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Abstract: Currently, most of the popular spinels in the jewellery market come from Myanmar
and Tajikistan. It is well known that provenance is one of the main factors affecting the value of
a gemstone, and the geographic origin of a gemstone can be determined by examining its gemological
and inclusion characteristics. This study systematically characterized the conventional gemology
of spinels from Myanmar and Tajikistan and compared the inclusions in the spinels from these two
countries by means of gemological microscopy and Raman spectroscopy. The results showed that
most red and pink Myanmarese spinels were octahedral or contact twins, while Tajikistani spinels
are slabbed or octahedral distorted crystals. Columnar zircon is frequently found in Tajikistani
spinels but rare in Myanmarese spinels, appearing as tiny accessory inclusions. There are three types
of carbonate inclusions (magnesite, dolomite, and calcite) in Myanmarese spinels, but Tajikistani
spinels have only one (magnesite). In addition, spinels of different origins include special inclusions.
Myanmarese spinels contain pyrite inclusions; Tajikistani spinels contain rutile and talc inclusions.

Keywords: spinel; inclusions; gemological characteristics; Raman spectrum; Myanmar; Tajikistan

1. Introduction

Spinel is an oxide of Mg and Al whose ideal formula is MgAl2O4. The use of spinel
as a gem has a long history. Due to its resemblance to ruby, it is sometimes mistaken for
it [1–3]. With the discovery of large sizes of red spinels in the Mahenge mine in Tanzania in
2007, the appeal of spinel increased considerably [4,5]. However, most of the spinels on
the jewellery market come from Myanmar and Tajikistan. Myanmar is the most famous
source for medium/small-sized red spinels, while Tajikistan is the world’s leading source
for coarse, large-sized spinels [5]. However, the spinels of these two geographical origins
both look remarkably similar, and it is difficult to distinguish them with the naked eye,
just by color.

At present, in the literature, there are far more studies on spinels from Myanmar than
those from Tajikistan. More importantly, there is a lack of comparative studies on the gemo-
logical and inclusion characteristics of the spinels of the two origins. In detail, the study of
Myanmarese spinels initially focused on mineralogical, gemological, and chemical char-
acteristics [1,3,4,6]. Subsequently, studies began to explore the identification of thermally
treated spinels in relation to synthetic ones [7–11]. As the research progressed over the
years, experts and scholars studied the inclusions of Myanmarese spinels [12–15]. Re-
searchers launched some preliminary investigations on inclusions, trace elements, and the
gemological characteristics of Tajikistani spinels [3,6,16]. However, further comparisons,
excluding the color factor, are needed to clearly distinguish the spinels from these two
regions. In this paper, we describe the gemological characteristics of spinels from Myanmar
and Tajikistan by a series of conventional gemological tests and we also compare the Raman
spectra of their inclusions. Therefore, this study aims at providing important assistance in
distinguishing between the spinels of the two origins.
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2. Geological Settings

The gem-quality spinel deposits of Myanmar and Tajikistan are both located within
the Himalayan orogenic belt and are associated with the third great collision of the Indian
subcontinent and Eurasia, which is known for its high temperature metamorphism and
deformation [6,17]. The most famous spinel deposit in Tajikistan is the Kuh-i-Lal (Figure 1).
The occurrence of ultramafic rock is a feature of this deposit. The ultramafic rocks contain
talc, +kyanite, ±phlogopite. The Kuh-i-Lal deposit is located in a magnesian skarn of
the enstatite–forsterite rock. Spinels are associated with enstatite, magnesite, phlogopite,
pyrrhotite, pyrite, rutile, and graphite [18]. In addition, Myanmarese spinel deposits are
mainly located in the “Mogok Metamorphic Belt”. The “Mogok Gem Belt” is located in the
Mandalay region (Figure 1) [19,20]. Spinels are associated with ruby, phlogopite, muscovite,
margarite, scapolite, pyrite, sphene, and graphite [17].
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3. Materials and Methods
3.1. Materials

A total of 20 spinels from Myanmar and Tajikistan, ranging from 0.20 to 3.70 ct,
were analyzed for the study (Figure 2), including 10 samples from Myanmar (M-1–M-10)
and 10 from Tajikistan (T-1–T-10). The M-1–M-10 samples were fragments and rough
spinels with good crystal shape, while the T-1–T-10 samples were transparent spinels.
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Figure 2. The twenty different samples of spinels studied. (M—Myanmar; T—Tajikistan.)

3.2. Methods

The gemological tests for the samples were conducted at the Gemological Research
Laboratory of the China University of Geosciences (Beijing). All the samples were in-
vestigated with a refractometer, polariscope, diffraction grating spectroscope, long-wave
(365 nm) and short-wave (254 nm) UV lamp, and an apparatus for hydrostatic weigh-
ing testing. Internal and external features were observed with a GI-MP22 gemological
photographic microscope using darkfield, brightfield, and top illumination.

