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Due to the value and rarity of fine gems, early 
pioneers developed techniques to treat lower-
quality material, including fracture filling 

and heat treatment. With ruby and sapphire, records 
of heat treatment go back more than a thousand 
years (Al-Beruni, 1989). 

Heat-treatment temperatures were pushed higher 
as furnace technology improved with the advent of 
electricity, reaching temperatures of 1500°–1800°C 
(corundum melts at 2040°C). Thankfully, this type 
of treatment tends to be easy to spot because the high 
temperatures produce significant alterations (Hughes 
et al., 2017). Although technological advances have 
allowed for a wider range of treatments, many con-
sumers still appreciate the natural beauty of gems, 
and there is a premium on untreated ruby and sap-
phire of high quality. 

Because of this market premium, some treaters 
have returned to heating ruby at lower temperatures, 
hoping to evade detection. In other cases, extremely 
high heat is not required to create the desired change. 
Whatever the reason, identification of low-tempera-

ture-treated ruby is often challenging for laboratory 
gemologists. Thus, this study aims to find useful in-
dicators that corundum has been heat treated at 
lower temperatures. 

BACKGROUND 
This project focuses specifically on marble-related 
ruby, for which Mogok (figure 1) is the most impor-
tant source in terms of value. Most research on low-
temperature treatment has been focused on East 
African amphibole-related ruby and so-called meta-
morphic sapphire from extensive secondary de-
posits in Madagascar and Sri Lanka (Pardieu et al., 
2015; Sripoonjan et al., 2016; Hughes and Perkins, 
2019). 

We define high-temperature treatment as that 
which involves the dissolution of secondary-phase 
microcrystals. In corundum, the most common of 
these microcrystals is rutile silk, which tends to dis-
solve with heat at temperatures of approximately 
1200°–1350°C. Thus, treatment in this temperature 
range is considered the boundary between “low” and 
“high” heat in corundum (Hughes et al., 2017). 

Rutile silk in ruby and sapphire comes from a va-
riety of sources. As a result, its altered appearance 
has become a key indicator of heat treatment. But be-
cause rutile tends to be affected by heat only at 
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1200°C or above, it is not a reliable indicator of 
lower-temperature heat treatment. Thus, we wanted 
to determine whether other types of solid inclusions 
are more sensitive to heat at lower temperatures. 

Mica and amphibole crystals, for example, are 
commonly seen in Mozambique ruby but do not al-
ways react to heat in the same way. Mica crystals 
have been reported to be the more sensitive of the 
two, frequently displaying visual alteration after 
treatment at low temperatures, while amphibole 
crystals are less likely to display damage when 
heated to the same temperatures (Pardieu et al., 
2015).  

In a previous era, coal miners learned to be cau-
tious of the air quality while mining. Dangerous 
gases such as carbon monoxide could build up in a 
mine, causing illness or even death. To prevent this, 
miners began bringing canaries down into the mine. 
These birds are highly sensitive to poisonous gases, 
so if one died it was a signal to evacuate. From this 
came the expression “canary in a coal mine,” refer-
ring to an early warning of potential trouble.  

Our experiments aimed to detect something sim-
ilar: an “early” warning at lower temperatures that 
could signal heat treatment in corundum. What crys-
tal inclusions might act as the metaphorical canary 
in our ruby mine? 

MATERIALS AND METHODS 
Samples. A total of 46 samples from Mogok were se-
lected for study. For this project, the authors did not 
analyze rubies from the Mong Hsu area, which is the 
second major ruby mining area in Myanmar (Peretti 

et al., 1995). While Mong Hsu also produces ruby of 
commercial importance, its appearance and internal 
features make it distinct from the Mogok material. 
Mong Hsu stones tend to have fewer crystal inclu-
sions, making the Mogok material better suited for 
these experiments. Research on low-temperature 
heat treatment of Mong Hsu ruby would be a fasci-
nating avenue for further study but was beyond the 
scope of this project. 

Samples 1–44 were selected from a larger parcel 
of rubies reportedly from Myanmar that was pur-
chased from a Burmese trader in Bangkok. Examina-
tion of the parcel showed that all had characteristics 
(inclusion scene, fluorescence, and trace element 
composition) consistent with those of untreated ruby 
from Mogok. The samples were chosen for their in-
teresting solid inclusions as well as their color range 
from pink to red.  

