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Spinel from Mogok,
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Inclusion Study by
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Mineral inclusions within 100 gem-quality spinels from both primary marble

and secondary alluvial mining sites within Myanmar's Mogok Valley were analysed using Raman
microspectroscopy and scanning electron microscopy (including backscattered-electron imaging and
energy-dispersive spectroscopy). The samples ranged from pink to red, orangey pink to orangey red,
and grey to purplish grey. We identified a number of inclusions that are reported here for the first time
in Mogok spinel: amphibole (presumably pargasite), anatase, baddeleyite, boehmite, brucite, chlorite,
clinohumite, clinopyroxene, diaspore, geikielite, goethite, halite, marcasite, molybdenite, periclase and
pyrrhotite. We also found several minerals that were previously known as inclusions in Mogok spinel,
including anhydrite, apatite, carbonates (calcite, dolomite and magnesite), chondrodite, elemental
sulphur, graphite, iron oxides or iron hydroxides, phlogopite and zircon. We further differentiated the
occurrence of inclusions in spinel from different mining sites in Mogok to assess whether these mineral
assemblages can enhance our understanding of the geological origin of these gems and whether the
inclusions can help separate Mogok spinels from those of other marble-related deposits worldwide.
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ince ancient times, gem-quality spinel (ideally
MgAl,0,) has been appreciated for its range
of colour and often exceptional clarity, and
today spinel is the second most important and
popular red gemstone after ruby (Cesbron et al. 2002;
Pardieu et al. 2008). Spinel’s significance is well illus-
trated by the famed ‘Balas rubies’—which are actually
spinels from historic mines in Badakhshan (i.e. Kuh-i-Lal,
in what is today Tajikistan)—that were described and
praised by the Persian scholar Al-Biruni (973-1048 ap).
Exceptional pinkish red spinels were part of the Moghul
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imperial jewels, two of which were later integrated into
British royal jewels (the Black Prince’s ‘Ruby’ and the
Timur ‘Ruby’; see also Pardieu & Hughes 2008; Yavorskyy
& Hughes 2010; Truong 2017).

Spinel may form by high-grade metamorphism in
calc-silicate rocks and marbles (Balmer et al. 2017) or in
skarns (contact zones between Ca-rocks and magmatic
intrusions; Gorghinian et al. 2013), and is also found in
secondary deposits (Thein 2008). It shows a wide variety
of colours, mainly pink to red and purple, orange, violet
to blue, green and even black. Although sometimes
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MOGOK SPINEL INCLUSIONS

showing greyish or brownish hues, it may also display
strong colour saturation, especially in the pink to red
range. Moreover, the demand for and value of spinel have
increased sharply in recent years. Although known from
deposits throughout the world (Myanmar, Sri Lanka,
Tanzania, Madagascar and Vietnam, to name a few),
some of the finest spinels are found in the Mogok area
of Myanmar (e.g. Figure 1). Mogok is one of the world’s
most eminent gem sources, renowned for producing
exceptional rubies, sapphires and other popular stones,
as well as rarities such as hibonite, jeremejevite, johachi-
dolite, poudretteite and painite (Iyer 1953; Hughes 1997,
2017b; Themelis 2008).

Although the literature contains some information
on inclusions in Burmese spinel (see, e.g., Giibelin &
Koivula 1986; Hughes 1997; Themelis 2008; Malsy &
Klemm 2010; Zhu & Yu 2018), most publications to date
describe Burmese spinel in general (Themelis 2008;
Peretti et al. 2015), or focus on specific gemmological
features (Pardieu 2014; Vertriest & Raynaud 2017) or the
oxygen isotope composition of these spinels (Giuliani
et al. 2017). Several publications deal with inclusions
in spinel from worldwide localities (Giibelin & Koivula
1986, 2005; Cooper & Ziyin 2014; Hughes 2017a).

In this study, we describe in detail the solid inclusions
found in pink to red, orangey pink to orangey red and
grey to purplish grey gem-quality spinels collected from
various sites (and local gem markets) in the Mogok area.
We found systematic variations in the inclusions related

to the different mining sites, suggesting that such
inclusion research may be applied to the origin deter-
mination of spinels and to separating them from their
synthetic flux-grown counterparts (Krzemnicki 2008).

