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Abstract: Topaz is a kind of mineral with variable composition and a common gemstone variety.
Because of its wide distribution and rich colors, it has attracted the attention of scholars around
the world. In this paper, the composition, spectral, and gemological characteristics of yellow topaz
were systematically characterized, and the dark inclusions inside the samples were discussed and
analyzed. The results show that the yellow topaz has a glassy luster, transparent, with a refractive
index of 1.609–1.617 and a birefringence of 0.008. The topaz sample has columnar crystal shape and a
typical rhomboid cross section. The infrared spectral characteristic absorption peaks of yellow topaz
mainly appear near 3649, 3426, 950, 628, 550, and 457 cm−1. The characteristic absorption peaks
for Raman spectra are mainly at 937, 404, and 267 cm−1. The UV-vis spectra of all samples only
had strong absorption bands in the range of 200–300 nm. The results of XRF and EMPA showed
that the contents of Al2O3 and SiO2 in the samples were 52.79 (wt%) and 29.55 (wt%), respectively,
and it was reasonable to speculate that the chromogenic element of the yellow color was iron. The
inclusions in yellow topaz samples are mainly fluid inclusions, healing cracks, and albite. This paper
has enriched the gemological characteristics of topaz and can provide theoretical data for the research
and marketization of topaz.

Keywords: yellow topaz; gemological characteristics; spectroscopic characteristics; inclusions

1. Introduction

Topaz is a kind of transparent gemstone with glassy luster, which belongs to the
orthorhombic system. The chemical formula of the most common variety of topaz is
Al2[SiO4] (F, OH)2, in which the substitution of fluorine by hydroxyl will lead to changes in
specific gravity, birefringence, optical axial angle, and crystal axial ratio. It usually develops
into a fine crystal form or water-worn cobblestone, and it is associated with tourmaline,
quartz, fluorite, apatite, beryl, and wolframite [1].

At present, the research on topaz mainly focuses on color improvement, color mecha-
nism, and mineralogical characteristics [2–5]. Skvortsova et al. used the infrared, Raman,
and UV-Visible absorption spectra to investigate the effect of irradiation on natural topaz
crystals from Ukraine. It was found that irradiated topaz has blue color and a charac-
teristic UV-visible absorption band around 230~620 nm, and they assume that the blue
color is associated with the presence of impurities of Cr3+, Fe2+, and Mn2+ ions [2]. By
paramagnetic resonance of metal ions, Dickinson et al. found that, in colored topaz, not
the yellow, but the pink, produced by heating is caused by chromium. Both the natural
yellow and blue and the heated and irradiated yellow are related to certain electronic
defect centers in the crystal structure [5]. Qiu et al. has made a preliminary study and
summary on the mineralogical characteristics of topaz in Taishan, Guangdong, China [3].
Zhou et al. systematically analyzed the geological characteristics of topaz produced in
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large tungsten-sn quartz vein deposits in Guangxi, China, which filling the gap in local
topaz research [4]. However, there are few reports on the gemological characteristics and
inclusions of natural yellow topaz.

Accordingly, the gemological characteristics and inclusions of yellow topaz were
observed under gemstone microscope in this paper. Infrared, Raman and UV-Visible
absorption spectra were used to explore the spectral characteristics of yellow topaz. The
composition of yellow topaz was analyzed by XRF and EMPA. The coloration elements
of yellow topaz were speculated preliminarily, and the mineral species of dark inclusions
in yellow topaz were determined, which improved the related studies of yellow topaz
and provided an experimental basis for the gemological characteristics and identification
of topaz.

2. Materials and Methods
2.1. Materials

Figure 1 shows ten natural topaz samples from Utah, USA. The color of the ten samples
is yellow.
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Figure 1. Photos of yellow topaz samples.

2.2. Methods

Conventional gemological characteristics were determined at the Gemological Experi-
mental Teaching Center, School of Gemmology, China University of Geosciences (Beijing)
(CUGB). The refractive index was measured by point measurement using a gemstone refrac-
tometer. The specific gravity was measured using the hydrostatic weighing method, and
the pleochroism was observed with a dichroscope. Microscopic observation was carried
out using the GI-MP22 gemological photographic microscope.

Raman spectra were collected with the HR Evolution micro-Raman spectroscope
produced by HORIBA, Japan, in the Gem Testing Laboratory at the School of Gemmology,
CUGB. The excitation laser was 532 nm, and the scanning range was 100–3000 cm−1. The
test environment was: room temperature 18 ◦C, humidity: 33%, 220 V, 10 A.

Infrared spectra were obtained by FT-IR Spectrometer Tensor 27, produced by Bruker,
Germany, in the Gem Testing Laboratory at the School of Gemmology, CUGB. The scan-
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ning range was 400–2000 cm−1 (transmission) and 400–4000 cm−1 (reflection). The test
environment was: room temperature 18 ◦C, humidity: 33%.