In addition, samples 45 and 46 were selected from 
GIA’s reference collection. Both rubies were collected 
directly by GIA gemologists from mine rejects in the 
village of Baw-Lon-Gyi in Mogok. Sample 46 was cho-
sen because it had areas free of inclusions that made 
it suitable for high-quality ultraviolet/visible/near-in-
frared (UV-Vis-NIR) spectros copy. Samples 1–45 were 
polished into unoriented wafers measuring approxi-
mately 1.4–3.2 mm in thickness, with diameters rang-
ing from 2.2 to 5.7 mm. Due to the nature of the rough 
ruby crystals, most of these wafers were oriented ap-
proximately perpendicular to the c-axis, resulting in a 
color dominated by the more purplish o-ray compo-
nent. Sample 46 was polished into a wafer with sur-
faces oriented perpendicular to the c-axis with a 
tolerance of less than 2°, ideal for spectroscopy.  
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Figure 1. A faceted 
heated ruby from 
Mogok, Myanmar, 
weighing more than 3 ct, 
stands out against a 
backdrop of untreated 
ruby rough from the 
same origin. The striking 
appearance of Mogok 
ruby is highly sought 
after. Photo by Wimon 
Manorotkul; faceted 
ruby courtesy of Kiart-
tichatra Intarungsee.



Of the 46 samples, 15 were chosen for heating ex-
periments (samples 4, 8, 10, 11, 12, 17, 18, 22, 25, 30, 
37, 39, 40, 45, and 46). These were selected to repre-
sent the diversity of mineral inclusions observed in 
ruby from Mogok. The 31 samples that were not 
heated were analyzed to identify and document their 
inclusions. 

Photography and Photomicrography. Photos were 
taken with a Canon EOS 6D camera with a 65 mm 
lens mounted to a copy stand. The samples were 
placed on a light box illuminated by an XD-300 
xenon white light source. 

Samples were observed before and after each 
round of heat treatment using an Olympus SZX16 
microscope with an SDF PLAPO 0.8× objective lens. 
Photomicrographs were taken with the same micro-
scope, connected to a Canon EOS 6D camera using a 
Spot Imaging DE25TMT microscope adapter. Illumi-
nation was provided by a modified Motic darkfield 
base, supplemented by fiber-optic illuminators. 

Raman Spectroscopy. To identify mineral inclu-
sions, Raman spectra were obtained using a Ren-
ishaw inVia Raman system fitted with a 514 nm 
argon-ion laser attached to a Leica DM2700M mi-
croscope. Spectra were collected in the range of 
200–1200 cm–1. The grating was 1800 l/mm with a 
spectral resolution of 1 cm–1. Exposure time was 10 
s at 100% light power using a 6 mW laser. Accumu-
lations were set at a minimum of three until the 
spectra’s signal-to-noise ratio was greater than 10 
and the major identifying peaks could be visually 
resolved from the background noise. Calibration 
was performed using the 520.5 cm–1 line of a silicon 
wafer. In all cases, entries from the RRUFF database 
(Lafuente et al., 2015) were used as references when 
identifying inclusions. Spectral comparisons were 
performed with Renishaw Wire (version 3.4) soft-
ware. This analysis was conducted on most solid 
crystals and repeated on selected crystals after each 
heating step. All spectra were collected at room 
temperature. 

UV-Vis-NIR Spectroscopy. For samples 4, 8, 10, 11, 
12, 17, 18, 22, 25, 30, 37, 39, and 40, UV-Vis-NIR 
spectroscopy was conducted with a Magilabs Gem-
moSphere UV-Vis-NIR spectrometer before and after 
each stage of heating. The wavelength range was 
365–1000 nm, with a resolution of 1.3 nm and an in-
tegration time of 40 ms. 

With samples 45 and 46, UV-Vis-NIR spectra were 
collected with a Hitachi U-2910 spectrophotometer 
using a wavelength resolution of 1.5 nm. The spectra 
obtained were corrected by calculating the reflection 
loss from the refractive index data, and the data was 
converted to show their absorption coefficients (α, 
cm–1) using α = 2.303A/d, where A is absorbance and 
d is the path length in centimeters. The ruby samples 
were mounted in wax-coated aluminum plates with 
a 1 mm hole to ensure consistent measurements 
throughout the experiment. 

Infrared Spectroscopy. Fourier-transform infrared 
(FTIR) spectroscopy was performed using a Bruker 
Tensor 27 spectrometer before and after each stage of 
heating on the 15 heated samples. Each specimen 
was placed on a Pike DRIFTS attachment and 
scanned 16 times at a resolution of 4 cm–1. 