GEOLOGICAL SETTING AND
MINING METHODS

Since the 15th century, the Mogok area of Myanmar has
been known as a major source of rubies and other gems
(Iyer 1953). Often referred to as the ‘Mogok Stone Tract’
(La Touche 1913; Fermor 1931; Chhibber 1934; Iyer
1953), this gem-rich area is located within the central
part of the Mogok Metamorphic Belt. This assemblage
is composed of Palaeozoic and Mesozoic high-grade
metasediments and intrusive rocks (Searle & Haq 1964;
Barley et al. 2003; Searle et al. 2007; Thu et al. 2016;
Phyo et al. 2017) and forms part of the Mogok-Manda-
lay-Mergui belt (Figure 2), which extends for more than
2,000 km, north to south, along the western margin of the
Shan-Thai (or Sibumasu) terrane, from the Himalayan
syntaxis to the Andaman Sea (Bender 1983; Zaw 1990,
2017; Zaw et al. 2015). The Mogok Stone Tract is mainly
composed of gneiss, marble, calc-silicate rocks and
quartzite, which were intruded by various felsic to mafic
igneous rocks (Iyer 1953).

Ruby, sapphire, spinel and other gems are mined from
primary deposits (calc-silicate rocks and marbles, with
spinel only forming in the latter) and from secondary

Figure 1: The spinels in this
photo are all from Mogok,
Myanmar. The faceted stones
range from approximately 7
to 35 ct (not shown to scale).
Composite photo by

V. Lanzafame,

© SSEF.
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Figure 2: The Mogok research area is indicated on

this regional map of Myanmar, which shows the main
tectonic domains (numbered 1-7 from west to east)
and fault structures (after Bender 1983; Zaw et al. 1989,
2015; Zaw 1990). The domains are: (1) Arakan (Rakhine)
Coastal Strip, (2) Indo-Myanmar Ranges, (3) Western
Inner-Burman Tertiary Basin, (4) Central Volcanic Belt
(or Central Volcanic Line), (5) Eastern Inner-Burman
Tertiary Basin, (6) Mogok-Mandalay-Mergui Belt and
(7) Eastern Shan Highlands.
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Figure 3: The main tunnel at the Kyauksaung mine in central
Mogok provides an example of spinel extraction from primary
(marble) host rocks. Photo © S. Hansel, 2076.

deposits such as alluvial and eluvial placers, as well as
karstic sinkholes and caverns (Thein 2008). To extract
the gems from the primary rocks and associated karstic
deposits, an extensive network of tunnels (e.g. Figure
3) has been excavated by drilling and blasting. For the
secondary deposits, traditional mining methods are used
such as twinlon (digging shafts in the soil/gravel with
a maximum depth of ~30 m), myawdwin (hydraulic
mining along hillsides; Figure 4) and ludwin (mainly
used in sinkhole and cavern excavations). In the alluvial
plains of the Mogok area, the gem-bearing gravel is
usually reached at approximately 6-7 m below the
surface (Iyer 1953). Detailed descriptions of the tradi-
tional mining methods used in the Mogok area are given
in numerous reports (e.g. Gordon 1888; Halford-Watkins
1932a, b, ¢; Ehrmann 1957; Giibelin 1965; Keller 1983).

MATERIALS AND METHODS

For this study, we collected and analysed 87 pink to red,
orangey pink to orangey red and grey to purplish grey
gem-quality spinel samples from six mining sites in the
Mogok area (Yadanar Kaday Kadar, Bawlongyi, Kyauksin,
Kyauksaung, Pyaungpyin and Mansin; see Figure 5)
and 13 samples bought in local gem markets. A list of the
samples is shown in Table I.

We polished the surface of each spinel to provide
a clear view of the interior and then used a standard
gemmological microscope (Cambridge Instruments) at
10x-70x magnification to observe mineral inclusions in
the samples. Photomicrographs of the inclusions were
taken with a Nikon D7000 digital camera attached to a
System Eickhorst GemMaster microscope using 16x-80x
magnification.