Raman spectra were collected with a Horiba HR Evolution-type micro-confocal laser
Raman spectrometer (Horiba, Ltd., Kyoto, Japan) in the Gemological Research Laboratory
of the China University of Geosciences (Beijing). Laser source: 532 nm. Laser power:
30–40 mW. Laser spot size: 1 µm (Figure 3). Resolution: 4 cm−1. Scan time: 20 s. The Raman
shifts were calibrated using monocrystalline silicon before the test, with a tolerance of
±0.5 cm−1. After placing the sample, the appropriate objective was selected according to
the size of the inclusions in the sample and the inclusions were located. When the spot was
minimized, the focus was complete and the test began.
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Laser Raman spectroscopy is widely used for the routine identification of materials,
allowing the differentiation of spinel subspecies from characteristic spectra without any
information on composition or structure [21–23]. Currently, Raman spectroscopy plays an
essential role in the differentiation of spinel subspecies and spinel inclusion components.
Spinels contain abundant inclusions, and many differences are observed between the
inclusions in Myanmarese and Tajikistani spinels. These can be distinguished by observing
the appearance of common inclusions by using Raman spectroscopy on the different
components of inclusions.

4. Results
4.1. Conventional Gemological Properties

The studied spinels from Myanmar were deep red, light purplish red, brownish red,
pink, brownish orange, light purplish red, grayish blue, and had a transparent appearance.
Some of the spinels from Myanmar were formed as octahedrons (Figure 4a) or spinel twins
(Figure 4b), which look like flat triangles with notches at the corners, known as re-entrant
angles (Figure 4c). Other spinels from Myanmar were water-worn pebbles or fragments
with a conchoidal fracture. The spinel samples from Tajikistan were blue-purple, purple,
light purple, brownish purple, grayish purple and were octahedral distorted crystals or
slabs (Figure 4d).
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Myanmar (M−2). (c) Spinel formed as spinel twins with re-entrant angles from Myanmar (M−2).
(d) Slab spinel from Tajikistan (T−4).

Most spinels from Myanmar showed a stable refractive index of 1.718, but some sam-
ples had refractive indices as low as 1.716. The spinels from Tajikistan had a refractive index
of 1.712–1.713. The red and pink spinels from Myanmar showed an obvious Cr spectrum.

All the grayish blue spinels from Myanmar were typically inert to long-wave and
short-wave UV radiation, but red and pink spinels showed strong red fluorescence un-
der long-wave radiation. The purple and orange spinels from Myanmar with different
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saturations also show different fluorescence. This phenomenon may be associated with
the coloring elements of spinel. The spinels from Tajikistan showed faint red fluores-
cence or non-fluorescence under long-wave radiation and faint yellow fluorescence under
short-wave radiation.

4.2. Inclusions under the Gem Microscope
4.2.1. Myanmarese Spinel Inclusions

In the 10 Myanmarese spinel samples studied with a gemological microscope, we ob-
served some solid and gas–liquid inclusions. These inclusions showed rounded crystals
and black flake inclusions and were probably made up of apatite (Figure 5a), calcite,
graphite, or ilmenite. However, slightly rounded apatite crystals associated with black
flake graphite or ilmenite are a unique characteristic of Myanmarese spinels [24]. Therefore,
these previous findings are in good agreement with the observations of the current study.
We observed a long columnar inclusion containing a black mineral (Figure 5b), but the
black mineral was too small to detect with the Raman spectroscope. According to previous
studies, it was presumed to be graphite or ilmenite [25].

Crystals 2022, 12, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 5. (a) Rounded crystal inclusions (apatite) in a Myanmarese spinel (M−3). (b) Long columnar 
inclusion containing a black mineral (graphite or ilmenite) in a Myanmarese spinel (M−4). (c) Octa-
hedral negative crystals (calcite) arranged in very neat rows in a Myanmarese spinel (M−10). (d) 
Brassy yellow metallic luster inclusion (pyrite) in a Myanmarese spinel (M−5). 

These inclusions were approximately arranged in the shape of fingerprint outlines 
(when viewed parallel to the c-axis of the host, indicating that crystal growth occurred 
mostly along the basal planes). This is another characteristic of Myanmarese spinels [24]. 
These types of inclusions were also observed in the M-10 sample (Figure 5c). These octa-
hedral inclusions had obvious boundaries, indicating that the sample and inclusions had 
different refractive indices. 

Pyrite inclusions are uncommon in spinels and are generally primary inclusions with 
an idiomorphic crystal form. An idiomorphic brassy yellow pyrite inclusion could be seen 
in the pink spinel sample P-10 which had been ground out of the surface (Figure 5d). 

4.2.2. Tajikistani Spinel Inclusions 
In the 10 Tajikistani spinel samples studied with a gemological microscope, we ob-

served some solid and gas–liquid inclusions. These inclusions showed octahedral crystals 
with healing fissures and were probably made up of magnesite. A black opaque mineral 
inclusion exposed to the surface was found in the sample T-5, and this inclusion was iden-
tified as rutile by Raman analysis (Figure 6a). Many colorless crystals generally appeared 
in two sizes, and these crystal inclusions were clustered together (Figure 6b). The larger 
ones were approximately 80 μm in diameter and rounded in shape. The smaller ones were 
approximately 20 × 5 μm and columnar in shape. They could be easily distinguished by 
shape and size. In some cases there were large crystal inclusions containing small crystal 
inclusions, indicating that they were formed sequentially, and it can generally be deduced 
that small crystals form before large ones. These inclusions were probably made up of 
apatite and zircon. 