Trace Element Analysis. Trace element chemical 
analyses were performed on all samples using laser 
ablation–inductively coupled plasma–mass spec-
trometry (LA-ICP-MS) technology with a Thermo 
Fisher Scientific iCAP Q ICP-MS coupled with a Q-
switched Nd:YAG laser ablation device (Electro Sci-
entific Industries Inc. New Wave NWR213) operating 
at a wavelength of 213 nm. The laser ablated spots 
were 55 μm in diameter, created using a laser fluence 
of approximately 10 J/cm2 with a repetition rate of 
10 Hz and a dwell time of 40 s. The forward power 
was set at 1350 W, and the typical nebulizer gas flow 
was at approximately 0.80 L/min. A special set of 
corundum reference standards was used for quanti-
tative analysis of beryllium, magnesium, titanium, 
vanadium, chromium, iron, and gallium (Stone-
Sundberg et al., 2017, 2021), whereas NIST Standard 
Reference Materials 610 and 612 glasses were used 
for other elements. All elemental measurements 
were normalized on aluminum as the internal ele-
mental standard. 

Ultraviolet (UV) Fluorescence Imaging. The 15 
heated samples were observed in both long-wave and 
short-wave UV radiation using two different meth-
ods. One method was with a standard UV light box. 
We used an Ultraviolet Products UVLS-26 EL Series 
UV lamp using a 6-watt bulb, with a long-wave light 
source at 365 nm and a short-wave light source at 
254 nm. We also placed each specimen in a Magilabs 
custom-designed deep-UV fluorescence system, con-
sisting of a fluorescence microscope equipped with a 
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high-intensity pulsed xenon flash lamp with an in-
terference bandpass filter at 228 nm. 

Fluorescence photography was taken with the 
samples placed in the Magilabs system attached to a 
Wild M400 Photomakroskop with an attached 
Canon EOS 6D camera. For long-wave images, we 
used an external Convoy S2+ 4-watt UV flashlight. 
For short-wave images, we used the built-in illumi-
nation from the Magilabs system at 228 nm. 

HEATING EXPERIMENT 
Sample Selection. As previously mentioned, 15 of the 
46 samples examined were selected for heat treatment 
experiments. Thirteen of the samples (numbers 4, 8, 
10, 11, 12, 17, 18, 22, 25, 30, 37, 39, and 40) were cho-
sen for their diverse inclusion scenes featuring a wide 
variety of solid inclusions. Two additional samples 
(numbers 45 and 46) were selected with a focus on 
spectroscopy. These had areas that were free of inclu-
sions. Sample 45 was on the lighter end of the color 
range and 46 on the darker end, giving us examples of 
how different shades might react to heat treatment. 

Heat Treatment. For the first four rounds of heat 
treatment, the 15 samples chosen were placed on a 

piece of synthetic corundum felt and heated in a Vul-
can 3-550 oven in air, which is an oxidizing atmos-
phere. They were heated to 600°, 750°, 900°, and 
1100°C and kept at their maximum temperature for 
four hours. After each heating round, the samples 
were cooled down to room temperature and data was 
collected on each sample.  

The specimens were also heated for a final round 
by John Emmett (Crystal Chemistry, Brush Prairie, 
Washington) and Eric Braunwart (Columbia Gem 
House, Vancouver, Washington). Treatment condi-
tions were 1500°C in a flowing oxygen atmosphere 
for five hours in a Thermal Technology Inc. 3060 fur-
nace. This round took the stones into the realm of 
high-temperature heat treatment. 

RESULTS AND DISCUSSION 
Appearance. All 15 heated ruby samples were exam-
ined and photographed before and after heat treat-
ment under controlled lighting conditions. Across 
the various rounds of heating, the 15 selected sam-
ples did not display significant alteration in body-
color, but we did notice many inclusion changes. 
One of the most notable was to sample 30, which 
contained a large fissure with orange iron staining. 
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Figure 2. The 15 ruby samples from the experiments, before heat treatment and after each stage of heating. 
While the overall bodycolors did not show significant changes, there were changes to clarity as the inclusions al-
tered. Sample 30 in particular showed a dramatic change in color due to the alteration of iron staining in a large 
fissure. Four samples (8, 11, 30, and 37) broke apart during heat treatment. We continued to heat the larger of 
the two pieces in subsequent rounds. Photos by Sora-at Manorotkul.
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After the first round of heating, the stain deepened 
in color; this change was eye visible (see figure 2). 

Another dramatic change was that some rubies 
broke apart during heat treatment. Samples 30 and 
37 split after heating to 900°C, while samples 8 and 
11 split after heating to 1500°C. Following this 
1500°C heating round, another small corner of sam-
ple 30 broke off, but we were unable to recover the 
fragment. For the rubies that broke apart, we contin-
ued to heat the larger of the two pieces. 

In many cases, the treatment affected clarity. Fig-
ure 3 compares sample 10 after heating to 1100°C and 
1500°C. The left side of the specimen shows a darker 
fissure beginning to heal as well as a cloud of rutile 
silk that is less visible, improving the clarity of that 
side of the stone. But on the right side, a sphene crystal 
melted and lowered the clarity in that section. 