UV-Visible absorption spectra were collected with UV-3600 UV-VIS-NIR Spectropho-
tometer produced by Shimadzu, Japan, in the Gem Testing Laboratory at the School of
Gemmology, CUGB. The scanning range was 200–800 nm. The test environment was: room
temperature 18 ◦C, humidity: 33%. Sampling interval: 1.0 s.

XRF data were collected with an EDX-7000 XRF Spectrometer produced by Shimadzu,
Japan, in the Gem Testing Laboratory at the School of Gemmology, CUGB. The test condi-
tions were: vacuum, qualitative scanning, 1 mm.

EMPA data were collected with an EPMA-1720 produced by Shimadzu, Japan, in
the Geoscience Test Center of CUGB. The test environment was: room temperature 17 ◦C,
humidity: 33%. The test conditions were: 15 kV, 10 Na, beam spot diameter 5 µm.

3. Results and Discussion
3.1. Conventional Gemological Features

Table 1 shows the conventional gemological characteristics of yellow topaz. Ten yellow
topaz samples were tested, and the refractive index of most samples was 1.609–1.617, and
the birefringence index was 0.008. The relative density of the samples ranges from 3.421 to
3.583, which was consistent with the theoretical range of Topaz. The samples did not show
obvious characteristic fluorescence under the UV light.

Table 1. The conventional gemological characteristics of yellow topaz.

Color Luster Transparency Fluorescence Refractive Index Relative Density

yellow Glassy luster Transparent No
fluorescence 1.609–1.617 3.421–3.583

As shown in Figure 2a, the well developed contact twin crystal in parallel c-axis of
sample TO9 can be clearly observed under the microscope. There are twinning striations
developed on the interface of twin, and there is another topaz crystal overgrowth on the
TO7 crystal surface (Figure 2a), one of which is floating on the other crystal along the
{001} direction. The two crystals grow in the same direction, and the crystallographic
orientations are parallel to each other. As shown in Figure 2c, evident cleavage of sample
TO9 is perpendicular to the c-axis, and there is a set of {001} perfect cleavage.
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3.2. Composition Analysis of Topaz
3.2.1. X-ray Fluorescence Spectrum Analysis

As shown in Supporting document S1-XRF, the main elements of topaz are Al, Si, and
O. The ratio of silicon to aluminum is close to the theoretical value. However, the contents
of main components Al2O3 and SiO2 in topaz are significantly different from the theoretical
values of 55.4 and 32.6 (wt%) [6], and it was found that the difference is caused by the
fact that the F element cannot be detected in the X-ray fluorescence spectrum. Among
the impurities of topaz, aluminum ions do not show regular changes related to color, and
barium ions do not belong to transition metals and do not cause color changes. In the
XRF data, the content of iron is higher than that of other impurity elements, and when
the yellow tone of topaz sample changes, the content of iron also increases or decreases,
specifically showing that the yellow tone of topaz samples deepens, and their iron content
gradually increases. Based on the data, the yellow tint of topaz was mainly affected by Fe,
and the color of the topaz enhanced with the increase in iron content.

3.2.2. Electron Microprobe Analysis

In the qualitative and quantitative analysis of gem minerals, EMPA is a test method of
great significance [3,7,8]. Compared with other test methods, it has higher accuracy in the
analysis of micro-area compositions and more accurate test data results and can carry on
the nondestructive test to the sample, which is very friendly to the gem research.

Two points of each sample to be tested were randomly selected for electron microprobe
detection, and the detection results are shown in Supporting document S2-EMPA. EMPA
data showed that F content ranged from 15.37 to 18.61 (wt%), and the average contents of
Al2O3 and SiO2 are 52.788 and 29.552 (wt%), which has no significant difference with the
theoretical value. This slight discrepancy is presumably due to the inability of the electron
microprobe to detect light elements and hydroxyl.

In the infrared spectra and Raman spectra of yellow topaz in this study, some charac-
teristic absorption peaks of the samples indicate that the content of OH in the sample is
unusually rich, which leads to the sum of the EMPA data below 100% [2,9].

3.3. Spectroscopy Analysis of Topaz
3.3.1. Infrared Spectra Analysis

The yellow topaz samples were tested by transmission and reflection methods, and
the results are shown in Figures 3 and 4. The infrared transmission spectra showed that the
absorption peaks of yellow topaz samples mainly appeared in the range of 3700–3400 cm−1,
and all samples had obvious strong absorption peaks near 3649 cm−1, and slightly weaker
absorption peaks of 3426 cm−1 [10]. The absorption peaks at about 2600 cm−1 for TO1,
TO4, and TO7 are relatively evident, while the absorption peaks of other samples were
relatively weak near this point. In the infrared reflection spectra, strong absorption peaks
were observed at 995, 950, 881, 628, 493, and 457 cm−1, while weak absorption peaks were
observed at 550 cm−1. The infrared transmission spectra of all yellow topaz samples are
slightly different, but generally the same.

