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Abstract: Spinel is a precious gem with a long history, but people are far less familiar with it. Previous
studies on Mogok spinel from Myanmar focused on inclusion analysis, chromogenic mechanism with
a single-color gemstone and heat treatment, whereas systematic studies on varicolored gem-grade
spinel are lacking. In this study, the gemological and geochemical analysis of four colors of spinel
samples from Mogok were carried out for basic gemology, inclusion morphology and identification,
spectroscopy and geochemistry. The aim was to explore the occupation of elements of spinels in the
crystal structure, as well as the chromogenic mechanism of varicolored spinels and the geological
and geodynamic conditions of the formation. Mogok spinel samples are characterized by octahedral
negative crystals filled with calcite and chondrodite inclusions, indicating that they are derived
from a marble metamorphic-type deposit. The spinel samples of four colors are magnesia—alumina
spinel (MgAl,Oy). The contents of V and Cr in Mogok spinel are generally high, with a significant
high content of Zn being the most characteristic, and trace elements vary greatly. The infrared
spectra of spinel samples in different colors are basically similar. According to the UV-Vis spectrum,
pink and red samples are mainly colored by Cr and/or V, whereas orange samples are mainly
colored by V. Two wide absorption bands in the range 300~600 nm are mainly attributed to the
spin-allowed transition and spin-forbidden transition of Cr*>* and/or V3*. The purple samples are
mainly colored by Fe and the UV-Vis spectrum is mainly attributed to the spin-forbidden transition
of TFe?*. This study is a favorable supplement to the research on Mogok spinels of various colors
from multiple perspectives.
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1. Introduction

In recent decades, with the gradual acceptance and recognition of spinel, domestic
and foreign scholars have carried out a lot of research on spinel. The research involves
occurrence and origin of spinel, crystal structure and chemical composition, gemological,
inclusion and spectral characteristics, chromogenic mechanism, artificial synthesis and heat
treatment identification, quality evaluation and trade, and many other aspects [1-14].

At present, more than 1000 occurrences of spinel have been found in the world because
spinel is often associated with corundum minerals and is distributed in all the places where
rubies and sapphires are produced. However, the origin of gem-grade spinel is relatively
rare. Gem-grade spinel is mainly produced in Myanmar, Vietnam, Thailand, Tanzania,
Tajikistan, Sri Lanka, Pakistan, Afghanistan, Kenya, Madagascar, Australia, the United
States, Brazil and other places (Figure 1) [2,8,15-19]. The most famous ones are red spinel
and blue spinel in Myanmar, Thailand and Sri Lanka [20-22]. Afghanistan produces
oversized red spinel [23]. Black spinel is mainly from Thailand [24]. Light-colored spinel is
located near the Hunza mountains in northern Pakistan and Ilakaka (Madagascar) [25,26].
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The spinel in Tunduru (Tanzania) and the Mahenge region are loved by collectors because
of their bright colors [27]. Red, pink and orange spinel is produced in the Mogok area of
Myanmar [28]. The most beautiful blue and purple spinel is produced in Sri Lanka and
Vietnam [29]. In recent years, spinel has also been found in Yunnan, Xinjiang and other
places in China [2,3,13].
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Figure 1. Map of the global gem-grade spinel-producing areas (grey parts). The gray shaded area is
the country of gem spinel origin. The red dot locates Mogok, Myanmar.

Spinel is often associated with corundum minerals, due to its similar composition and
origin to ruby and sapphire. Gem-grade spinel deposits can be divided into primary and
secondary deposits according to their occurrence. Primary deposits can be divided into
metamorphic-type and magmatic-type deposits. Metamorphic-type deposits are mainly
formed in contact metamorphic zones, which formed by magma intrusion into limestone
or dolomite. Spinel is often associated with forsterite and diopside. Magmatic-type spinel
deposits mainly occur in aluminum-rich basic magmatic rocks, often associated with
pyroxene, olivine, magnetite, chromite and platinum group minerals. In addition to the
primary deposits, most gem-grade spinels are found in secondary deposits and are often
co-produced with rubies, sapphires and other minerals [3,30].

This study intends to analyze the gemological characteristics, internal inclusions and
chemical compositions of red, pink, orange and purple spinel samples in Mogok, Myan-
mar. So as to explore the relationship between the composition and genesis of inclusions,
the chromogenic mechanism of different colors of spinel provides more information for the
study of gem-grade spinel.

2. Geological Setting

The gem-grade spinel mine in Myanmar is mainly located in the Mogok metamorphic
belt (MMB) in Mandalay Province. The geological setting is dominated by high-temperature
plastic deformation, which is related to the collision between the Eurasian and Indian
plates during the Oligocene to Miocene periods. The high-grade metamorphic granites
(~29-37 Ma) [31] and overlying diopside-bearing marbles constitute the main part of the
MMB, which is intruded by later granites at ~22-16 Ma. The metamorphic belt extends
southward from the eastern Himalayas through the eastern Kachin State and Mogok region
to Mandalay (Figure 2).
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The gem-grade spinel mine of Mogok is located in the MMB and consists of a meta-
morphic platform carbonate sedimentary series. These carbonate rocks are composed of
marble mixed with calcareous schist and gneiss. The marble unit is formed by discontin-
uous strata ranging in thickness from 0.1 m to 300 m. These metamorphic sedimentary
strata are intruded by granite and pegmatite dikes [32,33] and are stratified with ruby-
and spinel-bearing mines. The secondary spinel mines in Mogok are mainly hosted in
the gem-rich area locally called the “Mogok Stone Tract”. The spinels from Mogok are
derived from the metamorphic marble that occurred as a layered intrusion in the associated
gem-bearing igneous rocks from felsic to ultramafic types [28]. It yielded a wide range of
mineral assemblages and gem materials (e.g., ruby, spinel, sapphire, peridot and scapolite).
Spinel can be found in all primary and secondary mines of corundum [16].
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Figure 2. Simplified geological map of the Mogok metamorphic belt in Mandalay Province
after Zaw [34].