INTERNAL FEATURES 
Solid Inclusions. A variety of mineral inclusions 
were identified in the 46 samples using Raman spec-
troscopy. The most common solid mineral inclusion 

observed was calcite (figures 4–5). Mica (figure 6), zir-
con (figure 7), and spinel (figure 8) were also fre-

quently observed. Rutile and sphene (titanite) were 
occasionally seen. Apatite, CO2-rich fluid inclusions, 
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In Brief  
•  Microscopic observation of inclusions in Mogok ruby 

can provide evidence of low-temperature heat treat-
ment. The appearance of calcite, mica, spinel, and zir-
con crystals can be particularly useful. 

•  Raman analysis of calcite and spinel inclusions can 
provide strong evidence of heat treatment, even at 
lower temperatures. 

•  Chalky short-wave UV fluorescence reactions provide 
strong evidence of higher-temperature heat treatment.

Figure 3. When heated to 1500°C, a cluster of inclu-
sions on the left side of sample 10 became less obvi-
ous. On the right side, the alteration of a sphene 
crystal created clarity issues. Photos by Sora-at 
Manorotkul.

1100°C 1500°C

Figure 4. A: In sample 5, transmitted light reveals a variety of transparent rounded crystals of relatively high relief 
compared to the surrounding corundum. They appear to be nearly colorless. B: The same crystals in darkfield illu-
mination. C: Between crossed polarizers, the same crystals display interference colors, suggesting that they are 
doubly refractive. Micro-Raman analysis identified these as calcite. Photomicrographs by E. Billie Hughes; field of 
view 2 mm.

A B C

Figure 5. In sample 6, a pair of calcite crystals stands 
out above a cloud of undissolved rutile silk needles. 
Note the twinning planes in both crystals, a common 
feature for calcite. Photomicrograph by E. Billie 
Hughes; field of view 2 mm.



diaspore, feldspar, garnet, iron sulfide, and scapolite 
were detected infrequently in our ruby samples. 

Inclusion Documentation. Each specimen was ex-
amined and photographed in the microscope before 
and after every stage of treatment. The changes to 
solid inclusions tended to follow a pattern as the 
samples were heated to increasing temperatures. No-
table changes included the following: 

1. Alterations to fissure stains: Epigenetic iron 
staining in fissures in corundum is known to 
be impacted by heating to temperatures as low 
as 350°C (Koivula, 2013). In our experiments, 
the staining stood out in one ruby in particular: 
sample 30. Even after our first round at 600°C, 
this staining displayed a dramatic change in ap-

pearance, becoming a brighter, deeper reddish 
orange. This is visible in the background of fig-
ure 9. 

2. Formation and subsequent healing of fissures: 
One of the first changes noted was that shiny, 
smooth fissures began to develop around some 
solid minerals, often at temperatures as low as 
600°–750°C. When heated to temperatures of 
900°C and higher, these fissures tended to heal, 
often starting at the outside edges (figures 10–
12). This healing often took the form of elon-
gated channels. As the samples were heated 
further, these channels “necked down” and 
separated into shorter, more bubble-like 
shapes (Roedder, 1984). These partially healed 
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Figure 7. A zircon crystal in an untreated Burmese 
ruby, sample 41. Zircon was a frequent inclusion in 
the Burmese ruby samples. Photomicrograph by E. 
Billie Hughes; field of view 2 mm.

Figure 6. A mica crystal in sample 28, surrounded by 
a cloud of undissolved rutile silk. While this type of 
silk is a hallmark of untreated Burmese ruby, it can 
also be seen in stones heated at relatively low temper-
atures. Photomicrograph by E. Billie Hughes; field of 
view 3 mm.

Figure 8. Spinel crystals, such as this one in sample 
15, were seen frequently in the Burmese ruby sam-
ples. Photomicrograph by E. Billie Hughes; field of 
view 3 mm.



Figure 10. A: A transparent rounded 
zircon crystal in sample 4. B: A 
large, shiny fissure has developed. 
C: The fissure has begun to heal at 
the edges, creating a “fingerprint” 
pattern at the top and leaving a 
glassy area at the bottom. D: The 
fissure has further healed, producing 
many fine channels, while the 

glassy area has largely disappeared; the texture of the surface of the zircon crystal itself has also altered and become 
less smooth. E: The fingerprint has expanded, and many of the elongated channels have “necked down” to form 
smaller bubble-like features. Photomicrographs by E. Billie Hughes; field of view 1.5 mm.

fissures form what gemologists often refer to 
as “fingerprints.” 