Figure 5. (a) Rounded crystal inclusions (apatite) in a Myanmarese spinel (M−3). (b) Long columnar
inclusion containing a black mineral (graphite or ilmenite) in a Myanmarese spinel (M−4). (c) Octahe-
dral negative crystals (calcite) arranged in very neat rows in a Myanmarese spinel (M−10). (d) Brassy
yellow metallic luster inclusion (pyrite) in a Myanmarese spinel (M−5).

These inclusions were approximately arranged in the shape of fingerprint outlines
(when viewed parallel to the c-axis of the host, indicating that crystal growth occurred
mostly along the basal planes). This is another characteristic of Myanmarese spinels [24].
These types of inclusions were also observed in the M-10 sample (Figure 5c). These octa-
hedral inclusions had obvious boundaries, indicating that the sample and inclusions had
different refractive indices.

Pyrite inclusions are uncommon in spinels and are generally primary inclusions with
an idiomorphic crystal form. An idiomorphic brassy yellow pyrite inclusion could be seen
in the pink spinel sample P-10 which had been ground out of the surface (Figure 5d).
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4.2.2. Tajikistani Spinel Inclusions

In the 10 Tajikistani spinel samples studied with a gemological microscope, we ob-
served some solid and gas–liquid inclusions. These inclusions showed octahedral crystals
with healing fissures and were probably made up of magnesite. A black opaque mineral
inclusion exposed to the surface was found in the sample T-5, and this inclusion was identi-
fied as rutile by Raman analysis (Figure 6a). Many colorless crystals generally appeared
in two sizes, and these crystal inclusions were clustered together (Figure 6b). The larger
ones were approximately 80 µm in diameter and rounded in shape. The smaller ones were
approximately 20 × 5 µm and columnar in shape. They could be easily distinguished by
shape and size. In some cases there were large crystal inclusions containing small crystal
inclusions, indicating that they were formed sequentially, and it can generally be deduced
that small crystals form before large ones. These inclusions were probably made up of
apatite and zircon.
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4.3. Raman Spectra Characteristics
4.3.1. Comparison of the Raman Spectra of the Myanmarese and Tajikistani Spinels

By comparing the Raman spectra of the spinels (M-6, M-9, T-9, T-10) with those in the
literature [11], we found the following characteristic peaks in the range of 200–900 cm−1:
a strong absorption peak at 407 cm−1 (Eg) caused by the Mg symmetric bending vibration
within the tetrahedron; an absorption peak at 311 cm−1 (T2g(1)) caused by a jump of Mg in
the tetrahedral position; an absorption peak at 766 cm−1 (A1g) caused by Mg-O symmetric
stretching vibrations within the tetrahedron; while the attribution of the Raman signal at
655 cm−1 (T2g(2)) is still controversial [9]. Therefore, these previous findings are in good
agreement with the observations of the current study, which revealed that these samples
are composed of MgAl2O4 [9,11]. The peak positions and attributions of the Myanmarese
and Tajikistani spinels studied in this paper are shown in Table 1.

Table 1. Peak positions and attribution of the Myanmarese and Tajikistani spinels (cm−1).

Sample
Number

Origin

T2g(1) (Eg) T2g(2) A1g

Date
Source

A Jump of Mg
in the Tetrahedral

Position

Mg Symmetric
Bending Vibrations

within the
Tetrahedron

—

Mg-O
Symmetric Stretching
Vibrations within the

Tetrahedron

M-6 Myanmar 309 405 663 764 this paper
M-9 Myanmar 311 407 665 766 this paper
T-9 Tajikistan 312 405 665 766 this paper
T-10 Tajikistan 312 405 663 766 this paper

MgAl2O4 — 311 407.8 671 772 [9]
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4.3.2. Raman Spectra Comparison of Common Inclusions in the Myanmarese and
Tajikistani Spinels

The spinels from both Myanmar and Tajikistan contained apatite, zircon, and carbonate
inclusions, but the Raman spectra, appearance, and distribution of these inclusions were
slightly different.

Raman analyses revealed that the cylindrical inclusions containing a black mineral in
Myanmarese spinel (M-9) and colorless crystal inclusions in Tajikistani spinel (T-3) were
apatite (peaks at 964 and 1123 cm−1). Apatite inclusions were present in both Myanmarese
spinel (M-9) and Tajikistani spinel (T-3).