3. Materials and Methods
3.1. Sample Description

A total of 18 spinel samples from the Mogok area were collected and used for this
study. These spinel samples are all of rough stones weighing from 0.406-1.063 ct (Figure 3A)
and numbered from B-1 to B-18. The rough stones were divided into four groups: 3 purple
samples (B-1, B-4, B-9), 3 orange ones (B-2, B-5, B-6), 4 pink ones (B-3, B-7, B-8, B-10),
and rest of them are red (B-11 to B-18). B-6 is a spinel twin crystal formed by double
crystal faces similar to triangular twin crystals of diamond but without herring bone spur
lines (Figure 3B). B-14 can be identified as octahedral crystals (Figure 3C). B-13 is in the
shape of water eroded pebbles with a rough surface (Figure 3D); the other samples are
irregular crystal fragments. Purple, orange and pink samples are transparent, with bright
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glass luster and a smooth polished surface. The red sample is translucent with weak
glass luster. All of the rough stones were cut and polished with a Face Tron faceting
machine to obtain two parallel windows for gemological and spectroscopic investigation.
Standard gemological instruments were used to measure refractive indices (Rls), specific
gravity (SG) and fluorescence reaction to longwave (~365 nm) and short-wave (~254 nm)
ultraviolet lamps.
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Figure 3. (A) The 18 Mogok spinel rough samples collected and examined for this study; (B) twin
crystal of B-6 orange spinel sample under 40x dark field; (C) octahedral crystal of B-14 red spinel
sample under 50 reflected; (D) water-eroded-pebble shaped crystal of B-13 red spinel sample under
40x incident. The B-1, B-4 and B-9 are purple samples; B-2, B-5, B-6 are orange samples, B-3, B-7,
B-8 and B-10 are pink samples, and rest of them are red (B-11 to B-18).

3.2. Microscopic Analysis and Spectroscopy

The standard gemological tests gemstone microscopic observation, laser Raman spec-
trum, UV-visible spectrum and infrared spectrum were conducted in the Gemological
Experimental Teaching Center of the School of Gemology, China University of Geosciences
(Beijing). The internal characteristics and photomicrographs were observed with the Nan-
jing Baoguang GI-MP22 binocular gemological microscope at 10 x 65x magnification.
The techniques of incident, dark field, reflected, and oblique illumination were used to
investigate internal characteristics.

The HR-Evolution micro laser Raman spectrometer produced by HORIBA with a
532 nm laser was used for identifying mineral inclusions in the samples. Raman spectra
were collected in the range 1200~100 cm ™. The laser output power was 45 watts, and the
spot size was 2 um. The exposure time per scan was 20 s. The mineral inclusions were
identified and compared with the RRUFF databases. The ultraviolet-visible (UV-Vis)
spectra were collected from 300 to 700 nm with a UV-3600 UV-Vis spectrophotometer
(Shimadzu Corporation, Kyoto, Japan) to measure the absorption value. A data interval
of 2 nm and a scan speed of 405 nm/min was used for operating. The infrared spectrum
was carried out using a BRUKER TENSOR 27 Fourier Transform Infrared Spectrometer
from Germany. The reflection mode was at 4 cm~ 1 resolution, and the scanning times were
32 with a measurement range from 400 cm~! to 2000 cm 1.

3.3. Chemical Analysis

The elemental composition mapping analysis, electron microprobe analysis and laser
ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses were com-
pleted in the Experimental Center of the Research Institute of China University of Geo-
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sciences (Beijing). The elemental composition mappings were conducted using a Bruker
M4 TORNADO X-ray fluorescence imaging spectrometer (Micro-XRF) with a voltage of
50 kV and a current of 600 mA. The analysis is carried out under vacuum conditions of
20 um beam spot size, 20 ms single point test time and 10 um step diameter.

Major-element compositions were analyzed by an electron probe micro-analyzer
(EPMA), JEOL model JXA-8100. The analyses were carried out with an accelerating voltage
of 15 kV and a beam current of 20 nA. Measurement times were set at 10 s for the peak
of all analyzed elements and 5 s for the background. The standards used for calibration
were NaAlSi,O3; (Na), KAISi3;Og (K), CrpO3 (Cr), MgCaSipOq (Si, Mg, Ca), Fe,O3 (Fe),
Mg3z Al (SiO4)3 (Al), MnyO3 (Mn), NiO (Ni), ZnO (Zn), TiO; (Ti) and CasP3F (P) [35,36].

LA-ICP-MS was applied to analyze the trace element concentrations using a NewWave
193UC ArF laser and Agilent 7900 quaternary plasma mass spectrometer. The laser em-
ployed a 10 Hz pulse rate and 35 um diameter spot size. The energy density was about
9 ]/cm?. Ablation was carried out in a He atmosphere, and the sample gas was mixed with
Ar before entering the plasma. NIST-SRM 610 glasses reference materials were used as
the external calibration standards. Data reduction was carried out using lolite software to
analyze the following elements: Li, Be, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn [37].

