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ABSTRACT 
 
A gem is appreciated by collectors and, when polished, widely used for jewelry manufacturing. For example, 
when quartz naturally or artificially acquires a color it becomes a gemstone (smoky quartz, morion, citrine, 
amethyst, or prasyolite). The presence of chromophore elements in a quartz sample was analysed by Fourier 
transform infrared spectrometry (FTIR). With a semi-quantitative analysis of the absorption FTIR spectra, it was 
possible to predict if colorless quartz has the potential to develop color when exposed to ionizing radiation and 
heat. Specific absorption bands show the presence of chromophore elements in quartz such as aluminum, iron, 
hydrogen, sodium, or lithium. Considering the ratio of the heights of the absorption bands of these elements, it 
was possible to predict the color quartz can develop. Samples of irradiated dark and light violet fluorites were 
analyzed by FTIR and energy-dispersive X-rays spectroscopy. The light violet samples has higher content of 
calcium relative to fluorine, as well higher content of hydroxyl, probably replacing fluorine in crystal lattice. 
Hydroxyls cannot be precursors of F color centers, which are the cause of violet color in fluorite, explaining the 
light violet color of hydroxyl-rich samples. 

 
 
 

1. INTRODUCTION 
 
Natural features of some regions in world have created, over the millennia, colored stones 
with transparency and visual effects of inestimable beauty. Many of them, associated with the 
work of cutters and jewelers, achieve high market values and have been object of desire of 
people with high purchasing power, especially for investment and ostentation [1]. 
 
Irradiation with gamma rays to form color centers in gemstones is the main topic addressed in 
this paper. The exposure of gemstones to ionizing radiation has attracted great interest 
because it is a procedure that can change color of colorless minerals and increase their market 
value. Irradiation of a gemstone can create color centers in crystal lattice by moving electrons 
from their precursors, enabling the formation of new chemical bonds that produce or alter 
color centers. Color centers in several tones can be generated in a single stone and, with 
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particular treatments, the less stable color centers can be eliminated. In this way it is possbile 
to change color of gems in a few days that would take thousands of years to be obtained in 
nature through exposure to natural radiation, especially that coming from natural radioactive 
elements near these minerals [1]. 
 
Minerals can be classified into two classes: idiochromatic and allochromatic. The 
idiochromatic ones are those which have a constant color and characteristic of its crystalline 
structure and chemical composition. Sometimes, even these minerals may have colors 
different from the usual ones due to changes on their surfaces. An example of these minerals 
is gold (Au). The allochromatic ones are those minerals whose color varies and are colorless 
when they are pure. Examples of these minerals are quartz and fluorite. 
 
Main factors responsible for colors in minerals are varied and complex. Most chemical 
elements found in mineral does not produce color due to their stable electronic 
configurations, for example, silicon, aluminum, calcium, etc. Color may be due to metal ions 
(of transition metals), structure of the mineral, chemical bounding nature, and valence of 
cations. Transition metals (Ti, V, Cr, Mn, Fe, Ni, Co and Cu) of atomic numbers 22-29 are 
called chromophores ions. They have sublevels "d" that are not completely filled by electrons 
that can be excited by a beam of light. Thus electrons jump from one level to another so that 
there is absorption of certain wavelengths and transmition of others, producing color. They 
may be present in significant amounts in mineral as main constituents and, in this case, 
directly related to variation of chemical composition of minerals. In small contents, they are 
considered as impurities [2].  
 
When the presence of these metals is directly related to the chemical composition as the main 
constituent, color production is related with absorption of radiant energy of light by free 
electrons of atoms of these elements. The color of the mineral, in this case, is usually constant 
(idiochromatic minerals). When the presence of these metals is related to the variation in 
chemical composition of the mineral, it is possible to replace a cation other chemical element 
and this variations can result in a wide variation of color, such as sphalerite (ZnS), which 
admits substitution of zinc (Zn) by iron (Fe) and varying color tones (white, yellow, brown 
and black) depending on the amount of Fe. 
 
