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Abstract: The red variety of corundum owes its color and strong fluorescence to the presence of Cr,
as well as traces of Fe. The latter can reduce the fluorescence and thus impact the appearance of the
final gem. Gem quality rubies are rarely available for scientific study and even less common in their
rough form. Opaque inclusions in rubies are often removed during faceting and remain unidentified.
This study aims to identify opaque inclusions in rubies from the two most common origins seen in
the high end market today: Mogok, Myanmar and Montepuez, Mozambique. Using electron probe
microanalaysis (EPMA) the inclusions were identified as sphalerite and pyrrhotite in Mogok rubies.
The paragenesis of Myanmar, marble-related rubies is fairly well understood and no Fe-rich minerals
apart from sulfides have been identified. Opaque inclusions in Mozambican rubies are a complex mix
of Fe-Cu-Ni sulfides with exsolution textures. These inclusions are interpreted to be small amounts
of sulfide melt trapped during corundum formation. The different sulfide phases crystallized from
this entrapped melt and some phases experienced later exsolution during cooling. The formation of
amphibole-related, Mozambican rubies is not well understood, but it is obvious that very different
processes are at work compared to the marble-related Myanmar ruby deposits.
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1. Introduction

Ruby has always been one of the most desired gemstones. Historically, the finest rubies were found
in deposits throughout Central and South-East Asia [1]. In the last decades, many ruby deposits have
been found in East Africa, introducing a slightly different type of ruby to the market that originated
from geologically different deposits [2-14].

Marble-related rubies, such as the Myanmar stones, are famous for being extremely fluorescent and
having very low Fe concentrations [15]. Amphibole-related rubies, like the Mozambican stones, show
more variable fluorescence, ranging from almost none to intensities that nearly match marble-related
stones [7]. The red gem variety of corundum owes its color and fluorescence to trace amounts of
Cr. Some rubies from Mogok have a considerable V content that can modify the color to be more
purple [16]. The presence of Fe lowers the fluorescence of the ruby.

Inclusion studies are a critical part of gemological research, because included crystals are easy to
observe and describe in transparent minerals. The only required equipment to see them is a gemological
microscope and adequate lighting tools. Gemologists rely heavily on inclusions to determine treatments
and geographic origin of gem quality corundum [17-19]. However, in most cases their studies are
limited to visual observation. Since most gemstones have a high value, destructive analysis is rarely
an option. This means that the chemical analysis of inclusions is only possible when they reach the
polished surface of the gem. Spectroscopic techniques such as FTIR and Raman spectroscopy offer a
solution, with Raman spectroscopy being the most ideal candidate to identify crystal inclusions [20].
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For most common inclusions in finished gemstones, this is sufficient. In many cases, these crystals are
transparent/translucent carbonate, phosphate, oxide or silicate minerals [1,21].

In the case of rough rubies, an additional type of inclusion can be frequently seen. These are
dark, opaque, inclusions with a metallic luster. These dark colored inclusions are rarely retained in
the facetted gems, because their high contrast with the transparent red bodycolor creates eye visible
distractions that lower the value significantly.

On top of that, they react poorly to heat treatment [2,17,18]. Heating rubies is a standard practice
in the gem trade to improve the color or clarity of the gemstone. These metallic inclusions often
expand during this process. Expansion fractures commonly surround the crystal, often filled with
black opaque residue, making the inclusion even more visible and distracting. Thus, facetters aim to
remove these inclusions before polishing the gem.

The goals of this study are to identify these opaque inclusions and assess how their presence may
explain the differences in trace element chromophores and visual appearance between the Myanmar
and Mozambique rubies. Given the affinity for S to bind with Fe and create sulfides, the presence of
S during corundum formation may potentially be an important factor for the final fluorescence and
appearance of the gem. The formation of amphibole related rubies is not fully understood. An analysis
of the opaque sulfide inclusion could provide additional insight in the environment that allowed the
formation of amphibole-related rubies.

2. Materials and Methods

2.1. Materials

For this study, rubies from Mogok, Myanmar and Montepuez, Mozambique were used (Table 1).
These sources were chosen because they represent the majority of high-end rubies seen in the gem
trade nowadays. Mogok, Myanmar is the most coveted ruby source in the world, due to its long
history and the fabled gemstones that were sourced from its mines [1]. Montepuez Mozambique on
the other hand is a very new source where rubies were only discovered in 2009, but its large volumes
and high quality quickly made it the dominant supplier for the global ruby trade [2].