4. Results
4.1. Gemological Properties

The gemological properties of the 18 studied spinel samples are summarized in Table 1.
The purple, orange and pink spinel samples are transparent, whereas the red samples are
translucent. The refractive index (RI) and specific gravity (SG) values of samples fell
in the ranges 1.716-1.718 and 3.54-3.58, respectively. The light-colored spinel samples
have lower RI and SG values than the dark-colored samples. The pink samples showed
moderate red fluorescence to the long-wave ultraviolet (UV) radiation and weak purple
fluorescence under the short-wave UV radiation. The red samples showed strong and weak
red fluorescence to long-wave and short-wave UV radiation, respectively. The purple and
orange samples are inert to both long-wave and short-wave UV radiation.

Table 1. Summary of gemological properties of spinel from Mogok.

Properties Observation Data
Color Purple Orange Pink Red
Diaphaneity Transparent Transparent Transparent Translucency
RI 1.718 1.716 1.716 1.718
Chelsea color filter )
(CCF) Unchanged Unchanged Unchanged Medium red
SG 3.58 3.55 3.54 3.58
Spectrum Fe spectrum Cr spectrum Cr spectrum
Fluorescence Inert to long-wave and  Inert to long-wave and Mod 4 ot gt
reaction short-wave UV short-wave UV oderate red to rong red to
radiation radiation long-wave UV long-wave UV
radiation; weak purple  radiation; weak red to
to short-wave UV short-wave UV
radiation radiation

4.2. Microscopic Characteristics

Gemstone microscopic observation shows that there are multiple kinds of inclusions
and fractures in Mogok spinel samples. The purple spinel samples contain gas-liquid
inclusions that contain a black lamellar crystal (Figure 4A) and cloud-like healed fissures
impregnated with Fe in its interior (Figure 4B). The typical octahedral inclusions developed
in the orange spinel samples (Figure 4C) and the black inclusions with the fluid were also
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observed (Figure 4D). In addition, hexagonal plate-like inclusions (Figure 4E) and joined
octahedral crystals (Figure 4F) can also be found. Some spinel crystals were surrounded by
partially healed fissures.

Figure 4. Internal features of Mogok purple and orange spinel samples. (A) Gas-liquid inclusions
and black lamellar inclusions in purple samples (B-1); (B) cloud-like healed fissures in B-1; (C) the
octahedral crystal in the orange sample (B-2); (D) the black inclusion with fluid in the orange sample
(B-5); (E) hexagonal plate-like inclusions in B-5; (F) joined octahedral crystals in B-2.

Pink spinel samples also contain octahedral inclusions (Figure 5A), as well as many
fine microgranular inclusions (Figure 5B). Due to the low transparency of the red spinel
samples, the internal inclusions cannot be clearly observed, only the remnants of black
octahedral inclusions and disk-like fissures can be seen (Figure 5C,D).

One of the most common inclusions of the Mogok spinel are octahedral inclusions.
These can be interpreted as two types: one type is a negative crystal filled with various
minerals, which is irregular in size and consistent with the direction of the spinel [6]; the
other type is a parallel array of inclusions in the shape of beads or fingerprints [30]. In this
study, octahedral inclusions were cut open on the surface of the host spinel and identified
by Raman spectroscopy. The results show three Raman peaks of 762 cm !, 663 cm~! and
408 cm~! for spinel and three peaks of 153 cm~!, 280 cm~! and 1084 cm~! for calcite
(Figure 6A,B). The 1084 cm ! peak corresponds to the symmetric stretching vibration of C-
O in the [CO3]*~, and the 153 cm ™! and 280 cm ™! peaks correspond to the lattice vibration
between Ca?* and [CO3]%>~ [6,38-40]. Thus, the octahedral crystal inclusions in this study
are calcite-bearing negative crystals. In addition, in the analysis of plate-like inclusions
it was found that except for the four Raman peaks of 764 cm~! 663 cm™1, 408 cm~! and
312 em ! for spinel, the four Raman peaks of 845 em~! 867 ecm1,936 cm ! and 970 cm !
belong to chondrodite (Figure 6C,D).
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Figure 5. Internal features of Mogok pink and red spinel samples. (A) The octahedral crystal in the
pink sample (B-3); (B) fine microgranular inclusions in the pink sample (B-8); (C) remnants of black
octahedral inclusions in the red sample (B-11); (D) disk-like fissures in the red sample (B-13).
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Figure 6. Raman spectra of mineral inclusions in spinel samples from Mogok. Raman spectra
showing calcite (A,B) inclusions within the orange sample (B-5) and chondrodite (C,D) inclusions
within the pink sample (B-3).

4.3. Spectroscopy
4.3.1. FTIR Spectra

The representative FTIR spectrums of the Mogok spinel samples are shown in Figure 7.
The infrared spectrum of spinel in the range 400~1000 cm ! is relatively simple. The in-
frared spectrum of typical spinel usually shows only two or three absorption bands in
the range of the available spectrum. Characteristic mid-IR spectra revealed several ab-
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sorption bands located at 731 cm 1, 586 cm ! and 542 cm~!. Two wide absorption bands
centered on 728 cm ! and 542 cm !, which are consistent with previous analysis results,
were obviously observed by infrared spectrum tests on four colors of spinel samples from
Mogok spinel [41]. The 728 cm ! band was assigned to internal Mg-O vibrations, and the
586 cm~! and 542 cm~! bands were assigned to internal Al-O vibrations. In addition,
a high-frequency absorption band of 840 cm~! caused by the vibration of oxygen ions
was also observed. The low-frequency absorption is caused by metal cation vibration at
579 cm 1 [4]; however, in the infrared spectrum of spinel obtained in this study, only an
obvious absorption was found at 586 cm ™!, the location of which is slightly different from
the results of previous studies. The infrared spectra of Mogok spinel samples with different
colors tends to be consistent, and only some peaks are slightly offset, so the color has little
effect on the infrared spectra of Mogok spinel.