3. Alterations in the appearance of solid mineral 
inclusions: The solid inclusions themselves 
also tended to follow a pattern in response to 
increasing temperatures. In addition to devel-
oping fissures, many crystals began to display 
changes in opacity and texture as they were 
heated to progressively higher temperatures. 
Their tendency was to become less transparent, 

often developing a white interior. In many 
cases they also developed a more textured ex-
terior, sometimes becoming so “frosted” that 
they appeared opaque. The mica crystals in 
sample 40 showed some of the most dramatic 
changes in texture (see figure 13). Heating to 
900°C caused linear features to become much 
less visible. After heating to 1500°C, the crystal 
was barely recognizable, with a frosty appear-
ance resembling a fresh dusting of snow. 
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Figure 9. A: In sample 30, the large 
transparent crystal in the center is 
spinel, and on the right is a calcite 
crystal containing liquid CO2. B: 
The background color has changed 
dramatically because the color of 
the stained fissure in the back-
ground has altered significantly. The 
ruby’s bodycolor does not appear to 
have undergone major change. C: 

The crystal to the right has exploded, leaving a small surface-reaching hole. On the top left, a glassy discoid can be 
seen around a small crystal. D: The staining in the background has again changed color. E: Much alteration is visi-
ble, with partially healed fissures in several spots. Photomicrographs by E. Billie Hughes; field of view 2 mm.
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D E

1100°C 1500°C

A B C
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One of the calcite crystals shown in figure 14 
went from transparent to displaying a translucent 

white filling after it was heated to 750°C. Following 
the next round at 900°C, the white area expanded to 
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Figure 11. A: An elongated mica 
crystal surrounded by several 
smaller crystals in sample 8. B: 
There is little noticeable change ex-
cept at the top left, where a small 
fissure has formed. C: The scene 
shows obvious signs of heat alter-
ation. In addition to the fissures 
seen earlier, glassy discoids appear 
around crystals in the background, 

and a shiny fissure is conspicuous around the biotite crystal in the foreground. D: Some fissures have begun to heal; 
the glassy fissure around the biotite crystal has developed elongated channels, and the partially healed edges of the 
glassy discoid at the top of the frame have started to neck down and become wider. E: The scene has changed dra-
matically; glassy discoids and partially healed fissures with a melted appearance are visible across the field of view, 
and the biotite crystal has developed an immobile gas bubble in its center. Images A and B were captured with 
darkfield illumination; diffused fiber-optic illumination has been added in C–E to reveal the fissures more clearly. 
Photomicrographs by E. Billie Hughes; field of view 1.5 mm.

Figure 12. A: A calcite crystal from sample 40, shown in its untreated state. B: A glassy fissure has developed 
around the crystal. C: The edges of the fissure have begun to heal and assume a cloudy appearance. D: Further 
healing in the fissure. E: Almost all of the glassy areas have disappeared as the fissure has healed. Meanwhile, the 
calcite crystal has become more opaque. F: Darkfield illumination shows detailed channels in the fingerprint 
around the calcite, which is becoming whiter and more opaque. Photomicrographs by E. Billie Hughes; field of 
view 2.2 mm.
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the point where the whole crystal was opaque. These 
observations were not limited to calcite inclusions 
but were seen across a variety of solid inclusions. 
Similar patterns were noted with mica (figure 15), 
spinel (figures 16 and 17), sphene (figure 18), iron sul-
fide (figure 19), diaspore (figure 20), primary rutile 
(figure 21), scapolite (figure 22), feldspar (figure 23), 
and apatite (figures 24–26). 

Solid Inclusions Most Sensitive to Heat. Some of the 
solid inclusions stood out as particularly sensitive to 
heat at lower temperatures. In certain samples, some 
calcite crystals began to show a reaction even after 
the first round of heating to 600°C. This can be seen 
in sample 8 (figure 14) and sample 40 (figure 12). Zir-
con (figure 10), mica (figures 11, 13, and 15), and 
spinel (figures 16 and 17) crystals began to display 
changes after heating to 750°C. 

Fortunately for gemologists, these highly sensi-
tive solid inclusions were also the most common in-
clusions in the rubies studied, providing a useful 

visual aid when trying to detect low-temperature 
heat treatment. 

Scapolite, which we found in fewer samples, also 
began to show changes at the slightly higher temper-
ature of 900°C (see figure 22). This makes it another 
helpful sign of heat, but one that we expect to see less 
frequently. 

Solid Inclusions Less Sensitive to Heat. Other solid 
inclusions had to be heated to higher temperatures 
before they displayed clear visual changes. Crystals 
of sphene (figure 18), primary rutile (figures 20 and 
21), and feldspar (figure 23) in our specimens did not 
show changes until they were heated to 1100°C. 
Some apatite crystals also began to display alteration 
at this temperature, but one apatite in sample 46 did 
not display clear changes until the last round of heat-
ing to 1500°C (figure 26). 