Figure 7a shows two positions in a cylindrical inclusion containing a black mineral:
the end of the cylindrical inclusions (P1) and the black mineral (P2). The results of the
separate Raman analysis are shown in Figure 7b: Raman spectra in P1 and P2 both had the
characteristic absorption peak for spinel (Eg, T2g(2), A1g) and the characteristic absorption
peak for apatite. In addition, Raman spectra in P1 had an absorption peak at 964 cm−1

caused by a vibrating belt of P04, which is the vibrational absorption peak for apatite [26,27].
Raman spectra in P2 had an absorption peak at 1123 cm−1 caused by the replacement of
PO4 by SO4 [27]. The black mineral was too small to detect with the Raman spectroscope.
According to previous studies, it was presumed to be graphite or ilmenite [24,25].
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The colorless crystal inclusions in T-3 were divided into large and small sizes (Figure 7c):
the larger ones (80 µm in diameter) were generally rounded in shape, while the smaller
ones (20 × 5 µm) were approximately columnar. These inclusions were usually clustered
together. Raman spectroscopy of these crystal inclusions showed that the larger, rounded,
colorless crystal inclusions were apatite (Figure 7d).
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Raman analyses revealed that a small columnar crystal inclusion within the apatite
inclusion (peaks at 961 cm−1) (Figure 8a) in a Tajikistani spinel (T-3) was made up of
zircon (peaks at 201 cm−1, 225 cm−1, 357 cm−1, 440 cm−1, 961 cm−1, and 1011 cm−1)
(Figure 8b) [28]. Some small columnar zircons were included within the apatite, and some
occured singly or in clusters. The results were consistent with previous studies that
found zircon to be associated with apatite [13]. Zircons are frequently found in spinel from
Tajikistan but are rare in spinel from Myanmar. We did not find zircon in our spinel samples
from Myanmar, which was mentioned by Phyo [14] and Themelis [29] in spinel from Mogok.
They found tiny accessory zircon inclusions (maximum size of 50 µm, minimum size of
10 µm) in a few spinels from Kyauksin and Kyauksaung [13,14,29]. By comparing the
Raman analysis results for other zircons in T-3, it was found that the half-height width
of the B1g characteristic absorption peak (1009 cm−1) was concentrated in the range of
4–7 cm−1, which indicated that it had well-crystallized [30].
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Figure 8. (a) Zircon inclusion in Tajikistani spinel (T−3) and (b) its (T−3) Raman spectrum.

The spinels from both Myanmar (M-8, M-10) and Tajikistan (T-2) contained carbonate
inclusions. Raman analyses revealed that the inclusions with similar shapes and sizes
in Myanmarese spinel (M-8) were made up of magnesite (peaks at 328, 737, 1093, and
1762 cm−1), while octahedral negative crystals in Myanmarese spinel (M-10) were dolomite
(peaks at 177, 300, and 1099 cm−1) and calcite (peaks at 155, 282, 712, and 1086 cm−1).
The transparent crystal inclusions in Tajikistani spinel (M-10) were magnesite (peaks at 330,
738, 1096, and 1765 cm−1).

Sample M-8 had a large number of inclusions of similar shape (Figure 9a) and size
(approximately 20 µm), and the Raman spectrum of one of them (Figure 9b) showed the
absorption peak of magnesite [31]. Sample M-10 showed a lot of octahedral negative
crystals, usually arranged in very neat rows, and this phenomenon is a unique feature of
Myanmarese spinel [24]. Three octahedral negative crystals were labeled as C1, C2, and C3
(Figure 9c) and subjected to separate Raman analysis. The results are shown in Figure 9d
and exhibit the characteristic peaks of dolomite [12,32–34]. Moreover, another octahedral
negative crystal in M-10 (Figure 9e) was tested by Raman spectroscopy, and Figure 9f shows
characteristic peaks of calcite [12,35–38]. Therefore, the octahedral negative crystals of the
Myanmarese spinel samples containede dolomite and calcite components.
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Carbonate crystal inclusions (Figure 9g) are also common in Tajikistani spinel (T-8),
but only magnesite was detected in this study. Figure 9h shows the characteristic peaks
of magnesite.

In short, we observed three types of carbonate inclusions in Myanmarese spinel:
calcite, dolomite, and magnesite, while Tajikistani spinel showed only one (magnesite).



Crystals 2022, 12, 617 10 of 14

4.3.3. Comparison of the Raman Spectra of the Different Inclusions in the Myanmarese and
Tajikistani Spinels

Spinels of different origins have specific inclusions. For example, Myanmarese spinels
contain pyrite, while Tajikistani spinels contain rutile and talc inclusions. The origins of
spinels can be determined from the Raman spectra of these inclusions.