Figure 3 shows a strong absorption peak near 3649 cm−1, which is the absorption
peak of the symmetric stretching vibration of hydroxyl [11]. The absorption peak near
3426 cm−1 is directly related to the yellow-brown color of the sample, which also indicates
the abnormal position of OH and excessively high OH content in samples [9]. In topaz
(Al2[SiO4] (F, OH)2), silicon atoms and oxygen atoms together constitute the silicon–oxygen
backbone, and the infrared absorption peak in the region from 400 cm−1 to 2000 cm−1 is
mainly manifested by the vibration of Si-O atomic groups [9].

In Figure 4, the absorption peaks at 995, 950, and 923 cm−1 are the results of symmetric
and asymmetric stretching vibrations of the Si-O group. In the nesosilicate structure of
topaz, oxygen ions, fluoride ions, and hydroxide ions are parallel to the (010) crystal plane,
showing the double hexagonal closest packed. The tetrahedral voids in the above structure
are occupied by silicon ions, and the octahedral voids are occupied by aluminum ions. This
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structure of topaz approximates that the tetrahedra [SiO4] are related to each other by the
octahedron [AlO4(F, OH)2]. As shown in Figure 3, the stretching vibration absorption peak
of Al-O is near 881 cm−1, and the strong absorption peak caused by bending vibration of
Al-O-Si is around 628 cm−1 [4].
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3.3.2. Raman Spectra Analysis

It can be seen from Figure 5 that there is a characteristic absorption peak of TO1,
TO3, and TO4 near 856 cm−1. It is speculated that the peak may be related to the brown
tone of the sample. The peak of 937 cm−1 is regarded as the coupling result of symmetric
stretching vibration and asymmetric stretching vibration of [SiO4] [12]. The 850 cm−1 band
of TO1 is the result of the coupling of asymmetric stretching vibration and symmetric
stretching vibration caused by hydroxyl substituting fluorine, from which it can be inferred
that the content of hydroxyl in TO1, TO3, and TO4 samples is unusually rich [9]. The
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absorption peaks at 267 and 287 cm−1 are all caused by a series of Si-O group vibrations in
the [SiO4] tetrahedron [2].
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Figure 5. Raman Spectra of yellow topaz samples (100–1200 cm−1).

The series of sharp bands in the 330–500 cm−1 range are assigned with stretching and
bending modes of [AlO6] octahedral coupled with the bending modes of [SiO4] tetrahedra.
The band observed at 320 cm−1 is assigned to Al-F stretching modes [10,13].

3.3.3. UV-VIS Analysis

As shown in Figure 6, all samples had strong absorption bands in the range of
200–300 nm, but no obvious absorption peak in the range above 300 nm. The sample
TO6 has a brown tone, and TO3 has a light brown tone, and TO1 has the lightest yellow-
brown tone. We found that, as the color of the sample enhances, the absorption band moves
toward the long wave direction.
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3.4. Inclusions in Topaz

The photographs of the inclusions of the sample are shown in Figure 7. Figure 7a
shows a large number of fluid inclusions observed in TO6, which is speculated to be formed
by the capture of the ore-forming medium by the topaz crystals during the formation
process. Healed cracks were observed in TO3 and TO7 as shown in Figure 7b,c. Dark solid
inclusions were observed in sample TO10 (Figure 7d), which were presumably formed
by trapping surrounding rock minerals during the crystal development of topaz, and no
obvious characteristic crystal form of the inclusion was observed, so further analysis of it
was needed.
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In order to identify the dark inclusions, Raman spectra were acquired on the inclusions,
and the results were shown in Figure 8.
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The Raman spectra of the dark solid inclusions are consistent with the standard
Raman spectra of albite, which indicate that the inclusion is albite. Topaz is a kind of high
temperature pneumatolytic hydrothermal mineral. The albite inclusion did not show a
complete crystal form. It is speculated that the albite was captured by the developing topaz
during hydrothermal alteration and, eventually, became an inclusion.

4. Conclusions

In summary, the gemological characteristics, composition, spectral characteristics, and
inclusions of yellow topaz samples were systematically analyzed by using basic gemological
instruments and modern testing techniques. The topaz sample has columnar crystal form,
rhomboid cross section, a growth striation can be seen on the crystal face, and a simple
contact twin and a set of {001} perfect cleavage are commonly developed. Most yellow
topazes are transparent of glassy luster, with an average relative density of 3.523 and a
refractive index of 1.609–1.617 (±0.010), with no obvious fluorescence phenomenon. Yellow
topaz has the unique spectral characteristics of aluminosilicates. The coloration element for
topaz is iron, and the dark inclusions in the yellow are albite.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12121746/s1, Supporting document S1-XRF; Supporting
document S2-EMPA.

Author Contributions: Z.S., writing—original draft preparation and formal analysis; Q.G., review
and editing; L.L., review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the National Science and Technology Infrastructure—The
National Infrastructure of Mineral, Rock and Fossil Resources for Science and Technology (http:
//www.nimrf.net.cn, accessed on 25 December 2021), as well as the Program of the Data Integration
and Standardization in the Geological Science and Technology from MOST, China, grant number
2013FY110900-3.
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