All samples are part of GIA’s (Gemological Institute of America) Colored Stone Reference
Collection (GIA CSRC) which consists of samples collected during GIA Field expeditions to gemstone
mining locations around the world [22]. The selected samples were prepared and documented at GIA’s
laboratory in Bangkok, Thailand.

Every ruby selected contained opaque, mineral inclusions with metallic luster. In one case, the
opaque mineral is not present as an inclusion. This sample (A6), from the Baw Lon Gyi mining area in
Mogok, Myanmar, has an opaque mineral in the matrix attached to the ruby, rather than as an inclusion.
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Table 1. Samples used during this study.

30f17

GIA CSRC Sample Number Cour}tr'y of Area Mining Area
Number Origin
[
100321364740 Al Myanmar Mogok Baw Lon Gyi ﬁ
i B e b
100315602328 A2 Myanmar Mogok Baw Lon Gyi o
IIIIIIIIIIIIIIIIII
100322689933 A3 Myanmar Mogok Baw Lon Gyi &
Ii””l””l“”l‘“
100318470512 A4 Myanmar Mogok Sin Kwa
IIilIlIIIIIlll'}'l
100309935280 A5 Myanmar Mogok Sin Kwa ”
i i WA A
100327146806 A6 Myanmar Mogok Baw Lon Gyi <Y
=
AR AT LT RS
100319160887 Bl Mozambique Montepuez  Mugloto .
AR B ST A
100327146596 B2 Mozambique Montepuez ~ Mugloto &
|I|||l.'|||||l|lll
100319160890 B3 Mozambique Montepuez =~ Mugloto
i‘lllllllllllllllll
100319160927 B4 Mozambique Montepuez ~ Mugloto ‘
2.2. Methods

2.2.1. Photomicrography

Photomicrographs of internal features were captured at different magnifications with Nikon SMZ
18 and Nikon SMZ 1500 systems (Nikon, Tokyo, Japan), using darkfield, brightfield, diffused, and
oblique illumination, together with a fiber-optic light source when necessary. It should be noted that
the microscope magnification power was taken into consideration when calculating the field of view
(FOV) information in the captions.
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2.2.2. Inclusion Analysis

Backscattered electron (BSE) images were obtained using a ZEISS 1550VP field emission SEM
(ZEISS, Oberkochen, Germany) and a JEOL 8200 electron microprobe (JEOL, Tokyo, Japan) with
AsB (angle selective backscatter) and solid-state BSE detectors, respectively. Quantitative elemental
microanalyses were carried out using the JEOL 8200 electron microprobe, operated at 10 kV (for smaller
interaction volume) and 5 nA in focused beam mode. Analyses were processed with the CITZAF
correction procedure [23] using the Probe for electron probe microanalaysis (EPMA) software from
Probe Software, Inc. (Eugene, OR, USA).

The EPMA analysis was set up to measure 8 selected elements: S, As, Cu, Fe, Ni, Zn, Pb and Co.
Analysis was calibrated using the following standards (Table 2).

Table 2. Details of the standards used during electron probe microanalaysis (EPMA) analysis.

Elements Standard Number Mineral Mineral Code
Cu St 129 Copper P-1012
S St 1830 MnS syn P-698
Ni, S St 1831 NiS syn P-699
Zn,S St 1832 ZnS syn P-700
Pb,S St 1833 PbS syn P-701
As, S St 1835 AsyS3 syn P-703
Co, S St 1838 CogSg syn P-706
Fe, S St 1853 FeS, mac P-1004

EPMA and BSE analysis were performed at the Geological and Planetary Science Division
Analytical Facility at Caltech in Pasadena, California.

3. Geological Setting

Corundum only forms in natural environments that are depleted in Si. At high concentrations of
silicon, Al will preferentially be incorporated in other minerals such as micas or feldspars. Consequently,
corundum is often associated with Si-free carbonates or silicate minerals, with a relatively high Al/Si
ratio such as plagioclase, amphibole or pyroxene [24]. For the formation of the ruby;, it is necessary
to incorporate trace amounts of Cr to act as a chromophore, as well as the right thermobarometric
conditions to allow the growth of large crystals.

3.1. Geologogical Setting and Formation of Mogok Rubies

The Mogok Stone Tract, the source of many fine gems, is located in the northern part of the Mogok
Metamorphic Belt. This metamorphic belt crosses Myanmar from north to south and forms the western
margin of the Shan-Thai block [25-27]. The Mogok area is dominated by amphibolite to granulite facies
marbles and paragneisses, as well as a variety of intrusive rocks and derived orthogneisses [28,29].
Recent data show a spatial relation between the gem corundum formation and intrusions, although the
exact timing and the impact of the intrusive rocks on gem formation are not yet fully understood. It is
suggested that Jurassic intrusions and associated alterations of the host rock were affected by regional
granulite facies metamorphism related to the Himalayan Orogeny, lasting from 68-21 Ma. During this
metamorphism, rubies and sapphires were formed in the marbles and metaskarns [30].