Raman analyses revealed that the brassy yellow inclusion with complete crystalline
shape in Myanmarese spinel (M-5) was made up of pyrite (peaks at 342 cm−1 (Eg),
378 cm−1 (Ag), and 428 cm−1 (Tg)). Actually, pyrite inclusions are rare in Myanmarese
spinel and are generally primary inclusions with complete crystalline shape. An et al. [39]
argued that pyrite be divided into types I, II, and III. The brassy yellow pyrite inclusion
in the Myanmarese spinel M-5 (Figure 10a) was tested by Raman spectroscopy with the
characteristic absorption peak of pyrite (Figure 10b). Comparing the relative intensity of
the absorption peaks led to the conclusion that IEg ≈ IAg � ITg. Therefore, the pyrite was
considered a type I pyrite [36].
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Black, slightly transparent to opaque massive rutile inclusions are commonly found in
spinels from Tajikistan. Raman analyses revealed that the black opaque mineral inclusions
(Figure 11a) in Tajikistani spinel (T-5) were rutile (peaks at 248 cm−1, 437 cm−1, and
611 cm−1) (Figure 11b).
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Raman analyses revealed that colorless columnar crystal inclusions (Figure 11c) in
Tajikistani spinel (T-7) were talc (peaks at 196 cm−1, 280 cm−1, 361 cm−1, and 1029 cm−1)
(Figure 11d). The results are consistent with previous studies that showed that the spinel in
Tajikistan was produced in talc–kyanite rocks [3]. The mineral inclusions in gemstones can
record the history of gemstone formation [40,41].

5. Discussion
5.1. Gemological Characteristics

The spinel samples from Myanmar and Tajikistan have excellent transparency and
a constant refractive index [24]. Most red and pink Myanmarese spinels have a complete
crystalline form, such as octahedral or contact twin, while those from Tajikistan are often
slabbed or octahedral distorted crystals (rarely). The red and pink spinels from Myanmar
show a distinct Cr spectrum on a diffraction grating spectroscope. Under long-wave
radiation, red and pink Myanmarese spinels show strong red fluorescence, while grayish
blue spinels typically show inertness. However, there is a unique feature of Tajikistani
spinel, with some samples showing very weak yellow fluorescence with short-wave UV
radiation [42].

5.2. Comparison of the Characteristics of Inclusions in Spinels from Myanmar and Tajikistan and
Their Raman Spectra

Firstly, apatite, zircon, and carbonate inclusions occur in both provenances. Although
samples from both sources contain apatite inclusions, these inclusions are considerably
different in appearance and distribution. The columnar apatite inclusion of Myanmarese
spinel containing a black mineral (graphite or ilmenite) is a unique feature of Myanmarese
spinel. The analysis in this paper did not detect its specific composition but based on
previous studies it is speculated that it could be graphite or ilmenite [25]. The Tajikistani
spinel apatite inclusions are rounded and do not contain black minerals. These crystal
inclusions of different sizes are usually clustered together.

Zircons are frequently found in spinel from Tajikistan but are rare in spinel from
Myanmar. Zircon inclusions occur in a few spinels from Myanmar as tiny accessory inclu-
sions (maximum size of 50 µm, minimum size of 10 µm) [13,29]. Many colorless crystals
in Tajikistani spinels generally occur in two sizes; the larger ones are rounded (80 µm in
diameter), while the smaller ones are columnar (20 × 5 µm). Sometimes they are clustered
together and sometimes the larger crystal inclusions contain smaller crystal inclusions.
Raman spectroscopy revealed that the large, round inclusions were apatite and the small,
columnar inclusions zircon. Moreover, the zircon inclusions in Tajikistani spinel are well-
crystallized, as shown by the half-height widths in the Raman spectroscopy. Therefore,
zircons are rarely found in Myanmarese spinels as tiny accessory inclusions but frequently
occur in Tajikistani spinels in columnar shapes and clustered with apatite inclusions.

Carbonate inclusions are common in Myanmarese spinels, usually calcite, dolomite,
and magnesite. Carbonate inclusions also frequently occur in Tajikistani spinels, but, un-
like those from Myanmar, only one type of carbonate inclusion (magnesite) was found
in the Tajikistani spinels. In addition, calcite and dolomite were the main components of
octahedral negative crystals in Myanmarese spinels, which were determined by Raman
analysis. The octahedral negative crystals arranged in very neat rows were characteristic
of inclusions in Myanmarese spinels. Gübelin and Koivula [25] proposed that these oc-
tahedral negative crystals were formed when metallogenic hydrothermal fluids entered
the fissures, causing recrystallisation of the host crystals and residual hydrothermal fluids
filled the holes. Therefore, it could be concluded that the octahedral negative crystals are
secondary or pseudo-secondary inclusions formed by fluids filling crystal cavities and
producing dolomite, calcite, or a mixture of both, which appears consistent with previous
studies [12,25,43,44].
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Secondly, spinels of different origins include special inclusions. Pyrite is found in
Myanmarese spinels. Dark rutile inclusions and talc inclusions are also common in Tajik-
istani spinels.

Both Myanmar and Tajikistan are located in the Himalayan orogenic belt, and the
results of the comparison of inclusions of spinels from the two sources are shown in
Table 2. Previous findings are in good agreement with the observations of the current
study [6,14,45].

Table 2. Comparison of inclusions in Myanmarese and Tajikistani spinels.