Raman microspectroscopy was performed on the
inclusions in each sample using one of two different
setups: a Renishaw inVia Raman system coupled with
a Leica DM2500 M microscope, using an argon-ion
laser at 514.5 nm wavelength; and a Bruker Senterra
Raman spectrometer coupled with an Olympus micro-
scope, using a solid-state Nd-YAG laser at 532 nm or
a direct diode laser at 785 nm. Raman spectra were
mostly collected in the range of 1400-100 cm™!, except
for graphite (1600-100 cm™) and apatite (4000-100 cm™!,
to detect water peaks). Maximum exposure time per scan
was 10 seconds and 10-50 scan accumulations were
collected. Remarkably, there was only minor interfer-
ence with the fluorescence of spinel. However, we were
not able to identify very tiny inclusions with Raman

Figure 4: Hydraulic mining
of gem-bearing gravels at
Mansin in north-eastern
Mogok demonstrates how
spinels are obtained from
secondary deposits. Photo
© M. M. Phyo, 2016.
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Figure 5: The mining
locations from which
spinel samples were
obtained for this
study (the ‘research
area’ shown in Figure
2) are plotted on

this map of the
Mogok area.
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Table I: Mogok spinel samples investigated for this studly.

Location* Coordinates No. Weight Colour
samples range
Yadanar 22°54'18.54"N 5 0.18-0.35 ct Orangey pink,
Kaday Kadar | 96°22'38.18"E light pink to red
o © O o ¢
Bawlongyi 22°54'53.59"N 19 0.16-221ct | Light pink to red,
96°23'53.09"E dark red, orange to - & © a5 . e © ¢
orangey red, grey, B g
Surplish orey = © e »w® a0 » @
Kyauksin 22°57'26.51"N 17 0.45-1.24 ct Light orange to
96°25'31.63"E orange, purplish - e @ @ o B & @ =
grey P o & O - QL 9 e
Kyauksaung 22°55'20.08"N 10 0.10-0.62 ct Light orange to
96°25'55.44"E orange, grey to
ourplish grey B e 90 o9 & O a v e
Pyaungpyin 22°57"13.53"N 6 0.45-0.67 ct Intense red
96°3110.63"E
® ¢ @ » =
Mansin 22°58'28.64"N 30 0.05-2.59 ct Light pink to
96°32'23.57"E strong pink, red to e ¥ A & m @ av DoV L ] .‘
dark red Q.Q,.‘quaag..-.
Market _ 13 0.54-8.65 ct | Light pink to dark
d,
I | e e @ W s @ B aesu

* Sample locations (top to bottom) are arranged from west to east. Photos by M. M. Phyo.
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microspectroscopy due to their small size. In addition,
some inclusions produced Raman spectra of superposed
combinations of two or more minerals, while others did
not reveal a conclusive spectrum (probably because their
weak Raman signal was dominated by the signal from
the host spinel).

Scanning electron microscopy (SEM) was used to gain
more information about selected mineral inclusions by
visualising their shape and paragenetic intergrowths. In
addition, SEM with energy-dispersive X-ray spectroscopy
(EDS) was used to analyse their chemical composition.
To accomplish this, the samples were carefully polished
to expose the inclusions at the surface, and were then
analysed at the Nano Imaging Lab of the University
of Basel using a REM-FEI Nova NanoSEM 230 unit

equipped with an energy-dispersive spectrometer and
both secondary-electron (SE) and backscattered-elec-
tron (BSE) imaging modes. This system employed an
in-lens detector for producing secondary-electron images
and an Octane Elite detector for EDS analysis. With this
setup, we were able (in principle) to detect elements
ranging from carbon to uranium as long as they were
above the instrumental detection limit. We used an
accelerating voltage of 15 kV, with magnifications of
50x-2,500x and a working distance of 4.0-12.5 mm.

RESULTS

The solid inclusions that we identified in the Mogok
spinels are listed in Table II, along with those identified

Table II: Alphabetical list and abundance of solid inclusions in Mogok spinels documented in the present study and compared
with previously published work and other localities.