A - 542 . B P 542 o8
586 586
840 840
x 4
- -
c i~ c B-18
° B-10 o
- - B-17
2 2
‘u-a -o.; B-16
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Figure 7. FTIR spectrum obtained from Mogok spinel. The marked absorption bands are related
to internal Mg-O vibrations (728 cm™1), Al-O vibrations (586 cm~! and 542 cm™~1) and vibration of
oxygen ions (840 cm~1). The line colors represent the color of the spinel samples, pink, orange and
purple spinel samples are in (A), red spinel samples are in (B).

4.3.2. UV-Vis-NIR Spectra

The UV-Vis-NIR absorption spectra of the Mogok spinel samples all showed similar
patterns, as illustrated in Figure 8. We selected two representative samples of each color for
the UV-Vis-NIR spectrum test (purple spinel samples B-1 and B-4; orange spinels B-2 and
B-6; pink spinels B-3 and B-10; and red spinel samples B-12 and B-13). The Figure 8 spectrum
displays that the UV-visible spectra of red, pink and orange spinel samples from the four
colors show the absorption broadband in the blue-purple zone centered at 400 nm and the
yellow-green zone centered at 550 nm. These two absorption bands are formed by Cr3* and
V3*. The blue-purple zone absorption intensity of orange spinel samples is slightly higher
than that of yellow-green zone, and the two broadband absorption intensities are relatively
uniform. The intensity difference between the two broadbands of pink spinel samples is
small, and the absorption intensity of low wavelength at 400 nm is high. The blue-purple
zone is uneven absorption, and the transmittance of the blue zone is higher than that
of purple zone. The absorption intensity of purple spinel samples increases at 350 nm,
forming a strong absorption edge and indicating that the absorption mechanism changes
widely. Taran M.N. et al. [42] believed that it was formed by the charge transfer between
oxygen ions and iron ions (0>~ — Fe** and 0>~ — Fe?*). In addition, the absorption
intensity of the narrow band at 470 nm is not high and lower than the absorption peak
at 380 nm. The absorption intensity of a sample of red spinel in the blue-purple zone is
twice that of the yellow-green zone. The blue-purple absorption band is uneven inside.
The transmittance of the blue area is higher than that of the purple area so it has a red hue.
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Figure 8. The representative UV-Vis-NIR spectrum of Mogok spinel is characterized mainly by Cr3*
or V3* absorption features.

4.3.3. Raman Spectra of Spinel in Mogok Samples

The Raman spectra of Mogok spinel samples show sharp spectrum peaks, high signal-
to-noise ratio and the fluorescence back has no effect on the Raman signal (Figure 9).
Two representative samples of each color were selected for the Raman spectrum test (purple
samples B-4 and B-9; orange samples B-5 and B-6; pink samples B-8 and B-10; and red
samples B-14 and B-15). The Raman spectra of spinel samples with different colors are
basically similar, only the intensity and wave number of each Raman peak feature is slightly
different. There are four peaks within the range of 200-900 ecm~!, 312 em™1, 408 em L,
663 cm~! and 764 cm~!. The 408 cm ! peak is the characteristic Raman peak of spinel,
which is caused by the bending vibration of O-Mg-O in the tetrahedron. The 767 cm~!
peak is the bending vibration of O-Al-O, and the 312 cm~! peak is the translation of Mg
ions in the center of the tetrahedron [43,44]. The pink, orange and purple spinel samples
have high peak intensity at 408 cm !, whereas the red spinel samples are relatively weak.
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Figure 9. The representative Raman spectrum of Mogok spinel is characterized mainly by the bending
vibration of O-Mg-O (408 cm~ 1) and O-AI-O (767 cm 1) features.
4.4. Chemical Compositions

The compositions of major elements by EPMA and trace elements by LA-ICP-MS in
the four colors of spinel samples from Mogok in Myanmar are presented in Tables 2 and 3,
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respectively. The composition of major elements was MgO (27.75-29.49 wt.%) and Al,O3
(68.85-70.81 wt.%), which is relatively consistent in the four colors of spinel samples.
The MnO and TiO, contents were nearly identical across the four colors. The red spinel
samples contain highest concentrations of Cr,O3 (1.07-1.21 wt.%) and higher FeO content
than the orange and pink spinel samples but lower than purple samples. The purple and
pink spinel samples possessed higher ZnO content than the other samples. In addition,
the contents of trace elements such as V, Co and Ni also varied in spinel samples with
different colors. The V content of orange and red spinel samples (average 2099.66 and
1142.16 ppm) was orders of magnitude different from that of pink and purple samples.
The Co element was mainly distributed in purple and red spinel samples. Pink and red
samples are relatively high in Ni content, but the Ni element is depleted in spinel.

Table 2. Major element composition (wt.%) of spinel samples from Mogok by EPMA.