Transition metals in very small quantities can be considered as impurities, allowing the 
overall composition of the mineral be considered as essentially constant. They  cause the 
appearance of color, typical of alocromáticos minerals. This is the case of beryl, whose 
chemical formula is [Be3Al2(Si6O18)]. Small contents of Cr+3 causes the green color in beryl, 
known as emerald. Fe3+ cations in small quantities are responsible for the yellow color of 
heliodore. And when the impurity is Fe2+ beryl is blue, known as aquamarine. 
 
One of the causes of color depends on the crystal structure and the type of chemical bond, as 
for example carbon polymorphs, diamond, and graphite. The diamond is colorless and 
transparent and graphite is black and opaque. The cause of color can also be the valence of 
cations in the crystalline structure that can be changed depending on temperature and 
incidence of ionizing radiation. This change may be permanent or transitory.  
 
Various methods are used to artificially enhance the beauty of gems and there is a 
classification of the most known treatments done by the American Gem Trade Association 
(AGTA), shown in Table 1 [3]. 
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Table 1: Methods and codification done according to the American Gem Trade 
Association (AGTA) [3]. 
 

CODE TREATMENT DESCRIPTION 

N Natural 
No modification (or currently has no known 
modification process). 

B Bleaching 
The use of heat, light and/or other agents to lighten or 
remove a gemstone’s color. 

C Coating 

The use of such surface enhancements as lacquering, 
enameling, inking, foiling or sputtering of films to 
improve appearance, provide color or add other special 
effects. 

D Dyeing 
The introduction of coloring matter into gemstone to 
give it new color, intensify present color or improve 
color or improve color uniformity. 

F Filling 

The filling of surface-breaking cavities or fissures with 
colorless glass, plastic, solidified borax or similar 
substances. This process may improve durability 
and/or appearance, and/or to add weight. 

H Heating 

The use of heat to effect desired alteration of color, 
clarity and/or phenomena. If residue of foreign 
substances in open fissures is visible under properly 
illuminated 10x magnification. H should be used. 

HP 
Heating and 

Pressure 
The use of heat and pressure combined to effect 
desired alterations of color, clarity and/or phenomena. 

I Impregnation 
The impregnation of a porous gemstone with a 
colorless agent (usually plastic) to improve durability 
and appearance. 

L Lasering 
The use of a laser and chemicals to reach and alter 
inclusions in gemstone, usually diamonds. 

O 
Oiling/Resin 

Infusion 

The filling of surface-breaking fissures with colorless 
oil, wax, resin or other colorless substances, except 
glass or plastic, to improve the gemstone’s appearance. 

R Irradiation 
The use of neutrons, gamma rays or beta particles 
(high energy electrons) to alter a gemstone’s color. The 
irradiation may be followed by a heating process. 

U Diffusion 
The use of chemicals in conjunction with high 
temperatures to produce ARTFICIAL color change 
and/or asterism-producing inclusions. 

W Waxing/Oiling 
The impregnation of a colorless wax, paraffin or oil in 
porous opaque or translucent gemstones to improve 
appearance. 

 
 
Gamma rays of a cobalt-60 source cause ejection of electrons from their original positions in 
crystal lattices, forming color centers only if precursors of these centers are present. This 
restricts the types of stones that can change color. Gemstones which do not undergo changes 
with the exposure to ionizing radiation are those that have their optical properties generated 
mainly by impurities with color centers already formed and stable. 
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Infrared Fourier transform spectroscopy - FTIR is a technique for identifying a compounds or 
composition of solid, liquid, or gaseous samples. In order to make measurements in a sample 
an infrared radiation beam is focused on the sample, and the amount of transmitted or 
reflected energy is recorded. By repeating this operation over a range of wavelengths of 
interest (usually 4000-400 cm-1) a graph may be constructed, where in the abscissa are energy 
values, commonly expressed as "wavenumber" (unit cm-1) and transmittance, or absorption in 
the vertical axis. 
 
Scanning electron microscopy - SEM is a technique of high resolution images (magnification 
up to 300,000). The images provided by SEM have a virtual character, for what is displayed 
on the computer display is transcoding of energy emitted by electrons, instead of light 
radiation. The operating principle of SEM is the emission of electron beams by a tungsten 
filament (negative electrode) by applying a potential difference which can range from 0.5 to 
30 kV. The positive electrode in relation to the filament strongly attracts the electrons, 
resulting in acceleration toward the positive electrode. The correction of the beam path is 
performed by condenser lenses lining the beams toward the aperture of the objective. The 
objective adjusts the focus of the electron beams of electrons before they reach the sample. 
 