Mogok area Other localities
FnCEs! Tﬁ:;t ::5“;:2:: Vietnam Tajikistan Tanzania Madagascar Sri Lanka

Amphibole . o . _ _ _ . .
(presumably pargasite)

Anatase X = = = = =
Anhydrite X 3 — - — - -
Apatite XXX 1,236,7 1,3 = 1 1 1,7
Baddeleyite X — — — — — —
Boehmite X = = = = 1
Brucite X — — — — — —
Calcite XXXXX 3,6,7 3 — — — 1
Chlorite X = = = = = =
Chondrodite XXXXX 3 — — — — —
Clinohumite X — — — — — —
Clinopyroxene XXX — = = = 1 =
Diaspore X - — - — - 1
Dolomite XXXXX 1,36 3 — — — 1
Geikielite XXX — — — — — —
Goethite X = 1 = = = =
Graphite X 1,3 3 - - - 1
Halite X — — — — — —
lImenite — 1 — — 1 — —
Magnesite XXX 3 3 - - - -
Marcasite X — — — — — —
Molybdenite X — — — — — —
Olivine (forsterite) X — — 1 — 1
Periclase X - — — — — —
Phlogopite XXX 1 — — 1 - 1
Potassium feldspar — 3 3 — — — 1
Pyrite — 1 - - - - 1
Pyrrhotite X - - - - - 1
Quartz — 1 — — — — 1
Rutile = 1 = = 1 1 1
Sulfur XXXXX 4,57 - - - - —
Titanite — 1 3 — — — 1
Uraninite = 1 = = 1 — 1
Zircon X 2 3 3 = = 1

T Abbreviations: xxxxx = frequently seen; xxx = sometimes encountered; x = rarely found; — = not found.

2 References: 1= GUbelin & Koivula (1986, 2005); 2 = Themelis (2008); 3 = Malsy & Klemm (2010); 4 = Pardieu et al. (2016);
5 = Peretti et al. (2017); 6 = Zhu & Yu (2018); 7 = www.lotusgemology.com (accessed June 2018).
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by other researchers in the published literature for
spinels from Mogok and various deposits worldwide.
The Raman spectra of representative inclusions that
we identified are available in the Appendix at the end
of this article, and photomicrographs and BSE images
of the inclusions are shown below. Mineral abbrevia-
tions in these images are from Whitney & Evans (2010).

In general, most of the inclusions formed anhedral
grains, although some of them (such as amphibole
and phlogopite) showed subhedral to euhedral shapes.
Inclusion sizes commonly ranged from 1 pm to several
millimetres. Their wide range of composition is reflected
in the presence of several mineral groups (silicate, oxide,
hydroxide, carbonate, phosphate, sulphate, sulphide and
native element).

Optical Microscopy and Raman Analysis
Since Mogok spinels formed in marbles, it was not
surprising to find abundant carbonates (i.e. calcite,
dolomite and magnesite; e.g. Figure 6) in most of the
samples. They were typically present as colourless, irreg-
ularly shaped (partially resorbed) inclusions. Raman
microspectrometry further revealed that carbonates
sometimes also occurred as filling substances in octahe-
dral negative crystals (similar to calcite and dolomite
found by Zhu & Yu 2018).

A range of Ca- and Mg-bearing silicates was found
in the investigated spinels. The humite-group minerals
chondrodite [(Mg,Fe?*);(Si0,4),(F,0H),] and clinohumite
[Mg,(SiO,),F,] were the most abundant Mg-silicates in our
samples (Figure 7). A colourless, short-prismatic Ca-Mg
amphibole (presumably pargasite; Figure 8a) and clino-
pyroxenes (diopside and augite) were found in spinels
from both Kyauksin and Mansin. Figure 8b reveals a
colourless clinopyroxene inclusion with distinct cleavage
that is associated with minute yellow elemental sulphur

Figure 6: An example of carbonate inclusions observed in
the Mogok spinel samples is shown here by magnesite (Mgs).
Photomicrograph by M. M. Phyo.

and black marcasite grains in a spinel from Mansin. In
accordance with Giibelin & Koivula (2005), we also found
forsterite, the Mg end member of the olivine group, as
colourless rounded crystals (Figure 8c) in a few Mogok
spinels. However, we did not find titanite and feldspar in
our samples, both of which were mentioned by Giibelin &
Koivula (2005) in spinel from Mogok. Zircon, although a
common inclusion in sapphires and rubies from Mogok,
was found only as tiny accessory inclusions in a few
spinels from Kyauksin and Kyauksaung.