Impact on Rutile Silk. One of the hallmarks of ruby 
from Mogok is the presence of rutile silk, often in 
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Figure 13. A: These mica crystals in sample 40 show a series of striations. B: Fissures have developed around the 
mica crystals, and the striations have become much less prominent. C: Significant changes are observed, with the 
entire area on and around the crystals assuming a frosty white appearance. Photomicrographs by E. Billie Hughes; 
field of view 3 mm.

A

Unheated

B

900°C

C

1500°C

Figure 14. A: A group of transparent calcite crystals in sample 8. B: A large 
glassy fissure has formed around the cluster. C: The crystal second from 
the right has changed in texture and become slightly opaque; the one on 
the far right has also developed a fissure that has begun to heal. D: Note 
the significant changes to the crystal second from the right, which has 
taken on a whitish appearance and become opaque. Photomicrographs by 
E. Billie Hughes; field of view 2 mm.

D

900°C

A B C

Unheated 600°C 750°C



dense nests of unbroken needles (see figure 6). In fact, 
the point at which rutile silk begins to dissolve is often 
cited as the boundary between “low-temperature” and 
“high-temperature” heat. Rutile generally begins to 
dissolve at around 1200°–1350°C (Hughes et al., 2017). 

This was supported by the results of the experi-
ment. In all the samples we heated, the rutile silk 
showed no noticeable change after heating up to 
1100°C. Even as other features began to change, the 

rutile silk needles remained intact. After heating to 
1500°C, the rutile silk dissolved from needles into 
small dotted particles. In some instances, it dissolved 
to such an extent that it was no longer visible. This 
dissolution is particularly clear in figure 15, where 
the silk that was still intact across the stone at 
1100°C has largely dissolved after heating to 1500°C, 
leaving behind just a few short dotted needles and 
particles. 
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Figure 16. A: This transparent spinel crystal in sample 39 retains the same appearance through subsequent rounds 
of heating to 600°, 750°, and 900°C. B: The spinel crystal has begun to change in appearance and started to develop 
elongated lines. C: The crystal has taken on a frosty, whitish appearance. Photomicrographs by E. Billie Hughes; 
field of view 1.5 mm.

A B C

Unheated 1100°C 1500°C

Figure 15. A: In sample 25, the 
three hexagonal crystals on the left 
are mica, while the crystal at top 
right is garnet. The scene also con-
tains nests of undissolved rutile 
silk in intersecting needles. B: 
Shiny fissures appear around three 
of the four crystals. The crystal 
third from the left does not display 
a fissure, despite being mica like 
the first two crystals. The garnet 

does display a fissure, however. C: All four crystals have altered, and the fissures have begun to heal at the edges. D: 
More changes can be noted as existing fissures have expanded and healed further. New fingerprints have developed 
to the right of the garnet crystal. Through four rounds of heat, the rutile silk in the background remains unaltered. 
E: Fissures now show significant alteration, with cloudy areas and drippy channels. The three mica crystals on the 
left have become more transparent and contain several immobile gas bubbles. In the background, the rutile silk 
needles have altered significantly, partially dissolving into shorter, broken needles and dotted particles. The previ-
ously “silky” area appears more transparent. Photomicrographs by E. Billie Hughes; field of view 3 mm.
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Immobile Bubbles. Another notable change to 
solid inclusions was the development of immobile 
bubbles, which only appeared after heating to 
1500°C. These features are particularly clear in the 
mica crystals in figures 11 and 15 and the scapolite 
in figure 22. 

When these inclusions reach higher temperatures, 
they start to break down. Hydrous minerals and car-
bonates will release volatiles such as water and car-
bon dioxide when they break down into other 
minerals. This results in the separating of a vapor 
phase and a remaining solid phase. In the case of cal-
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Figure 17. A: Sample 39 shows a 
spinel crystal in the center, with a 
small crystal to the top right. B: 
The large crystal has developed a 
glassy fissure. C: The smaller crys-
tal also has a shiny fissure. Dif-
fused fiber-optic illumination has 
been added to the transmitted 
light used in the other steps to 
better highlight the fissures. D: 

The fissures begin to heal, creating fingerprints around the crystals. E: The fissures have expanded and appear 
cloudier. The larger crystal’s surface has altered, while the smaller crystal displays a more rounded, bubble-like 
appearance. Photomicrographs by E. Billie Hughes; field of view 3 mm.