Mineral Names Myanmar Tajikistan

Apatite Common Common
Calcite Common None

Dolomite Common None
Graphite Sometimes Sometimes

Magnesite Common Common
Phlogopite Sometimes None

Pyrite Rare None
Rutile None Sometimes
Zircon Rare Common

Talc None Rare

6. Conclusions

Spinel has excellent gemological properties and is a popular colored gemstone. Spinels
from Tajikistan and Myanmar are abundant and of high quality, and most of the spinels
on the jewellery market therefore come from these two regions. Consequently, the study
of spinels from these two origins is of great scientific importance and of considerable
commercial value.

Both Myanmarese spinels and Tajikistani spinels have apatite, zircon, and carbonate
inclusions, but they are slightly different in terms of appearance and distribution. The ap-
atite inclusions in Myanmarese spinels contain black minerals, while those in Tajikistani
spinels do not. In addition, zircon inclusions occur in a few spinels from Myanmar as tiny
accessory inclusions, while they frequently occur in Tajikistani spinels in columnar crystal
form. These zircon inclusions are often gathered with apatite inclusions in Tajikistani
spinels. Three different types of carbonate inclusions were observed in the Myanmarese
spinels, consisting of calcite, dolomite, and magnesite, while in the Tajikistani spinels only
one was observed, consisting of magnesite. In addition, spinel from Myanmar contains
pyrite while that from Tajikistan contains rutile and talc.

Author Contributions: Conceptualization, X.-Y.Y.; methodology, Y.Z., X.-Y.Y. and J.-R.Z.; formal
analysis, Y.Z. and J.-R.Z.; data curation, Y.Z. and J.-R.Z.; writing—original draft preparation, Y.Z.
and J.-R.Z.; writing—review and editing, Y.Z. and X.-Y.Y.; supervision, X.-Y.Y.; funding acquisition,
X.-Y.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by a project from the China Geological Survey
(DD20190379-88).

Acknowledgments: We are grateful to Zhu-Lin Sun for her support and technical guidance in the
experiments at the Gemological Research Laboratory of the China University of Geosciences (Beijing).
We owe thanks to Wan-Jie Sun for providing samples. The authors are highly indebted to the four
reviewers for their insightful and constructive comments which helped to improve the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xiao, L. Gemmological characteristics and commercial evaluation of Burmese spinels. Jewellery 1992, 1, 43–46. (In Chinese)
2. Yu, X.Y.; Long, Z.Y.; Zhang, Y.; Qin, L.J.; Zhang, C.; Xie, Z.R.; Wu, Y.R.; Yan, Y.; Wu, M.K.; Wan, J.X. Overview of gemstone

resources in China. Crystals 2021, 11, 1189. [CrossRef]

http://doi.org/10.3390/cryst11101189


Crystals 2022, 12, 617 13 of 14

3. Giuliani, G.; Fallick, A.E.; Boyce, A.J.; Pardieu, V.; Pham, V.L. Pink and red spinels in Marble: Trace elements, oxygen isotopes,
and sources. Can. Mineral. 2017, 55, 743–761. [CrossRef]

4. Pardieu, V. Hunting for “Jedi” spinels in Mogok. Gems Gemol. 2014, 50, 46–57. [CrossRef]
5. Zhang, B.L.; Schwarz, D.; Lu, T.J.B. Geographic Origin Determination of Colored Gemstones, 1st ed.; Geology Press: Beijing, China,

2012; pp. 305–328.
6. Malsy, A.; Klemm, L. Distinction of gem spinels from the Himalayan Mountain Belt. Chima 2010, 64, 741–746. [CrossRef]

[PubMed]
7. Wang, D.Y. Synthesis of spinel by flux growth and its gemmological characteristics. China Lapid. 1994, 6, 39–41. (In Chinese)
8. Zhang, L. Study on gemmological characters of Flux-Grown synthetic spinel. J. Gems Gemmol. 2004, 6, 18–23. (In Chinese with

English Abstract)
9. Ren, Q.Q. High Temperature Heat Treatment of Spinel from Burma. Master’s Thesis, China University of Geosciences, Wuhan,

China, 2016. (In Chinese with English Abstract)
10. Sun, W.J. The Study on Gemological Characteristics and Inclusion Origin of Spinels in Myanmar. Master’s Thesis, China University

of Geosciences, Beijing, China, 2018. (In Chinese with English Abstract)
11. Wang, C.S. Raman Spectra Study of Heating Treatment and Order-Disorder Transition of Cr3+-Doped MgAl2O4 spinel. Spectrosc

Spect Anal. 2019, 39, 109–113. (In Chinese with English Abstract)
12. Wang, C.S.; Shen, X.T.; Ren, Q.Q.; Luo, Y. Composition and formation of octahedral inclusion in spinel. J. Gems Gemmol. 2016, 18,

40–46. (In Chinese with English Abstract)
13. Phyo, M.M.; Bieler, E.; Franz, L.; Balmer, W.; Krzemnicki, M.S. Spinel from Mogok, Myanmar-a detailed inclusion study by

Raman microspectroscopy and scanning Electron Microscopy. J. Gemol. 2019, 36, 418–435. [CrossRef]
14. Phyo, M.M. Mineralogical, Gemmological and Petrological Study of the Mogok Stone Tract in Myanmar with a Special Focus on

Gem-Quality Ruby and Spinel. Ph.D. Thesis, University of Basel, Basel, Switzerland, 2019.
15. Zhai, S.H.; Pei, J.C.; Huang, W.Z. Orange-yellow inclusion in spinel from Man Sin, Myanmar. J. Gems Gemmol. 2019, 21, 24–30.