Samples TiO, Cr,03 MgO MnO Al, O3 FeO ZnO Total
B-2-1 0.09 0.05 28.70 0.05 70.72 0.05 0.17 99.97

B-2-2 0.00 0.04 28.45 0.04 70.81 0.07 0.09 99.66

Orange B-2-3 0.09 0.00 28.51 0.04 69.97 0.02 0.12 99.00
B-2-4 0.00 0.00 28.85 0.03 70.44 0.01 0.09 99.55

B-2-5 0.03 0.05 28.86 0.06 70.42 0.02 0.19 99.71

B-1-1 0.01 0.00 29.14 0.02 69.35 0.43 0.23 99.31

B-1-2 0.10 0.00 28.48 0.00 69.73 0.51 0.20 99.15

Purple B-1-3 0.08 0.01 28.98 0.01 70.24 0.48 0.25 100.16
B-1-4 0.06 0.03 29.27 0.00 69.93 0.50 0.13 100.00

B-1-5 0.04 0.06 28.75 0.01 69.71 0.50 0.10 99.33

B-15-1 0.12 1.21 28.16 0.00 69.53 0.32 0.06 99.44

B-15-2 0.17 1.13 27.75 0.03 69.21 0.32 0.15 98.79

Red B-15-3 0.05 1.14 28.09 0.00 69.82 0.25 0.08 99.49
B-15-4 0.10 1.07 28.41 0.01 69.65 0.24 0.03 99.56

B-15-5 0.15 1.13 28.29 0.03 68.85 0.27 0.13 98.95

B-8-1 0.00 0.13 29.08 0.03 69.93 0.03 0.01 99.56

B-8-2 0.07 0.09 28.59 0.00 69.68 0.04 0.20 98.81

Pink B-8-3 0.08 0.08 28.81 0.01 69.55 0.00 0.13 98.78
B-8-4 0.00 0.04 28.97 0.02 69.29 0.07 0.23 98.80

B-8-5 0.02 0.12 29.49 0.00 69.81 0.03 0.17 99.71

Table 3. Trace element concentrations (ppm) of spinel samples from Mogok by LA-ICP-MS (average

and range).
Red Orange Pink Purple
6 Samples 6 Samples 6 Samples 6 Samples
Li 6.03 7.00 15.36 9.69
(5.10-7.11) (4.66-8.58) (8.67-20.19) (7.11-12.90)
Be 1.81 2.74 17.11 2.98
(1.03-2.85) (1.68-3.70) (14.10-20.60) (1.05-4.90)
Ti 448.23 47.36 2.66 207.76
(408.21-497.00) (45.42-50.97) (0.26-3.85) (193.07-250.00)
v 1142.16 2099.66 473.42 196.16
(1041.77-1295.00)  (1928.52-2518.00) (449.02-506.70) (186.21-214.40)
Cr 6508.15 17.56 537.06 110.85
(5864.25-7830.00) (5.20-30.80) (513.40-574.00) (49.32-237.80)
Mn 8.06 448 6.62 19.82
(5.83-9.60) (2.44-6.72) (5.34-7.64) (17.62-22.21)
Fe 244423 364.99 169.40 2602.75
(1929.07-3080.58) (276.40-481.52) (135.68-192.75) (1364.84-3925.00)
Co 1.37 0.15 0.30 2.42
(1.01-1.58) (0.07-0.32) (0.23-0.39) (2.03-2.96)
Ni 19.04 3.75 35.34 6.05
(15.48-23.80) (2.74-4.62) (30.50-43.20) (3.35-8.51)
7n 42495 456.25 759.90 1031.11

(338.58-549.00)

(385.17-574.00)

(657.44-926.00)

(853.19-1312.00)
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5. Discussion
5.1. Mineral Structure and Crystal Chemical Formula of Mogok Spinel

The MgO content of Mogok spinel samples ranges from 27.75 wt% to 29.49 wt%,
and the Al,O3 content ranges from 68.85 wt% to 70.81 wt%. They all belong to magnesia—
alumina spinel (MgAl,Oy), which is consistent with the infrared spectrum analysis results
of Myanmar spinel samples.

“Normal” spinel is usually represented by the formula AB,O4 and the main mineral
composition includes spinel, Fe-spinel, Zn-spinel, Mn-spinel, magnetite, titanite, Zn-Fe-
spinel, Ni-magnetite and chromite. The main cations in Group A are Fe?*, Mg?*, Mn?*,
Zn2*, Ni?*, etc. The main cations in Group B are Cr3t, Fe?t, AI**, Ti**, etc. In addition,
Fe?t, Mg2+, Mn?2*, Co?*, Ni?* and Mn3* can also be added to Group B. In the spinel-
type structure, O~ is tightly packed in cubic shapes, with 64 tetrahedral voids (possible
location of A) and 32 octahedral voids (possible location of B) in unit cells. However, only
8 tetrahedral voids and 16 octahedral voids are occupied, and the whole structure can
be regarded as the connection of tetrahedron [AOy4] and octahedron [BOgy]. The spinel
structure is that 8 Group A divalent cations occupy tetrahedral positions and 16 Group B
trivalent cations occupy octahedral positions in unit cell. The octahedral site preference
energy (OSPE) of Cr®* is much higher than that of Fe?*, so the trivalent cation (Cr**) has
the priority to occupy the octahedral position, whereas the divalent cation (Fe?*) has to
enter the tetrahedral position to form a spinel structure. Based on the crystal structure
characteristics of spinel group minerals, the molecular formula of spinel was calculated
based on the electron probe microchemical composition analysis data of 20 spinel samples
in Mogok, Myanmar (Table 4).