Figure 18. A: A sphene crystal stands out in high relief in sample 10. 
Heating to 600°, 750°, and 900°C created no noticeable changes. B: The 
first signs of change, with small fissures forming on the edges of the crys-
tal. Subtle changes to the texture are also visible inside the crystal, 
which appears less smooth. C: Changes to the crystal’s interior become 
easier to see in darkfield illumination. D: Dramatic changes, as fissures 
around the sphene expand and create drippy channels with a melted ap-
pearance; the surface is now frosty and opaque. Photomicrographs by E. 
Billie Hughes; field of view 1.5 mm.
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cite, the breakdown product consists of the mineral 
lime (CaO) and the gas carbon dioxide. Depending on 
the complexity of the mineral, the solid phase after 
breakdown can consist of various components, or it 
might start to melt (congruently or incongruently) at 

higher temperatures. Upon quenching, these phases 
do not have time to crystallize as a single entity. The 
newly formed phases are preserved, with the solids 
in a glassy state. Since this glassy material occupies 
less volume than the previous crystal, the result is 
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Figure 20. A: A variety of solid in-
clusions are present in sample 22. 
At left is a crystal containing dias-
pore, on the right are several trans-
parent spinel crystals, and at the 
bottom right is a dark, rounded 
crystal of primary rutile. B: Changes 
are already visible, with a glassy fis-
sure around the diaspore crystal on 
the left. Diffused fiber-optic illumi-

nation has been added to the transmitted light used for the other images in this set to accentuate the fissure. C: A 
fissure has also developed around the top of the spinel crystal. Again, diffused fiber-optic illumination has been 
added. D: The fissures that developed in previous stages have begun to heal and form fingerprints. E: These fissures 
heal further and melted-looking channels appear. Photomicrographs by E. Billie Hughes; field of view 2 mm.

Figure 19. A: Sample 18 contains a variety of interesting inclusions. 
On either side of this fissure are two angular sulfide crystals set 
against a background of rutile silk needles. B: The sulfide crystals 
display subtle fissures at their edges, but the rest of the scene appears 
unaltered. C: Significant differences appear. Large, shiny fissures have 
developed, and opacity changes are visible, particularly in the lower 
sulfide crystal, which now appears whiter and cloudier. In the back-
ground, the rutile silk is still intact. D: Many fissures have appeared 
and begun to heal, partially obstructing the view. However, there are 
notable changes. The sulfide crystal at the top right has developed an 

immobile gas bubble. In the background, the rutile silk needles have dissolved. Photomicrographs by E. Bil-
lie Hughes; field of view 2 mm.
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an inclusion with a combination of solids (crystalline 
or glassy) and a vapor phase, seen as an immobile 
bubble (Roedder, 1984). 

Raman Spectroscopy and Heat Treatment. Raman 
spectroscopy detects a shift in phonons of scattered 
light when it interacts with a material (the “Raman 

shift”); this shift is characteristic for each mineral. 
Every peak in the spectrum corresponds to a specific 
vibration between molecules within the mineral. 
While each mineral has a characteristic spectrum 
defined by its crystal structure, many other vari-
ables can influence the vibrations and thus the final 
spectrum.  
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Figure 23. A: A cluster of feldspar crystals in sample 37 that show no alteration through several rounds of heating. 
B: The feldspar crystals are intact and appear unaffected by heat. However, discoid fissures appear in the back-
ground at the top left and bottom right. C: Many more fissures have developed, including some around the 
feldspar crystals in the center. Photomicrographs by E. Billie Hughes; field of view 1.7 mm.
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Figure 21. A: Sample 37 shows dark crystals of primary rutile, along with clouds of exsolved rutile silk. B: Small 
fissures have begun to form around some of the primary rutile crystals. C: The fissures have expanded and begun 
to heal, though the primary rutile crystals appear unaltered and the rutile silk needles in the background are in-
tact. Photomicrographs by E. Billie Hughes; field of view 2 mm.
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Figure 22. A: This scapolite crystal in sample 12 displays a distinctive shape, similar to a lowercase “r.” B: The scapolite 
begins showing signs of alteration. Diffused fiber-optic illumination was added to the darkfield illumination used for 
the previous image to highlight the shiny fissures that developed around the scapolite. C: Major changes are evident, as 
many fissures have formed and then healed with elongated channels that have a drippy appearance. The scapolite crys-
tal has developed opaque areas and immobile gas bubbles. Photomicrographs by E. Billie Hughes; field of view 2 mm.

A B C

Unheated 900°C 1500°C



Variations in the crystal structure can cause sub-
tle shifts in the spectrum. This includes substitution 
of certain elements, lattice damage due to radioac-
tivity, and compressed structures due to pressure.  

The exact position of the peaks is variable and de-
termined by the conditions under which the analy-
sis is done, as well as the exact composition of the 
mineral (Gillet et al., 1993). We believe that while 
the mineral is at room temperature, the pressure on 
the inclusion is significantly higher since it is still 

completely encased in its ruby host. This means 
that the pressure in the inclusion is the same as 
when it was trapped by the growing ruby deep in the 
earth. 