(In Chinese with English Abstract)
16. Ananyev, S.A.; Konovalenko, S.L. Morphological and gemological features of gem-quality spinel from the Goron deposit,

southwestern Pamirs, Tajikistan. J. Gemmol. 2012, 33, 15–18. [CrossRef]
17. Garnier, V.; Giuliani, G.; Ohnenstetter, D.; Fallick, A.E.; Dubessy, J.; Banks, D.; Vinh, H.Q.; Lhomme, T.; Maluski, H.; Pecher, A.

Ar-Ar and U-Pb ages of marble-hosted ruby deposits from central and southeast Asia. Can. J. Earth Sci. 2006, 34, 169–191.
[CrossRef]

18. Grew, E.S.; Pertsev, N.N.; Yates, M.G.; Christy, A.G.; Marquez, N.; Chernosky, J.V. Sapphirine+forsterite and sapphirine+ humite-
group minerals in an ultra-magnesian lens from Kuhi-lal, SW Pamirs, Tajikistan: Are these assemblages forbidden? J. Petrol. 1994,
35, 1275–1293. [CrossRef]

19. Robert, E.K.; Robert, C.K. Status of ruby and sapphire mining in the Mogok Stone Tract. Gems Gemol. 1992, 28, 152–174.
20. Zaw, K. Overview of mineralization styles and tectonic-metallogenic setting in Myanmar. Geol. Soc. Lond. Mem. 2017, 48, 531–556.

[CrossRef]
21. D’Ippolito, V.; Andreozzi, G.B.; Bersani, D.; Lottici, P.P. Raman fingerprint of chromate, aluminate and ferrite spinels.

J. Raman Spectrosc. 2015, 46, 1255–1264. [CrossRef]
22. Khan, T.M. Into the nature of Pd-dopant induced local phonon modes and associated disorders in ZnO; based on spatial

correlation model. Mater. Chem. Phys. 2015, 153, 248–255. [CrossRef]
23. Khan, T.M.; Lunney, J.G.; O’Rourke, D.; Meyer, M.C.; Creel, J.R.; Siewierska, K.E. Various pulsed laser deposition methods for

preparation of silver-sensitised glass and paper substrates for surface-enhanced Raman spectroscopy. Appl. Phys. A Mater. Sci.
Process. 2019, 125, 659. [CrossRef]

24. Yu, X.Y. Colored Gemmology, 2nd ed.; Geology Press: Beijing, China, 2016; pp. 15–26.
25. Gübelin, E.J.; Koivula, J.I. Gemstone Inclusions, 1st ed.; Dazhi Press: Taiwan, China, 1995; pp. 372–383.
26. Chatzipanagis, K.; Baumann, C.G.; Sandri, M.; Sprio, S.; Tampieri, A.; Kroger, R. In situ mechanical and molecular investigations

of collagen/ apatite biomimetic composites combining Raman spectroscopy and stress-strain analysis. Acta Biomater. 2016, 46,
278–285. [CrossRef]

27. Liu, Q. Study on Apatite Zoning Structure with the Method of Laser Raman Spectroscopy. Master’s Thesis, China University of
Petroleum (EastChina), Shandong, China, 2013. (In Chinese with English Abstract)

28. Liu, J.Y.; Bai, F.; Luo, S.Q.; Yu, S.L.; Wu, Z.Y. Study on Gemmological Characteristics and Chemical Comosition of Zircon from
Changle, Shandong Province. J. Gems Gemmol. 2012, 14, 32–37. (In Chinese with English Abstract)

29. Themelis, T. Gems and Mines of Mogok; A&T Publishers: Los Angeles, CA, USA, 2008.
30. Tang, Z.; Chen, J.L.; Zhang, Y.; Li, X.B.; Sun, X.P. LA-ICP-MS chronological and zircon Raman spectral study of granulite in the

Mengku iron deposit, Altay Mountains, Xinjiang. Geol. Bull. China 2012, 31, 2063–2069. (In Chinese with English Abstract)
31. Wang, Y.; Zheng, H.F. Experimental Study of Raman Spectra of Magnesite at 297 K and at the Pressure of 0.13–1 GPa. Spectrosc.

Spect. Anal. 2005, 25, 1426–1428. (In Chinese with English abstract)
32. Zhao, J.Z.; Lv, X.B. Study on In-situ Raman Spectra of Dolomite under High Pressure. J. Rock Miner. Anal. 2008, 27, 337–340.