The rubies formed in metamorphosed carbonate platforms that contained some contamination of
clays, organic material and evaporites (e.g., anhydrite and salts). The clays provided the necessary
elements to build ruby (Al and Cr), while the molten salts allow these usually immobile elements to
migrate through the marble. The molten salts and fluids associated with ruby formation are derived
from the protolith and are also enriched in carbonate, sulfur and Al [31,32].

This results in layers of fairly pure marble with large, well-crystallized calcite interlayered, with
silicate layers often containing amphiboles and micas [33]. Ruby crystals occur disseminated in the
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marble and are associated with accessory phlogopite, muscovite, scapolite, spinel, titanite, pyrite and
graphite [34].

Throughout Central and Southeast Asia, several marble related deposits are found that are related
to the Cenozoic Indo-Asian collision and share a similar formation history [35]. This includes Luc Yen,
Vietnam; Murghab, Tajikistan; Hunza, Pakistan; Mong Hsu, Myanmar; Jegdalek, Afghanistan; etc. [32].

The Myanmar rubies from the Mogok valley are mined from hard rock deposits in the marbles, or
from secondary mines inside karst features or alluvial deposits.

3.2. Geological Setting and Formation of Mozambican Rubies

Mozambican rubies are found in the Southern part of the Neoproterozoic Mozambique belt,
which is closely linked with the Pan African orogeny [6-8,36]. This suture zone represents the collision
between east and West Gondwana [37,38].

The geology of Mozambican rubies is not well understood. The deposit was only discovered in
2009 and most of the rubies come from secondary deposits. The primary deposits in the area are so
weathered that they are barely recognizable.

The ruby-bearing rocks are amphibolites hosted in the Montepuez nappe of the Cabo Delgado
complex [39]. The Montepuez complex is made up of orthogneiss (granitic to amphibolitic composition)
and paragneiss (quartzite, meta-arkose, biotite gneiss and amphibole gneiss,) [40].

There is some evidence of intrusions seen in the Montepuez area in the form of pegmatites and
granitic intrusions [7,40].

The rubies are closely related to the bodies with an amphibolite-rich composition, although they
are extremely weathered [8]. To date, there is only one study published that describes the petrography
of Mozambican ruby host rocks. They contain significant amounts of plagioclase and calcic amphibole
next to spinel and corundum, although the silicates are often weathered to clays and micas [41].
Whole-rock geochemical analysis shows that the rocks have a composition similar to picrobasalt in
the TAS diagram [41,42]. While this classification is traditionally used for magmatic rocks, it is not
yet proven that the protolith of the Mozambican ruby host rock is of magmatic origin. However, the
geochemical analysis is at least suggestive that it is derived from a basaltic magma [41].

At the moment, the genesis of Mozambican ruby and amphibole-related ruby is not fully
understood. The current model states that amphibole and corundum formed during peak
metamorphism, which reacted to plagioclase and spinel during retrograde metamorphism. According
to P-T calculation based on a combination of mineral isopleths, pseudosections and geothermometers,
the rubies formed at temperatures around 550-600 °C and pressures around 10.5-11 kbar [41]. These
conditions place ruby formation in the amphibolite facies at high pressure and lower temperature.
Terrain observations and geological surveys have shown the presence of migmatites and other features
that partial melting took place in the amphibolites and gneisses [40,41].

4. Inclusion Analysis

4.1. Literature Studies

The most commonly used reference works for gemological inclusion studies describe nearly all
opaque inclusions in marble-related ruby as pyrrhotite and pyrite [21,43]. The first main study on
Mozambican rubies identifies them as chalcopyrite [7]. Nowadays, they are often described based
on appearance as pyrite or chalcopyrite, for Myanmar and Mozambique respectively. Inclusions
in gemstones are usually well described in the gemological literature. Characteristics such as color,
transparency and shape are easy to observe and often allow for preliminary identification. Raman
spectroscopy is often used to further identify the crystal inclusions, but this is not always conclusive.
More advanced techniques are rarely employed by gemologists. Most of the gemstone inclusion
knowledge stems from the three volume Photo-Atlas series, which documents and describes the
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internal world of gemstones [21]. The following is a list of crystal inclusions documented in rubies
from Mogok, Myanmar.