Table 4. Molecular formula of Mogok spinel samples from Myanmar.

Samples Color Crystal Chemical Formula

B-2-1 Orange Mg (Aly.976Mgo.015Tio.003Zn0.003Mng 001 Fe.001 Cro.001)204

B-2-2 Orange Mg (Al 986Zn0,002Mng 001 Cro.001 Feo.001Mgo.001)204

B-2-3 Orange Mg (Aly.976Mg0.018Ti0.003Z1n0.002Mng 001)204

B-2-4 Orange Mg (Aly 975 Mgo.023Zn0.002Mng 001)204

B-2-5 Orange Mg (Aly.971Mgo.022Z1n9.003Mng 001 Tig.001 Cro.001)204
Average Mg (Aly.977Mg0.017Zn9.002Fe0.001 Tio.001 Cro.001 Mg 001)204

B-1-1 Purple Mg (Aly.950Mgo.037Fe0.000Zn0.004)204

B-1-2 Purple Mg (Al1.966Mg0.016F€0.010Z10.004 Tio.004)204

B-1-3 Purple Mg (Al1.960Mgo.023Fe0.010Zn0.004Ti0.003)204

B-1-4 Purple Mg (Al 95oMgo.033Fe0.010Zn0.002Ti0.002)204

B-1-5 Purple Mg (Aly.962Mgo.024Fe0.010Zn0,002 Tio.002Cr0.001)204
Average Mg (Aly .958Mgo.027Fe0.010Z1n0.003 Tip.002)2 04

B-15-1 Red Mg (Ail.%l Cfo.ozsFeo.)006(1\/[1g0.00%Tio.004 Zng001)204

Mgo.997Fe.003)1 (Al1.966Cr0.021 Tio.006

B-15-2 Red Feq.003Zn9.003Mng 001)204

B-15-3 Red Mg (Al1.968Cr0.021Feo.00sMgo.002 Tio.002 Zno.001)204

B-15-4 Red Mg (Aly.960Cro.020Mg0.011 Fe.005Zn0 001 Tig.003)204

B-15-5 Red Mg (Aly.951Crp 021 Mgo 014Fe0.005 Tio.005 Z1no.002Mng 001)204
Average Mg (Aly.961Cro.021Mgo.006 Fe0.006 Ti0.004Z10.002)204

B-8-1 Pink Mg (Al1.963Mgo.033Cr0.002 Feo.001Mng001)204

B-8-2 Pink Mg (Al1.960Mgo.022Z10.004Cr0.002 Tio.002 Feo.001)204

B-8-3 Pink Mg (Aly.964 Mg0.029 Tio.003 Zn.002Cr0.001)204

B-8-4 Pink Mg (Al;.958Mg 0.035Z1n9.004Fen.001 Cro.001)204

B-8-5 Pink Mg (Aly.951Mgo.043Zn0.003Cr0.002 Feo.001 Tio.001)204
Average Mg (Al 961Mgp.032Zn0,003Cro.002Feo.001 Tig.001)204

The molecular formula of Mogok spinel samples showed that Mg?* was the main
cation in Group A, and a few samples contained Fe?*. The main cations in Group B
are A%, Mg2+, Zn%*, Fe?*, Cr3*, Ti** and Mn2*. In Group B, the Al3* cation occupancy
number ranges from 1.950 to 1.986, the Mg?* cation occupancy number is 0.001~0.043,
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the Fe?* cation occupancy number is 0.001~0.010, and the Zn?* cation occupancy number
is 0.001~0.004. Cr3* and Ti** cation occupancy numbers are 0.001~0.023 and 0.006~0.001,
respectively. The elements with occupying atomic numbers greater than 0.05 were classified,
named and combined with the principle of occupying cations of Group A and B; the four
colors of Mogok spinel were all divided into the magnesium-aluminum subspecies.

A number of papers were also devoted to the experimental study of nonstoichio-
metric Mg—Al spinel. For example, using the methods of electron paramagnetic resonance,
optical absorption and cathodoluminescence to explore novel hole-type defects in fast
neutron irradiated MgAl,Oy [45], as well as the structural defects and thermal annealing in
fast-neutron-irradiated nonstoichiometric MgO-2.5A1,05 [46].

5.2. Chromogenic Mechanism of Mogok Spinel

The chemical composition of spinel is MgAl,Oy, and the pure spinel sample is colorless.
The Mg?*and AI®* are often replaced by Cr’*, V3*, Fe?*, Fe* and other transition metal
ions, making them appear different colors. This study, from the perspective of mineral
physics and chemistry, uses the methods of micro-XRF mapping, UV-Vis—NIR spectrum
analysis and chemical composition to discuss energy level splitting, electronic transition and
trace element contents of chromogenic ions in different color spinel samples in Myanmar.
It gives a certain explanation for the chromogenic mechanism of spinel in different colors.