(In Chinese with English Abstract)

http://doi.org/10.3749/canmin.1700009
http://doi.org/10.5741/GEMS.50.1.46
http://doi.org/10.2533/chimia.2010.741
http://www.ncbi.nlm.nih.gov/pubmed/21138164
http://doi.org/10.15506/JoG.2019.36.5.418
http://doi.org/10.15506/JoG.2012.33.1.15
http://doi.org/10.1139/e06-005
http://doi.org/10.1093/petrology/35.5.1275
http://doi.org/10.1144/M48.24
http://doi.org/10.1002/jrs.4764
http://doi.org/10.1016/j.matchemphys.2015.01.011
http://doi.org/10.1007/s00339-019-2968-z
http://doi.org/10.1016/j.actbio.2016.09.028


Crystals 2022, 12, 617 14 of 14

33. Tao, Y.C.; Hao, Z.Y.; Jia, P.; Lu, C.H. Raman Spectrum Analysis of Pyrophillite and Dolomite Treated by HPHT. Diam. Abras. Eng.
2003, 138, 61–64. (In Chinese with English Abstract)

34. Du, G.P.; Fan, J.L. Characteristics of Raman Spectral of Calcite Group Minerals. J. Mineral Petrol. 2010, 30, 32–35. (In Chinese with
English Abstract)

35. Zhao, J.; Zheng, H.F. Research on Raman Spectra of Calcite at Pressure of 0.1–800 MPa. Chin. J. High Press. Phys. 2003, 17, 226–229.
(In Chinese with English Abstract)

36. Wang, S.X.; Zheng, H.F. Research on Raman Spectra of Calcite Phase Transition at High Pressure. Spectrosc. Spect. Anal. 2011, 31,
2117–2119. (In Chinese with English Abstract)

37. Liu, C.J.; Zheng, H.F. In Situ Experimental Study of Phase Transition of Calcite by Raman Spectroscopy at High Temperature and
High Pressure. Spectrosc. Spect. Anal. 2012, 32, 378–382. (In Chinese with English Abstract)

38. Fu, P.G.; Zheng, H.F. Raman Spectra of Aragonite and Calcite at High Temperature and High Pressure. Spectrosc. Spect. Anal.
2013, 33, 1557–1561. (In Chinese with English Abstract)

39. An, Y.F.; Zheng, L.G.; Sun, Q.W.; Jiang, Y.L.; Wang, C.J.; Wang, R.R.; Niu, S. Micro-Raman Spectral Characteristics and Implication
of FeS2 from Metamorphic Belt between Coal and Intrusion in Wolonghu Coal Mine of Anhui Province, China. Spectrosc. Spect.
Anal. 2016, 36, 986–990. (In Chinese with English Abstract)

40. Long, Z.Y.; Yu, X.Y.; Zheng, Y.Y. Ore formation of the Dayakou emerald deposit (Southwest China) constrained by chemical and
boron isotopic composition of tourmaline. Ore Geol. Rev. 2021, 135, 104208. [CrossRef]

41. Long, Z.Y.; Yu, X.Y.; Jiang, X.; Guo, B.J.; Ma, C.Y.; You, Y.; Zheng, Y.Y. Fluid boiling and fluid-rock interaction as primary triggers
for emerald deposition: Insights from the Dayakou emerald deposit (China). Ore Geol. Rev. 2021, 139, 104454. [CrossRef]

42. Zhang, B.L. Systematic Gemmology, 2nd ed.; Geology Press: Beijing, China, 2006; pp. 281–286.
43. Li, Q. Mineralogical Characterisation of the Monso Ruby Deposit. Master’s Thesis, Kunming University of Science and Technology,

Kunming, China, 2016. (In Chinese with English Abstract)
44. Zhu, J.R.; Yu, X.Y. Inclusions of Spinel from Burma. J. Gems Gemmol. 2018, 20, 18–23. (In Chinese with English Abstract)
45. Phyo, M.M.; Wang, H.; Guillong, M.; Berger, A.; Franz, L.; Balmer, W.A.; Krzemnicki, M.S. U-Pb Dating of Zircon and Zirconolite

Inclusions in Marble-Hosted Gem-Quality Ruby and Spinel from Mogok, Myanmar. Minerals 2020, 10, 195. [CrossRef]

http://doi.org/10.1016/j.oregeorev.2021.104208
http://doi.org/10.1016/j.oregeorev.2021.104454
http://doi.org/10.3390/min10020195

	Introduction 
	Geological Settings 
	Materials and Methods 
	Materials 
	Methods 

	Results 
	Conventional Gemological Properties 
	Inclusions under the Gem Microscope 
	Myanmarese Spinel Inclusions 
	Tajikistani Spinel Inclusions 

	Raman Spectra Characteristics 
	Comparison of the Raman Spectra of the Myanmarese and Tajikistani Spinels 
	Raman Spectra Comparison of Common Inclusions in the Myanmarese and Tajikistani Spinels 
	Comparison of the Raman Spectra of the Different Inclusions in the Myanmarese and Tajikistani Spinels 


	Discussion 
	Gemological Characteristics 
	Comparison of the Characteristics of Inclusions in Spinels from Myanmar and Tajikistan and Their Raman Spectra 

	Conclusions 
	References