Zircon, spinel, rutile prisms, mica, garnet, corundum [44]
Sphene (titanite), calcite [45]

Apatite, olivine, pargasite, sphalerite [46]

Dolomite, pyrrhotite, pyrite [21]

Sulfur [47]

Scapolite, graphite [48]

NG N

Vesuvianite [49]

The deposits around Montepuez, Mozambique were only recently discovered and there is not as
much information is available [6,7]. In literature, the following inclusions have been described.

8. Ampbhibole and muscovite [7,39,50]
9.  Chalcopyrite [2,7]
10. Orange, irregular masses identified as chromite [7]

However, based on the authors’ experience, several additional, less common inclusions like
tourmaline, feldspar, zicorn and anhydrite also occur in rubies from this deposit.

This study focusses on the black opaque inclusions that are found in many rough rubies, which are
typically described as pyrrhotite/pyrite and chalcopyrite, for Myanmar and Mozambique respectively.

4.2. Analytical Results

4.2.1. Imaging and Description

All studied inclusions are opaque and have a metallic luster. The apparent color of the inclusions
varies from black to red, which are colors not typically associated with most common crystallized
metallic minerals. This is because they are found as inclusions within a bright red ruby matrix,
where the color of the host mineral obscures the color of the actual inclusion.

Most of the crystals in the Myanmar rubies have sharp angles and well-formed surfaces (A1, A2,
A4, A5), while sample A2 shows a very clear step pattern on its surface (Figure 1). Sample A4 has a
clear (pseudo?-) hexagonal outline. None of these samples are associated with fractures or show any
evidence that they could be secondary.

The inclusions in Mozambican rubies are very similar in color and luster to the Myanmar ones
(Figure 2). Their outlines are more spherical but still exhibit flat crystal faces, indicating that all of
these crystals are primary inclusions. Sample Bl is associated with a fracture, but this does not extend
to the exterior of the stone.
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Figure 1. Images of the inclusions in the Mogok rubies. (a) Opaque inclusion in Al, showing
well-formed crystal faces. FOV: 1.2 mm; (b) Opaque inclusion in A2 has more rounded appearance
due to the terraced angular features. FOV: 1.01 mm; (c) Opaque inclusions in A3 exhibit almost a
bipyramidal shape reminiscent of a cubic crystal structure. FOV: 1.2 mm; (d) Opaque inclusion in A3
has a very flat, (pseudo?) hexagonal outline. FOV: 0.85 mm; (e) Opaque inclusion in A5 shows well
developed crystal faces and a slightly elongated blocky crystal shape. FOV: 0.85 mm; (f) The opaque
minerals associated with sample A6 are an irregular mass, attached to the ruby and surrounded by
carbonates. FOV: 1.44 mm.

We also checked a number of samples from GIA’s CSRC, to see how abundant those inclusions
are. In 54 rough samples from Mogok, we found 46 samples that contained at least one metallic opaque
inclusion. In Mozambican rubies, metallic inclusions are much less common, with only 37 out of 109
Mozambican rubies showing this type of inclusion.
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Figure 2. Inclusions in Mozambican rubies. (a) The inclusion in sample Bl is more egg shaped,
but shows many small flat crystal faces. It is surrounded by a fracture that is reminiscent of an
expansion fracture, which might be an indication of a temperature increase during its geological history
after the corundum formed. FOV: 1.50 mm;( b) The opaque inclusion in sample B2 show many larger
crystal faces that do not seem regularly distributed. The overall appearance is rather spherical. FOV:
0.78 mm; (c) The inclusions in sample B3 are similar to B2 but appears flatter. FOV: 1.2 mm; (d) The
inclusion in sample B4 was cut through during sample fabrication and shows the brassy color around
the edges. FOV: 0.72 mm.

4.2.2. BSE Imaging

Back-scattered electron imaging shows that the inclusions in Mogok rubies are mainly single
phases (Figure 3). Polish lines and pits were caused by the sample preparation process. Some samples
show fractures that were already present, but might have been enlarged during polishing. In some
cases, the inclusion is not entirely preserved and some parts were removed during the fabrication
process. One sample (A4) shows some obvious zoning with a darker area, showing a herringbone
texture. The sample with the sulfide located in the attached matrix (Figure 3f) shows a subtle transition
between phases.