Oxides were commonly present as accessory phases
in the studied spinels. We found yellow, rounded
anatase (TiO,) and yellow, prismatic baddeleyite (ZrO,)
inclusions, both surrounded by tension cracks (Figure
9a, b). Interestingly, using SEM-EDS we identified
geikielite (MgTiO;) as tiny needles/lamellae in spinel
from Yadanar Kaday Kadar (western Mogok; Figure
9c). They were oriented along {111} lattice planes and

”

Figure 7: Among the silicate inclusions that were identified, humite-group minerals were common in some of the spinels:
(a) anhedral chondrodite (Chn) and (b) a cluster of subhedral clinohumite (Chu) crystals. Photomicrographs by M. M. Phyo.
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Figure 8: Other Ca- and Mg-bearing silicate inclusions
were also present in the spinels. (@) Euhedral colourless
amphibole (Amp; presumably pargasite) crystals form
clusters in Kyauksin spinel. (b) Anhedral clinopyroxene
(Cpx) showing a distinct set of cleavage planes is
associated with tiny yellow sulphur (S) and black
marcasite (Mrc) spots in a spinel from Mansin.

(¢) Anhedral olivine (forsterite; Fo) crystals are

seen here next to a larger clinohumite inclusion.
Photomicrographs by M. M. Phyo.

Figure 9: Oxide minerals identified in the
spinels include (a) yellow anatase (Ant) that
is surrounded here by negative crystals and
tension cracks, (b) baddeleyite (Bdy) crystals
that are also often associated with tension
cracks and (c) tiny flake-like colourless
geikielite (Gk) lamellae along {111} lattice
planes in a spinel from Yadanar Kaday Kadar.
Photomicrographs by M. M. Phyo.
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presumably formed by epigenetic exsolution, similar
to geikielite-rich ilmenite exsolution lamellae seen in
chromite-chrome spinel from metacarbonates in Austria
(Mogessie et al. 1988). To our knowledge, this is the
first time such geikielite exsolution lamellae have been
reported in gem-quality spinel.

We also found several hydroxides in our spinels,
including diaspore [a-AlO(OH)], boehmite [y-AlO(OH)],
brucite [Mg(OH),] and goethite [a-Fe3*O(OH)]. They
probably formed as retrograde phases, and were present
in secondary inclusion trails (boehmite) or associated
with phlogopite (brucite) or pyrrhotite (goethite).

Additional accessory inclusions in our spinels
included anhydrite (CaSO,, also known from Mogok
rubies; Smith & Dunaigre 2001), apatite [Cas(PO,);
(F,C1,0H)], sulphides (marcasite, molybdenite and
pyrrhotite), graphite (C) and elemental sulphur (Sg).
Apatite was seen as transparent to semi-transparent,
anhedral to subhedral crystals (Figure 10). As for the
elemental sulphur, its presence within fluid inclusions
and as solid inclusions (Figure 11) seems to be highly
characteristic for spinels from Mansin (Pardieu et al.
2016; Peretti et al. 2017). Less commonly, we also found
elemental sulphur in the spinels from Kyauksaung
and Pyaungpyin.

SEM Imaging and EDS Analysis

Using SEM-EDS, it was possible to visualise and identify
for the first time the complex intergrowth of multiphase
inclusions (some containing small fluid cavities) within
spinel from Mogok. These assemblages consisted of
various minerals such as calcite (CaCO;), dolomite
[CaMg(CO;),], halite (NaCl), phlogopite [KMg;(AlSi;0,,)
(F,OH),], apatite and/or anhydrite of sugary texture
(Figure 12). They were similar to the inclusions

Figure 10: Rounded anhedral apatite (Ap) inclusions
are present in this Mogok spinel. Photomicrograph
by M. M. Phyo.

multiphase et

Figure 11: Solid inclusions of elemental sulphur (S) are seen
here with multiphase fluid inclusions (probably containing
liquid and sulphur) in a spinel from Mansin. Photomicrograph
by M. M. Phyo.

containing residues of molten salts described by Giuliani
et al. (2015) in rubies from Mogok.