Energy-dispersive X-rays spectroscopy - EDS is an essential accessory technique in SEM 
characterization of materials. When the electron beam is focused on a mineral, the outermost 
electrons of the atoms or ions are excited, changing energy levels. To return to its original 
position, they release the absorbed energy, which is emitted in wavelengths of  X-ray range. 
A detector installed in the vacuum chamber of the SEM measures the energy associated with 
these wavelengths. Since electrons of a given atom have different energies, it is possible at 
the point of incidence of the beam to determine the chemical elements that are present at that 
location and thus identify which mineral is being observed. The small beam diameter allows 
the determination of the mineral composition in very small sample sizes (<0.5μm), allowing 
an almost punctual analysis. SEM provides sharp images and EDS allows its immediate 
elemental identification.  
 
Quartz was a gemstone studied in this work. It has crystalline defects related to aluminum, 
iron, lithium, sodium, and hydrogen. Aluminum atoms can occupy the silicon position in the 
crystal lattice. The substitutional aluminum is within a tetrahedron, with an oxygen at each of 
the vertices. He has valence 3+, while silicon has valence 4+. A charge compensator should 
be adjacent to the aluminum to maintain charge balance. Examples of ions that are charge 
compensators in quartz are H+ (center [AlSiO4/ H

+]0), Li+ (center [AlSiO4/Li +]0), Na+ (center 
[AlSiO4/Na+]0), and K+ (center [AlSiO4/K

+]0). An electronic vacancy can be created in p 
orbital of an ion oxygen adjacent to substutitional aluminum (center [AlSiO4/h

+]0) by 
exposing the sample to ionizing radiation [4]. 
 
Fluorite, also studied in this work, is composed of calcium fluoride (CaF2) and has a very 
variable color. Theoretically, pure fluorite is 51.1w/o calcium and 48.9w/o fluorine. 
However, there are always changes in its crystal lattice, where in calcium can be replaced by 
other elements, such as cerium and yttrium. Fluorite occurs more frequently in well-
developed isometric crystals, forming cubes and octahedra. The crystalline mineral samples 
exhibit color variations (green, violet, blue, yellow, purple, white and colorless) [5]. 
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2. MATERIALS AND METHODS 
 
 
2.1 Quartz 
 
5 natural quartz samples from the same origin were sent to the Gamma Irradiation Laboratory 
- LIG of CDTN, which is classified as multipurpose panoramic irradiator of Category II, 
manufactured by MDS Nordion from Canada,  IR-214 series, GB-127, equipped with a 
Cobalt-60 gamma rays source, dry stored with maximum activity of 60,000 Ci. The samples 
were irradiated up to 300 kGy. Before irradiation, FTIR spectra of the samples were acquired 
to verify the color development potential after irradiation. The FTIR spectrometer was a 
Bomem, Model MB102, with a resolution of 4 cm-1 and 24 scans. The samples were placed 
directly into the sample holder of the equipment. FTIR spectra of the irradiated samples were 
also acquired under the same conditions.  
 
After irradiation it was necessary to perform heat treatment in air in a muffle furnace at 
around 320ºC, since irradiated quartz showed a dark color (black). After heating, the samples 
acquired a greenish yellow color. 
  
2.2 Fluorite 
 
Fluorite samples were sent to irradiation (up to 600 kGy) in the same irradiator above 
described. It was observed that some samples acquired dark violet color and some samples 
acquired light violet color. A light violet stone and a dark violet stone were separated, heated 
in air at 400°C until they become colorless and subjected to EDS and FTIR analyses. 
 
The samples were immobilized in polymeric resin discs, ground and polished to obtain a 
plane surface, and sent to the Microscopy Laboratory of CDTN, which consists of a field 
emmision scanning electron microscope (FEG-SEM), model SIGMA VP, manufactured by 
Carl Zeiss Microscopy. The microscope also has an EDS microanalysis system (XFlash 
model 410-M, provided by Bruker Nano GmbH). The system is controlled by the ESPRIT 
software, which is able to perform specific analyzes, in line scans of chemical elements and 
to obtain distribution maps. The FTIR measurements were performed directly in fragments of 
fluorite samples under the same conditions as described above. 