The Mozambican ruby inclusions show much more complex features (Figure 4). All samples have
clearly separated phases. Sample Bl shows three clearly separated phases based on the intensity in
BSE images. They are sometimes separated by fractures at the phase contact. In samples B1 and B2,
the darkest phase also shows clear exsolution textures. The exsolution pattern in sample B2 is more
expressed than it is in sample B1. The homogenous phases without exsolution patterns are also smaller
and confined to the fringes of the inclusion. Samples B3 and B4 lack any obvious exsolution patterns,
but still show very clear phase separations.
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Figure 3. BSE images of Mogok rubies. (a) Inside sample A1, the inclusion shows hexagonal outline
and large internal cracks. Scale bar: 50 um; (b) The inclusion in sample A2 shows an irregular outline
with a homogenous interior. Scale bar: 60 pm; (c) The inclusion in sample A3 shows straight outline
with numerous polish lines. Scale bar: 20 um; (d) Sample A4 also shows a lot of polish lines, but most
notable is the herringbone texture on the side. Scale bar: 30 um; (e) The inclusion in sample A5 has a
well-defined outline on the top right. The bottom left has been removed during polishing. Apart from
polishing lines, this inclusion appears very homogenous. Scale bar: 20 pm; (f) The opaque minerals
attached to sample A6 show many pits but most important is the subtle zoning in the central part.
The ruby is attached to the lower part. Scale bar: 90 um.
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Figure 4. Back scattered electron images of the sulfide inclusions in Mozambican ruby. (a) The inclusion
in sample Bl shows three main phases, of which one has various exsolutions. Scale bar: 40 um;
(b) In sample B2, there are three phases with two phases that show exsolution patterns. Scale bar:
10 um; (c) In sample B3, there are three distinct phases. The darker phase shows deeper polish lines
and large pits, which might indicate a more unstable mineral. Scale bar: 20 pm; (d) B4 shows two
clearly separated phases without any exsolution textures. Scale bar: 40 um.

4.2.3. EPMA Analysis

During the EPMA analysis, eight selected elements were quantified (Tables 3 and 4). All of the
inclusions turned out to be sulfides, which is consistent with the previous work [7,21]. Most of the
analyses resulted in an elemental total of 97-98% for the inclusions in Mogok rubies. The missing
percentages are most likely explained by surface oxidation of the samples. However, it cannot be
excluded that an element was not measured during our analysis, which was limited to eight elements.
Notably, in sample A4, the elemental total measured in the section with the herringbone pattern was
significantly lower.
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Table 3. EPMA results: Elemental percentages and the elemental totals.

Mogok S Fe Cu As Co Ni Zn Pb Elemental Totals

Al 3866  59.14 0.00 0.00 013 003 0.01 0.20 98.19

A2 3858 5928 0.00 0.00 014 006 010 0.16 98.31

A3 3868 5951 0.01 000 012 015 010 0.18 98.75

A4 3872 5891 0.00 0.00 011 015 0.06 0.20 98.14
A4—herringbone 4196 4318 000 0.00 0.09 058 003 018 86.01
A5 33.21 1070 0.00 0.00 0.02 0.00 5395 0.06 97.94
A6—dark phase 53.34 4676 0.00 0.00 0.07 000 0.03 024 100.45
A6—light phase 3875 5949 0.00 000 012 022 0.04 018 98.80

Mozambique

B1-1 32.82 2874 005 0.00 122 3443 005 0.16 97.46

B1-2 3477 2927 3255 0.00 005 000 002 017 96.85

B1-3 3622 6097 001 000 014 002 008 0.19 97.63

B1-4 34.22 4043 0.04 000 017 2252 0.09 0.15 97.62

B1-5 3595 6178 0.01 0.00 013 000 008 0.15 98.11
B2-1 3402 2889 3233 000 006 000 0.09 0.16 95.56

B2-2 39.14 58.43 013 0.00 012 016 014 0.16 98.27
B2-3 3319 3028 0.07 0.00 122 3251 021 0.14 97.61

B2—4 3272 2916 011 000 127 3454 0.00 0.16 97.96

B3-1 32.65 29.02 000 0.00 114 3475 0.02 0.18 97.75

B3-2 38.11 5895 0.07 000 012 040 018 015 97.99

B3-3 3347 2949 3207 000 0.07 000 010 013 95.31

B4-1 3863 5850 0.00 000 013 093 011 0.19 98.49

B4-2 3402 2984 3218 0.00 007 000 0.03 0.18 96.31

In the case of the Mozambican ruby inclusions, there was a larger spread in elemental totals.
The minerals that are dominated by Fe-Ni-S have elemental totals between 97% and 98%, which is
comparable to the numbers seen for the Mogok rubies. Samples with significant Cu content have lower
elemental totals (95-97%), which could be explained by a more intense alteration or a minor element
that is missing.