SEM-EDS also revealed other inclusion features in
the spinels. A euhedral amphibole inclusion contained

Figure 12: BSE images reveal the contents of multiphase inclusions in Mogok spinel (Spl): (a) calcite (Cal), dolomite (Dol), halite
(HI), phlogopite (Phl) and apatite (Ap); and (b) calcite, dolomite and anhydrite (Anh).
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Figure 13: BSE imaging shows that a euhedral amphibole (Amp)
inclusion in a spinel from Kyauksin contains inclusions of
phlogopite (Phl) and clinopyroxene (Cpx).

clinopyroxene and phlogopite domains in a spinel from
Kyauksin (Figure 13). We also imaged some phases that
presumably exsolved from their hosts: dolomite blebs in
certain calcite inclusions (Figure 14a) and the geikielite
lamellae in spinel (Figure 14b) that were mentioned
above. Furthermore, rare accessory inclusions of badde-
leyite (also mentioned above) were easily visible with
the SEM (Figure 15).

Various secondary mineral inclusions were identified
with SEM-EDS, such as chlorite and brucite together
with a phlogopite inclusion (Figure 16a), and a bright red
powder-like substance that proved to be an iron compound
(e.g. an Fe oxide or hydroxide, probably goethite) that
formed an epigenetic encrustation along the cleavages
and boundaries of a phlogopite inclusion (Figure 16b).

DISCUSSION

In the present study, we not only confirmed the presence
of most inclusions previously described in the literature
for Burmese spinel, but also identified for the first time
16 new solid inclusions in our samples from Mogok:
amphibole (presumably pargasite), anatase, baddeleyite,
boehmite, brucite, chlorite, clinohumite, clinopyroxene,
diaspore, geikielite, goethite, halite, marcasite, molybde-
nite, periclase and pyrrhotite (see Table II).

Interestingly, we did not observe in our study any
‘belly button’ apatite inclusions that are considered
typical for spinel from Mogok (Giibelin & Koivula 1986,
2005). These inclusions are characterised by a tiny black
graphite or ilmenite platelet attached to rounded apatite.
As previously described by Malsy & Klemm (2010), we
only observed in our samples subhedral to anhedral
colourless apatite crystals as individuals or clusters.

We also documented for the first time in gem-quality
spinel multiphase inclusions (Figure 12) with small fluid
cavities, which may be interpreted as residues of molten
salts (Giuliani et al. 2003, 2015, 2018; Peretti et al. 2017,
2018). Their assemblages are reflective of paragenetic
relationships within the host rock (e.g. calcite-dolo-
mite-phlogopite-apatite). Some of the spinel inclusions
also demonstrate mineral exsolution (e.g. oriented
geikielite lamellae in Figures 9c and 14b) and retro-
grade transformations after spinel formation (e.g. the
breakdown of phlogopite to chlorite, brucite and Fe
oxides/hydroxides; see Figure 16; Yau et al. 1984).

We observed carbonate inclusions in our spinels from
all mining locations sampled in the Mogok area. Some
of these carbonate inclusions did not occur as a single
mineral phase but were present within multiphase inclu-
sions (Figure 12) and possibly as exsolved assemblages

Figure 14: Evidence of exsolved mineral phases in Mogok spinels is seen in these BSE images of (a) dolomite (Dol) blebs in a
calcite (Cal) inclusion and (b) oriented geikielite (Gk) lamellae.

THE JOURNAL OF GEMMOLOGY, 36(5), 2019 427
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50 ym

Figure 15: A baddeleyite (Bdy) inclusion with tension cracks
shows high contrast against the host spinel in this BSE image.

(Figure 14a). In a few cases, such carbonates were
also found in negative-crystal cavities. Moreover, the
presence in spinel of various silicates such as amphibole
(presumably pargasite), chondrodite, clinohumite and
zircon—similar to the carbonate inclusions—reflects
the compositional range of the host-rock marbles with
interlayered calc-silicates in which these spinels from
the Mogok area were formed.