5.2.1. Micro-XRF Mapping

Micro-XRF mapping shows that different color elements make spinel display different
colors (Figure 10). Orange spinel sample (B-2) is color induced by V, and the content of
the V element is the highest of the four-color samples. The red spinel sample (B-15) is
chromatized by Cr and contains a small amount of Fe, V and Ti. Purple spinel (B-1) is
colored by Fe and also shows a small amount of Ti. The pink spinel sample (B-8) only
shows a small amount of V and Cr, whereas other elements are not detected. Therefore,
the higher Cr concentration of spinel, the stronger red tone. Purple spinel is colored by the
trace element Fe, and the presence of V often makes the gemstone appear orange.

g

s

Or—an-ge

Figure 10. The photo of target (A) and BSE image (B) of representative Mogok spinel samples.
The micro-XRF mapping images for V (C), Fe (D), Cr (E) and Ti (F).
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5.2.2. Chromogenesis by UV-Vis-NIR Spectrum

The transition group metal elements can produce electronic transition from the ground
state to the excited state by light irradiation. Figure 11 shows the wavelengths of visible
light waves with different colors and the spectral bands of spinel with different colors
in combination with previous studies. They were analyzed using PeakFit v4.12 software
(Systat software, Palo Alto, United States). The baseline Tol = 3.0%, and the curve was
smooth Sm < 9.12%. Gauss fitting was used to control the fitting coefficient r*> > 99%.
The position of the absorption band is related to the major elements of the samples, whereas
the strength of the absorption band is related to the trace element compositions.
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Figure 11. UV-Vis-NIR spectrum and peak-fitting Gaussian curve of Mogok spinel samples of red
(A), orange (B), pink (C) and purple (D).

Red and pink spinel samples are mainly colored by Cr and V elements. The higher
the concentration of Cr®* and V3*, the stronger red tone. The curves obtained by peak
fitting are shown in Figure 11A,C. The electronic transitions of Cr*>* and V3* are the main
characteristics of red (B-11) and pink (B-3) samples. The absorption spectra of the samples
were fitted with 8 and 11 Gauss curves, respectively. There were two wide absorption
broadbands in the range 300-600 nm (Figures 8 and 10A,C). The wide absorption band
centered at 400 nm was divided into several parts, which were 392 nm and 428 nm in the
red sample. In the pink sample, there are 357 nm, 387 nm, 420 nm and 428nm absorption
bands. In the spinel crystal structure, the composition shift is caused by the ionic radius.

Cr3* (radius of 0.615 f&) instead of AI3* (0.535 f‘,) leads to octahedral triangle distortion [43].
The absorption peak in the range 372~389 nm is caused by the spin-allowed transitions
of VICr3* ions, 4A2g(F) — 4T1g(F) and/or VIV3* spin-allowed transition of 3T1g(3F) —
3T2g(3F) [43—45]. The absorption peak in the range 416~426 nm is caused by the spin-
allowed transition of VICr3* ions, 4A2g(F) — 4T1g(F) [47-49]. The wide absorption band
centered at 550 nm fitted two Gaussian curves of 522 nm and 563 nm in the red sample
and 505 nm, 534 nm, 564 nm, 600 nm and 637 nm in the pink sample. The absorption
band ranges from 524 nm to 538 nm, which is caused by the YICr3* spin-allowed transition
4A2g(F) — 4ng(F) [47-49]. The absorption band changes between 545 nm and 583 nm,
which is caused by the VICr3+ spin-allowed transition 4Azg(F) — 4ng(F) and/or the VICr3*
spin-allowed transition 3Tlg(gF) — 3T1g(3P) [47-49]. The origin of the absorption curve
fitted in the range 600-800 nm is controversial. The 699 nm absorption peak may be caused
by the spin-forbidden transition of VICr3* 4A2g(F) — 4T1g(F) and 4A2g(F) — 2Eg(F) [47-49].
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Since the UV-visible absorption spectrum of orange spinel is basically consistent with that
of the pink and red samples, the fitting results of orange spinel (shown in Figure 10B) are
still mainly the Cr3* and/or V3* spectra. The chromogenic effect of Cr** may be related
to its charge transfer or Mn and Fe (Fe3*) and low Fe and Cr contents. V3* (390 nm and
560 nm) occupies the octahedral position, giving it an orange color [50].

The absorption band position of purple spinel, which is mainly chromologically
induced by Fe, is shown in Figure 11D. The UV-Vis-NIR spectrum of purple spinel can be
fitted with seven Gauss curves within the range 350-430 nm. In the range 350~430 nm, all
purple samples can be fitted with two Gauss curves. The 379 nm absorption band is caused
by the TFe?* spin-forbidden transition °E — 3E [23,51]. The 402 nm absorption band is
caused by the TFe?" spin-forbidden transition °E — 3T1 or/and the MFe®* spin-forbidden
transition Ay, — “E¢(*D) [51].

In the range 500-600 nm, three Gaussian curves were fitted. Taran M.N. et al. [42]
believed that light-purple spinel belongs to low Fe spinel. Their spectrum is independent
of the total Fe content and is related to the ratio and distribution of Fe3*/Fe?*. Tt is
mainly caused by the spin-forbidden transition and the spin-allowed transition of TFe?*
The 525 nm and 554 nm absorption bands are caused by the spin-forbidden transition
SE(D) — 3T,(H) of TFe?* [42]. The 589 nm absorption band is caused by the spin-forbidden
transition °E(D) — 3Ty (H) of TFe?* [42,52].

5.2.3. Trace Elements Analysis in Different Color Spinel

The transition elements contained in the four colors of Mogok spinel are mainly Cr,
V and Fe. They also contain trace elements of Ti, Ni, Mn and Co, etc. The contents of Co
and Ni are too low to reach the lower limit of coloration, which proves that Co and Ni are
not the main cause of the blue tone in Mogok spinel samples. Moreover, the chromogenic
ability of Mn and Ti is not significant in spinel samples so has no decisive effect on the
chromogenesis.