From the eight elements that were quantified, only five were found to be major elements in the
minerals. In every sample, the Co and Pb content is low enough to consider them trace elements.
Arsenic was not detected in any of the samples.

The analysis shows the presence of pyrrhotite Fegg)S and sphalerite (Zngg, Feg18)S in the
Mogok rubies (Table 4). Additionally, in the matrix sample, pyrrhotite Fe(gg)S and pyrite FeS; are
found together.

The inclusions in Mozambican samples are more complex. They show three main mineral
components: chalcopyrite, pentlandite and pyrrhotite. These are well separated and do not show any
mixing. The darker pyrrhotite phase often shows different flame-like exsolution patterns. The exsolved
minerals consist of Fe-Ni sulfides and pyrrhotite, with slightly elevated Fe contents.
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Table 4. Molar percentages normalized to sulfur.

Mogok S Fe Cu Co Ni Zn Mineral Name  Mineral Formula
Al .00 088 000 000 000  0.00 pyrrhotite Feo gsS
A2 100 088 000 000 000  0.00 pyrrhotite Feo gsS
A3 1.00 0.88 0.00 0.00 0.00 0.00 pyrrhotite FegggS
Ad 1.00 087 000 000 000  0.00 pyrrhotite Fepg7S
A5 100 018 000 000 000  0.80 sphalerite (Feo1s, Zno.g0)S
A6—dark phase 1.00 0.50 0.00 0.00 0.00 0.00 pyrite FeS,
A6—light phase 1.00 0.88 0.00 0.00 0.00 0.00 pyrrhotite FepggS
Mozambique
. (Feq, Nig 56
Bl-1 1.00 0.50 0.00 0.02 0.57 0.00 pentlandite
Co0.16)S8
B1-2 1.00 0.48 047 0.00 0.00 0.00 chalcopyrite Cug 47Fe( 485
B1-3 1.00 0.97 0.00 0.00 0.00 0.00 pyrrhotite Feg97S
Bl-4 .00 068 000 000 036  0.00 *Fe-rich
pentlandite?
B1-5 1.00 0.99 0.00 0.00 0.00 0.00 pyrrhotite Fegg9S
B2-1 1.00 0.49 0.48 0.00 0.00 0.00 chalcopyrite Cug 4gFe( 49S
B2-2 100 0.8 000 000 000 0.0 pyrrhotite Fep 565
B2-3 1.00 052 000 002 053 0.0 pentlandite (Fea16, Nig 54
Co0.16)Ss
B2-4 .00 051 000 002 058 0.0 pentlandite (F%-O‘*' Nig 64,
00.16)58
B3-1 .00 051 000 002 058  0.00 pentlandite (Fe04, Nig 64,
Co0.16)Ss
B3-2 1.00 089 000 000 001  0.00 pyrrhotite Fe 505
B3-3 1.00 0.51 0.48 0.00 0.00 0.00 chalcopyrite Cug 4sFep51S
B4-1 1.00 0.87 0.00 0.00 0.01 0.00 pyrrhotite Fep 875
B4-2 1.00 0.50 0.48 0.00 0.00 0.00 chalcopyrite Cug 48Fe(50S

5. Discussion

Based on the EPMA analyses, it is clear that the inclusions in Mozambican rubies have not been
correctly identified by previous methods. Originally described as pyrite and chalcopyrite in Mogok
and Mozambican rubies respectively, they were now identified as pyrrhotite and Fe-Ni-Cu-sulfides.

Pyrrhotite has a very narrow stability field at surface conditions, but is the most stable iron-sulfide
at higher temperatures (>743 °C). Fluid inclusion studies of marble-related ruby deposits in Central
Asia and northern Vietnam provide formation temperatures between 620 and 670 °C, with pressures
between 2.6 and 3.3 kbar [32].

Various studies have been done to determine P-T conditions of gneisses in the Mogok Metamorphic
Belt, which stretches more than 1000km and has shown a range of temperatures from 625 to 950 °C [51,52].
For the Mogok deposit, there are no temperature estimates available for the marbles. However, various
studies have determined the formation temperatures of the gneisses in the Mogok stone tract and these
yielded significantly higher temperatures. Formation temperatures of quartz-dominated gneisses are
reported to be 750-790°C [53]. However, it is important to note that the prevalent genetic model for
marble-hosted rubies places the ruby formation in the retrograde path [32]. These temperatures are
significantly higher than the formation conditions of other marble related deposits and most likely
represent peak conditions of the host rock, which was reached before ruby formation. Under the
higher peak conditions, pyrrhotite is stable, making it the most likely Fe-S mineral that would later be
incorporated as a protogenetic inclusion in the ruby [32].