 
 

3. RESULTS AND DISCUSSION 
 
 

3.1 Quartz 
  
Figure 1 shows the samples as received, after irradiation, and after irradiation and heat 
treatment. Figure 2 shows typical FTIR spectra before and after irradiation.  
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as received irradiated irradiated and heat treated 

Figure 1: Samples as received, after irradiation, and after irradiation and heat 
treatment. 
 
Considering that the continuous line and the dotted line correspond, respectively, to natural 
quartz and irradiated quartz, one observes that the band at 3483 cm-1 (lithium related) 
decreased and the one at 3339 cm-1 (sodium related) increased after irradiation. This is the 
typical behavior of quartz reported in literature [4].  Lithium, being a lightweight and small 
ion, can diffuse in the quartz lattice with moderate mobility after the removing of one 
electron of the oxygens around an aluminum atom. Therefore, after irradiation, the lithium 
band decreases, since Li+ is displaced from the aluminum atom, produzing the black color. 
When quartz is heated, Li+ moves farther away from the aluminum atom, preventing its 
return to the original place, thereby producing the greenish yellow color. With prolonged 
heating, the color is bleached because Li+ can approach back [AlSiO4]

- and form the 
configuration it had before the irradiation, [AlSiO4/Li+]. Figure 3 is a diagram explaining the 
process occurs as described above. 

 
Figure 2: FTIR spectra before and after irradiation. 
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Figura 3: Color formation mechanism in quartz. The large circles represent oxygen 
atoms; The small and solid circles represent the aluminum atom; the small and dotted 
circle represents the hole in the electron, h+; The circles with + represent the load 
compensating ions (H+, Li+ or Na+).  and γ are respectively photon range and the 
visible photon within the spectrum. The center [AlSiO4/h+]0 absorb light in the visible 
region; the center [AlSiO4]- has an absorption band in the ultraviolet with a "tail" in 
the visible region, which is responsible for color formation [6]. 
 
 
3.2 Fluorite 
 
Figure 4 shows the fluorite samples after irradiation, classified as dark fluorite and clear 
fluorite. 
 

 
Figure 4: Fluorite samples – dark violet fluorite (left) and light violet fluorite (right). 

 
EDS spectra of fluorite samples are shown in Figure 5. Note the presence of carbon and 
oxygen, probably due to the presence of small amount of CaCO3 in the samples. The ratio of 
calcium and fluorine is higher in the sample which acquires light color, indicating a relative 
excess calcium fluoride. 
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Figure 5: EDS spectra of fluorite samples. 
 

The FTIR spectra of the samples is shown in Figure 6, where one observes the presence of 
hydroxyl groups  due to bands at 2918 cm-1 and 2854 cm-1 [6] and a broad band at 
approximately 3320 cm-1 in the sample that developed light color . Notice also that the bands 
associated with the hydroxyl group are more intense in this sample. 
 

 
 

Figure 6: FTIR spectra of fluorite samples. 
 

The higher content of calcium fluoride in relation to fluorine revealed by EDS, and the most 
intense bands associated with hydroxyl groups revealed by FTIR, both in the light color 
sample may indicate that fluorine may be partially substituted by hydroxyl in the crystal 
lattice of fluorite, bounded to calcium. This may be the cause for the formation of a smaller 
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amount of F centers after exposure to gamma radiation. The F centers are responsible for the 
formation of fluorite violet color [2]. 
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3. CONCLUSION  
 
Quartz had the expected behavior, as predicted in the literature, becoming greenish yellow 
after being irradiated and heated. It was possible to predict this fact, since the lithium related 
band at 3483 cm-1 was very prominent in FTIR spectra of the samples before irradiation. 
 
The light violet fluorite has excess of calcium and lack of fluorine, which is partially replaced 
by hydroxyl groups in the crystal lattice, preventing the formation of F centers by irradiation.   
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