The complex metamorphic evolution of the Mogok
Stone Tract during the Himalayan orogeny is connected
to and influenced by several magmatic events (Barley et
al. 2003; Searle et al. 2007). Geographically and geolog-
ically, all of the spinel localities that were sampled for
this study (primary marbles and secondary deposits)
were found in close proximity to granite intrusions (Thu
2007). Mineral inclusions such as anatase, olivine, clino-
pyroxene, periclase and chondrodite could have formed

either during granulite-facies regional metamorphism
(Thu 2007; Phyo et al. 2017; Thu & Zaw 2017) or by
contact metamorphism from the nearby intrusions.
Remarkable is the prevalence of elemental sulphur and
graphite in spinel from Mansin (Giibelin & Koivula 2005;
Pardieu 2014; Vertriest & Raynaud 2017), which points
to highly reducing conditions. Moreover, the multiphase
inclusions with small fluid cavities that we observed in
our Mogok spinels showed similarities to hypersaline
fluid inclusions in Mansin spinel (Peretti et al. 2017,
2018) and to the residues of molten salts found in Mogok
ruby (Giuliani et al. 2015).

We also sought to investigate whether it is possible
to separate spinels from different locations within the
Mogok Stone Tract based on their inclusions (see Figure
17; see also the sample locations in Figures 5 and 18).
Although the number of samples (87, not including
those obtained from local markets) and inclusions
(about 400) that were analysed might not be suffi-
cient, we can still report meaningful results. Similar
to Themelis (2008) and Malsy & Klemm (2010), and as
expected for marble-related spinels, we observed an
abundance of carbonate inclusions in spinels from all
of the studied localities. Closely related are impurities
in the marble host rock—graphite, apatite and phlogo-
pite—which were present in spinels from nearly all of
the localities, although in distinctly smaller quantities.
Additional inclusion phases were observed in spinel
from a few localities, such as elemental sulphur (most
prominently from Mansin but also from Pyaungpyin and
Kyauksaung), anatase (Yadanar Kaday Kadar, Kyauksin
and Kyauksaung) and chondrodite (Bawlongyi, Kyauk-
saung and Mansin). In contrast, a number of inclusions
were found only in samples from one locality, such

Figure 16: BSE imaging showed various secondary mineral assemblages associated with phlogopite (Phl) in Mogok spinel. (a)
Phlogopite inclusions with tiny pyrrhotite (Po) grains are intergrown with the secondary minerals brucite (Brc) and chlorite (Chl).
(b) Secondary Fe oxides or hydroxides are seen as bright areas along the rim and within cleavages in this phlogopite inclusion.
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as goethite (Kyauksin), anhydrite (Pyaungpyin) and
geikielite lamellae (Yadanar Kaday Kadar). Whether
these findings are truly specific to these locations or just
the result of the limited sampling is presently unknown.
Nevertheless, the assemblages documented in spinel
from Mogok and elsewhere are clearly different from the
inclusions seen in synthetic flux-grown spinel (Krzem-
nicki 2008), and therefore are useful for separating
natural spinels from their synthetic counterparts.

CONCLUSION

This study presents the first detailed description of inclu-
sions in spinel from Mogok, Myanmar. It documents
several solid inclusions for the first time in these spinels,
as well as multiphase assemblages (some containing
small fluid cavities) that add to their complexity. All of
the mineral inclusions are related to the local geology

and geochemistry of the host rocks in the Mogok
area. Spinel and its associated minerals such as ruby,
diopside, olivine, chondrodite and clinohumite testify to
granulite-facies metamorphic conditions in the Mogok
Metamorphic Belt (Thu et al. 2016; Phyo et al. 2017).
Elemental sulphur and graphite inclusions furthermore
indicate highly reducing conditions during the formation
of these spinels. The generation of gem-quality spinel
by skarn-forming processes can be excluded due to the
absence of typical skarn mineral inclusions (e.g. vesuvi-
anite, pectolite or nephrite) in our samples.

Based on the data presented in this article, the authors
feel that such inclusion studies can help distinguish
Mogok spinels from those of other sources worldwide
(e.g. Figure 19), and therefore contribute to the origin
determination of spinels in gemmological laboratories.
We expect that further studies of spinel inclusions in
the future will add to this knowledge.

Figure 19: Detailed inclusion studies may be helpful toward geographic origin determinations of spinel from various world
localities, such as those shown here. All of the crystals are from Mogok, and the cut stones are from Tanzania (7.31 ct pink oval),
Tajikistan (5.90 ct pink cushion), Vietnam (all pear shapes, up to 3.22 ct) and Mogok (4.01and 2.63 ct red cushions).

Photo by Prasit Prachagool, Thai Lanka Trading Ltd Part., Bangkok, Thailand.
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