The presence of sphalerite has been previously documented, but it is described as a more
transparent phase [46]. It is a common mineral and frequently encountered during low grade
metamorphism of sedimentary rocks. The observed sphalerite inclusion most likely formed during
metamorphism of the platform carbonates and their associated clay sediments, although it cannot be
excluded that it formed from external hydrothermal fluids.
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The EPMA analysis of the herringbone structure in sample A4 only totals 86.01%. The most likely
explanation is that this patterned zone consists of a different mineral or an intergrowth of different
minerals. Our analysis was set up to quantify eight elements that are commonly found in sulfides,
but it is possible that this zone incorporates elements that we did not analyze. Although a different
mineral is the most likely explanation, alteration due to the fabrication process cannot be excluded
until this inclusion is further analyzed.

The paragenesis of Mogok rubies is pretty well understood and it is interesting to note that the
only mineral that incorporates Fe, are these sulfides. Thus, the presence of sulfur might be an important
factor for the formation of low-Fe, and thus, more fluorescent rubies. Marble-related ruby forming
systems have a significant amount of evaporites, including sulfates. During increasing metamorphism,
these sulfates will reduce, due to reactions with organic matter [54]. This reaction provides an ample
supply of reduced, reactive sulfur to react with all Fe and form Fe-sulfides before corundum forms.
The presence of S-rich fluid inclusions and native sulfur found in marble related ruby inclusions
supports this model [31,55,56]. The same model could also explain the extreme fluorescence witnessed
in red/pink spinel from marble related deposits. Gem spinel shares a very similar formation model
with ruby in marbles, apart from the fact that it has a significant Mg component and most likely
formed at slightly different P-T conditions [34,57,58]. A similar mechanism where sulfur is responsible
for Fe removal during formation of high quality gemstones has been proposed for the Colombian
emeralds [59]. It seems that, in both situations, the reaction of sulfates with organic matter provided
sufficient reduced sulfur to trap much of the Fe present in the system in sulfide phases [59]. This results
in Fe-poor, Cr-rich emeralds and rubies, creating a strong color and fluorescence. While this mechanism
is similar between these deposits, the rest of the geological conditions are very different.

Although the inclusions in Mozambican amphibole-related rubies are visually very similar to the
ones from Mogok’s marble-related rubies, they are chemically very different. This was expected, given
that their geological history and host rocks are very different.

The composition of the inclusions in Mozambican rubies strongly resembles a sulfide melt trapped
during formation. The texture of these inclusions is suggestive of phases crystallizing from a melt
individually, rather than exsolving from one originally homogeneous inclusion [60]. For instance,
certain crystallized phases in these inclusions do show very obvious exsolution textures (Figure 4a,b),
which are distinctly different from the overall textural relationships observed between the main sulfide
phases. Such sulfide melts can form at higher temperatures, precipitating multiple sulfide phases upon
cooling [61,62]. The overall consistency of these inclusions between the different samples indicates
that they formed as a separate and homogeneous phase, possibly a partial sulfide melt, and were later
incorporated in the ruby. The rounded shape of the inclusions is also more suggestive of a molten
phase. Conversely, in Mogok rubies, the more regular, almost euhedral, outlines suggest that these
inclusions were trapped as solid crystals.

