation services to make this distinction. It is based on infrared absorption spectra of 
quartz in the region between 2500 to 4000 cm-1. The bands observed in this region and the 
relationship between their amplitudes indicate the presence and relative contents of 
chromophore elements, as well as the colors quartz can develop and the necessary irradiation 
dose [1,2]. 
 
Figure 1 shows a typical infrared absorption spectrum of colorless natural quartz that is able 
to develop the colors smoky, morion, greenish yellow, yellow, or brown upon exposure to 
ionizing radiation and heat. The relation of these bands with the presence of chemical 
elements is well-studied [1,2], with exception of the band at 3595 cm-1. Thomas [3] and 
Müller and Müller-Koch [4] related it with the presence of boron and Guzzo et al. [5] related 
it with the presence of potassium. Nunes et al. [2] and Lameiras [1] consider its association 
still open. This band is also used to distinguish synthetic from natural amethyst [6]. Nunes et 
al. [7] noticed that it is slightly affected by exposure to gamma rays. It is yet unknown 
whether it can be related with the ability of color development. 
 

 
Figure 1: Infrared spectrum of a colorless quartz that develops the colors smoky, 

morion, greenish yellow, yellow, or brown upon exposure to ionizing radiation and heat. 
 
The objective of this study was to study of the origin of the band located at 3595 cm-1, 
investigating its relationship with other bands in infrared spectrum of quartz and its 
association with chromophore chemical elements. Its behavior after irradiation and heat 
treatment is reported in this paper. 
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2. MATERIALS AND METHODS 
 
Ten samples of natural colorless quartz from the same origin were randomly selected. The 
average mass of the stones was 21.91 g. They were identified by their mass. The Fourier 
transform infrared - FTIR spectra (absorbance mode) was acquired by putting the stones 
directly in the sample holder of the equipment. The FTIR equipment was an AB Bomem 
model MB102, with 4 cm-1 resolution and 32 scans, in the 300 to 6000 cm-1 range. Because 
the crystal orientation of the quartz samples was not controlled, the FTIR spectra were 
normalized relative to the absorption at 2671.2 cm-1 (a band related with Si-O bond). 
 
The samples were exposed to gamma rays from a 60Co source up to 75 kGy. The irradiation 
facility was a panoramic MDS Nordion, model IR-214 GB-127 at CDTN. The samples were 
irradiated in sealed plastic bags of high density polyethylene (HDPE). After irradiation, FTIR 
spectra of the samples were acquired under the same conditions as above described. 
 
The irradiated samples were heat-treated in a muffle oven in air at temperatures from 340 to 
360 oC during the time necessary for color change, observed by visual inspection. FTIR 
spectra of heat-treated samples were acquired as above described. 
 
 

RESULTS AND DISCUSSION 
 
Figure 2 show examples of samples as received (colorless), irradiated (black), and irradiated 
and heat-treated (greenish yellow). Typical FTIR spectra are shown in Figure 3. The decrease 
of the band at 3483 cm-1, Li-OH related, can be noticed in irradiated samples and a partial 
recovering after heat treating. The band at 3379 cm-1, Si-OH related, increases after 
irradiation and heat treatment. This behavior is reported in literature [2]. 
 
 

 
 

Figure 2: Quartz samples: as received (colorless), irradiated (black), and irradiated and 
heat-treated (greenish yellow). 
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Figure 3: Typical FTIR spectra quartz samples. 
 
 
Figure 4 shows the region of the band 3595 cm-1 of the spectra shown in Figure 3.  The band 
amplitude was calculated by subtracting the base line absorption at point C, in the middle of 
the segment AB (see Figure 5). The points A and B were determined by considering the 
derivative of the absorption, which is changes sign at these points (see Figure 6). 
 

 
 

Figure 4: The region of the band 3595 cm-1 of spectra shown in Figure 3.  
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Figure 5: Base line consideration for calculation of the amplitude of the band at 

3595 cm-1. 
 
 
 
 

 
Figure 6: Derivation of the spectrum shown in Figure 5.  

 
 
 
 

Table 1 shows the amplitude of the band at 3595 cm-1 of irradiated and irradiated and heat-
treated samples relative to the ones of received samples. The uncertainty of the mean was 
calculated for 0.05 confidence level (t9;0.05= 2.262). From the statistical point of view, one 
cannot consider the irradiated mean amplitude as different from the irradiated and heat-
treated amplitude mean. Considering this result, the amplitude of the band at 3595 cm-1 was 
not affected by irradiation up to 75 kGy and heating after irradiation. The position of this 
band also remained unchanged. 
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Table 1: Amplitude of the band at 3595 cm-1 of irradiated and irradiated and heat-
treated samples relative to the as received samples. 

 
Sample mass (g) Irradiated Irradiated and heat-treated 

27.5 0.87 0.60 
11.9 0.75 1.17 
17.9 1.00 0.80 
50.1 1.13 0.53 
24.7 1.57 1.00 
18.8 1.12 0.88 
10.9 0.90 0.80 
13.7 0.77 0.59 
28.8 1.15 1.23 
14.8 1.31 1.08 

Mean 1.06 0.87 
Standard deviation 0.25 0.25 

Mean confidence interval (0.05) 1.06±0.18 0.87±0.18 
 
 
This study should be completed with more samples to improve the statistical uncertainty, 
including samples of different origins, and also higher doses. If the band at 3595 cm-1 remains 
really unmodified by exposure to ionizing radiation and heating, considering the model 
proposed by Nunes et al. [1], it could be associated with a substitutional chemical element for 
silicium with valence 4+ or with an ion of valence 3+ charge compensated by an alkaline ion 
of large ionic radius (sodium or potassium). Chemical analysis of trace elements should also 
be performed to confirm these hypotheses. 
 

 
3. CONCLUSIONS  

 
Infrared spectra of natural, colorless samples of quartz were acquired before and after 
irradiation to 75 kGy, as well after irradiation a heat-treatment. After irradiation the samples 
became black, and after heating they became greenish yellow. The behavior of the band at 
3595 cm-1 was observed. From the statistical point of view, the amplitude of this band 
remained unchanged after irradiation and heat treatment, so that it could be associated with a 
substitutional chemical element for silicium with valence 4+ or with an ion of valence 3+ 
charge compensated by an alkaline ion of large ionic radius (sodium or potassium). 
Nevertheless, this result should be confirmed with a great number of samples to improve the 
statistical uncertainty, higher doses, and samples of different origins. Chemical analysis of 
trace elements should also be performed to confirm the ion substitution hypothesis. 
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