Almost all of the four-color samples contain Cr, V and Fe elements. The element
contents in different color systems and different tones are different, with certain regularity.
As shown in Figure 12A, the Cr content of the red samples is higher than that of the other
samples, of which the Cr content of sample B5-2 is the highest at 7830 ppm. The Cr,O3
content of the other samples is above 5800 ppm. The V content of orange samples is the
highest and is between 1929 and 2518 ppm; the V content of sample B2-2 is the highest at
2518 ppm. The V content of red samples is higher than that of pink ones. The Fe content
of pink and orange spinel samples is generally low, whereas the Fe content of red spinel
samples is relatively high, ranging from 1929 ppm to 3081 ppm. The Fe content of purple
spinel samples is the highest overall, ranging from 1365 ppm to 3925 ppm. The content of
Fe in sample B1-2 is the highest at 3925 ppm.
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Figure 12. Histogram (A) and 3D scatter plots of Cr—V-Fe compositions (B) of Mogok spinel.
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The total content of Cr+V in warm-color-system (red, pink and orange) spinel samples
is high. The content of Cr+V in cold-color-system (purple) spinel samples is generally low
(Figure 13B). In warm-color-system spinel, the lower the contents of Cr and V, the lighter
the red tone of the spinel. The orange tone of spinel is related to the V and Cr content.
As shown in Figure 13A, by comparing the contents of Cr and V, the V/Cr ratios of orange
spinel samples are all greater than 1. Therefore, V plays a dominant role in the orange tone
of spinel. In the cool color system (purple) of spinel, the lower the Fe content, the lighter
the blue tone of the sample and the higher the Fe content, the stronger the blue tone of the
sample (Figure 13B).
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Figure 13. V-Cr (A), Cr+V-Fe (B), Zn-Fe, (D) diagram and histogram (C) of Zn trace element
composition of Mogok spinel samples.

All of the four colors of Mogok spinel samples contain Zn, and the Zn content of
spinel samples of different colors is different (Figure 13C). The Zn content of warm-color
(pink, red and orange) spinel is relatively low, between 339 ppm and 926 ppm; the highest
Zn content of the sample is 926 ppm. In the cold-color (purple) spinel, the Zn content of
spinel can reach 1312 ppm and that of the other samples is higher than 850 ppm. Therefore,
according to Figure 13D, it can be seen that Fe and Zn jointly dominate the chromogenic
mechanism of purple spinel samples.

5.3. Metallogenic Background and Geological Gem-Formation Conditions

The characteristics of inclusions can reflect the origin of the crystal, which is mainly
manifested in two aspects: one is the geochemical conditions in the crystal growth environ-
ment (such as the temperature, pressure and chemical reaction, etc.) and the other is the
chronological order, which is the comparison of the formation order between the crystals.
The inclusions in crystals often follow specific rules and are affected by the geological back-
ground of the mining area. Therefore, the gem-formation conditions can also be inferred
from the internal mineral assemblage.
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In the metamorphic dolomitic limestone marble of Mogok, dolomites have developed
into coarse grains with magnesium properties through metasomatism and replacement.
They are associated with calcite and are also the parent rock of the spinel deposit in Mogok.
Ruby and spinel produced in Mogok were formed in the contact metamorphism between
dolomite, limestone, marble, granite and gneiss. This process introduces necessary ele-
ments, such as Ca, Mg, Al, Sn and trace elements Cr, F, P and Ti. In the Mogok deposit,
diopside is the first crystalline mineral, followed by forsterite and enstatite [53]. The chemi-
cal compositions of Ca, Sn and Ti ensure the growth of sphene. F is involved in phlogopite,
where the Cl element is added in apatite and scapolite. MgO is combined with Al to provide
the composition of spinel. After MgO is exhausted, alumina is crystallized into corundum
and a small amount of Cr was added to form ruby. Apatite, pyroxene, forsterite, and mica
are the most common primary mineral inclusions in Mogok spinel [28], which is consistent
with the research conclusion. There is no ruby inclusion in the spinel, mainly because the
formation time of spinel is earlier than that of ruby. Therefore, the relationship between the
formation order of Mogok minerals is: diopside-forsterite/enstatite-apatite-spinel-ruby.

6. Conclusions

This study systematically investigated the gemological and geochemical characteristics
of four colors of Mogok spinel samples. The purple, orange and pink spinel samples are
transparent, whereas the red samples are translucent with strong red fluorescence under
long-wave UV radiation. Calcite and chondrodite are the main characteristic inclusions,
indicating spinel samples are derived from a marble metamorphic-type deposit. Based on
the occupancy of major elements in the spinel crystal lattice, all spinel samples belong to
the magnesium—-aluminum spinel (MgAl,O4) subspecies. Red and pink spinel samples
are mainly chromatically induced by Cr and V, with two wide absorption bands centered
at 400 nm and 550 nm. Orange spinel samples are mainly chromatically induced by V.
Its UV-VIS spectrum is consistent with that of red-pink spinel, which is mainly attributed
to the spin-allowable transition and spin-forbidden transition of Cr>* and V3*. The purple
spinel samples are mainly colored by Fe. The absorption band of UV-VIS spectrum is
mainly attributed to the spin-forbidden transition of TFe?*. According to the sequence
of mineral formation of the Mogok deposit, the formation of gem-grade spinel is earlier
than ruby. This study can help to enrich the understanding of the gemology, chromogenic
mechanism and metallogenic background of Mogok spinel.
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