During cooling, the individual components in such a sulfide melt would have separated and
crystallized into the different phases (chalcopyrite, pentlandite, pyrrhotite). The creation of sulfide
melts through partial melting has been documented at temperatures as low as 300 °C, but this applies
only to a limited amount of sulfide minerals, often with considerable amounts of As [62]. The most
common Fe-Ni-Cu sulfide system in nature consists of chalcopyrite and monosulfide solid-solution
(FeS-NiS). Early experimental work suggested that significant quantities of melt are produced only at
around 850 °C [63]. However, some experiments have shown that first melting may initiate at about
760 °C in this system [64,65]. The mineralogy of sulfide crystallization in these references is consistent
with that seen in the Mozambican ruby inclusions with chalcopyrite and Fe-Ni sulfides, that have
completely separated from what could have been a single homogeneous partial melt at high temperature.
The flame-like patterns observed also suggests exsolution of the Fe-Ni sulfide phase during cooling,
that formed the patterns seen now. The main potential concern with this hypothesis is that the melting
temperatures of this system are significantly higher than the 550650 °C reported for the ruby host rock in
previous studies [41,66]. However, these pressure-temperature calculations should be approached with
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some caution. These PT estimates are based on models that assume equilibrium between various phases
found associated with corundum in the Mozambique deposit. However, the Mozambican ruby host
rock is extensively weathered and in most cases completely reduced to clay and sedimentary detritus.
It is often hard to say if the minerals that are seen in thin sections, and used in geothermobarometry,
are actually related to the ruby formation. For instance, it is possible (if not likely) that the kyanite and
Fe-carbonate used to determine a temperature of 650 °C and pressure of 9.5 kbar, are alteration products
formed during retrograde metamorphism and/or interaction with fluids rich in Si and carbonates [66].
The same applies to the stability field used to estimate a temperature estimate of 550-600 °C, based on
a plagioclase-garnet-diopside-pargasite-clinochlore-quartz-corundum assemblage [41], especially as
clinochlore is a common alteration product when amphibole weathers. It would be highly unlikely
that these minerals all formed together, especially quartz and corundum, which cannot coexist under
ordinary geological conditions. The presence of an inclusion derived from partial sulfide melt rich in
Ni-Cu-S, as we have proposed here, would suggest that reported formation temperatures of around
550-600 °C are underestimated.

Given that the data on Mozambican ruby is limited, the data on other amphibole related deposits
in East-Africa can provide limited insight. The ruby deposit in Winza, Tanzania has reported P-T
conditoons of 750-850 °C and 9.5-12 kbar [67]. Similar conditions are reported for Vohibory, Madagascar,
although the temperature range is narrower at 750-800 °C, with pressure of 9-11.5kbar [68]. While these
conditions are not directly related to the Mozambican ruby deposit, they can provide an indication for
the formation of amphibole-related rubies in East Africa. These temperatures are more in line with the
likely temperatures for the formation of a partial sulfide melt. The effect of various parameters, such as
water content, oxygen fugacity, sulfur fugacity, the involvement of other minerals and the potential for
lowering the initial melting temperature of a free sulfide melt by addition of other sulfide components,
are not well understood and could potentially have a significant impact on formation conditions of
these potential sulfide melt inclusions [62]. It has to be noted that these conditions are unknown in
most ruby forming systems.

In Mogok, the presence of abundant sulfur allows for the formation of low-Fe ruby, because much
of the Fe is locked in pyrrhotite. The sulfide inclusions in Mozambican rubies are more complex, as is
their associated mineral assemblage. Although it is not well studied, many of the observed minerals
contain a significant Fe component, which indicates that the Fe-balance in the amphibole-related ruby
forming system has more controlling factors than those in marble-related systems. In the Mozambican
rubies, with Fe-Cu-Ni sulfides, it is clear that simply an availability of abundant sulfur is not the
controlling factor for the Fe concentration in rubies.

This is reflected in the wider variety of iron contents seen in rubies from Montepuez, which ranges
from 414 to 4000 ppmw [2,6]. This variability in Fe concentrations obviously results in much more
variable fluorescence in Mozambican rubies compared to Mogok rubies.

6. Conclusions

Opaque inclusions are common in many rubies forming in different geological environments.
The identification of these crystals is usually based on their visual characteristics, which are sometimes
misleading. Chemical analysis has shown that the inclusions in Mogok rubies are dominantly
homogenous pyrrhotite and with one inclusion identified as sphalerite. Pyrite is found in the marble
that hosts these rubies, but was not found as an inclusion. The presence of these sulfides and the
presence of abundant sulfur in the marble could be an important geological indicator for strong
fluorescent rubies. Fluorescence is deemed an important quality factor in ruby valuation and is
quenched by the presence of Fe. In marble hosted ruby deposits, there is abundant sulfur present to
trap all iron in sulfide minerals, allowing the formation of low-Fe rubies.

The opaque inclusions in Mozambican rubies from Montepuez look very similar to the ones
found in Mogok in the microscope, but they are very different compositionally and mineralogically.
Analysis of these stones shows a complex mix of Fe-Cu-Ni-sulfides with clearly separated phases,
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as well as exsolution patterns. Their compositions and textures are reminiscent of melt inclusions
forming from a sulfide partial melt. To form such inclusions, the temperatures should be higher than
the reported P-T conditions, meaning that the temperatures reported in literature might be too low.
More studies are required to better understand the genesis of these inclusions and its ruby host.
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