Another challenge faced in this study comes 
from the nature of the host material. While confo-
cal Raman spectroscopy allows one to focus on a 
specific point within the gem, the laser light still 
has to travel through the corundum host. Ruby ab-
sorbs much of the 514 nm wavelength and emits 
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Figure 24. A: At the bottom are rounded apatite crystals in sample 37. To-
ward the top left are dark primary rutile crystals, and at top center are trans-
parent feldspar crystals. B: A portion of the sample has broken at the bottom 
right corner, yet the scene appears largely unaltered. C: One of the small ru-
tile crystals at top left has a dark, shiny discoid around it, and glassy fissures 
appear in the background at the top. Small fissures are developing around 
the apatite crystals at the bottom. D: The shiny dark discoid in the top left 
corner has expanded, and large drippy fingerprints are prominent across the 
scene. Photo micrographs by E. Billie Hughes; field of view 3 mm.

Figure 25. A: Sample 37 shows a rounded apatite crystal next to a fissure, 
with rutile silk needles at the bottom. B: Part of the sample has broken at 
the site of the fissure, as seen on the right of the image. Still, the apatite 
crystal does not show clear signs of alteration. C: A shiny fissure has de-
veloped around the crystal, indicating heat damage. D: The crystal has a 
more frosty texture, and the fissure around it has begun to heal. Photo -
micrographs by E. Billie Hughes; field of view 1 mm.
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light (fluorescence) as a result. This will always 
overlay the Raman spectrum and may overpower 
it to such a degree that the weaker Raman inclu-
sion spectrum drowns in the noise of the ruby’s flu-
orescence. Despite the high background noise 
introduced by fluorescence, major peaks of corun-
dum can still be observed. This is characterized by 
a major peak at 415 cm–1 and smaller peaks at 640, 
375, 750, and 575 cm–1 (in decreasing order of rela-
tive intensity). 

We explored the use of Raman spectroscopy to 
observe structural changes in solid inclusions in 
Burmese ruby. It is intuitively understood that heat 
treatment destroys inclusions, but at lower temper-
atures it can also anneal any crystal damage in the 
inclusions, especially in inclusions that tend to con-
tain radioactive elements, which has been observed 
in Madagascar sapphires (Saeseaw et al., 2020). In our 
experiments, we focused on the Raman spectra of 
the calcite, spinel, and apatite inclusions. 
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Figure 26. Left: Sample 46 contains a rounded apatite crystal (the larger crystal on the left with the dark triangle) 
and a small transparent zircon crystal immediately to its right. Remarkably, the apatite crystal remains unchanged 
until the last round of heating. Right: After heating to 1500°C, the apatite crystal has developed a partially healed 
fracture around it and become more whitish and opaque. The zircon crystal to the right of it has developed a mot-
tled appearance with a few spots in its interior. On the far right, a partially healed fissure has developed. Photomi-
crographs by E. Billie Hughes; field of view 1.5 mm.

Figure 27. Raman spec-
tra of calcite (the crys-
tal on the far left in 
sample 8; see figure 14). 
The main feature of the 
spectra, the peak at 
1080 cm–1, remained 
consistent after each 
round of heating. Spec-
tra are offset vertically 
for clarity.
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Calcite. The Raman spectra of carbonate minerals 
are characterized by a strong peak in the range of 
1080–1095 cm–1 and minor peaks around 155, 280, 
and 715 cm–1 (Krishnamurti, 1957). For calcite crys-
tals, one interesting case study is that of sample 8 
(figure 14), which shows four large carbonate crystals 
lined up. These calcite crystals exhibit two different 
behaviors in their Raman spectra during successive 
rounds of heat treatment.  

Three of the crystals displayed minimal changes, 
where the peak shape remained similar. These are 
the same crystals that exhibited no significant visual 
changes during low-temperature treatment. Figure 
27 shows the Raman spectra of the crystal on the far 
left, which remained similar throughout the heating 
process. 

In contrast, one crystal from this series (the third 
from the left) looked very similar to the others in its 
unheated state but reacted strongly to heating. During 
the first two heating steps (600°C and 750°C), its ap-
pearance and Raman spectrum barely changed. At 
900°C and above, the Raman spectra show a signifi-
cant widening of the main carbonate peak as well as 

a slight shift to higher wavenumbers (see figure 28). 
Visually, the crystal started to turn white and opaque. 
The peak between 1080 and 1090 cm–1 corresponds 
to the symmetric stretching of C-O bonds of carbon-
ate (CO3); such a reduction in the sharpness and in-
tensity of this peak means that the carbonate is 
decomposed. Additional peaks appearing around 360 
cm–1 match with lime (CaO). At higher temperatures, 
calcite breaks down into lime and CO2, which is prob-
ably what we observed here. The Raman spectra did 
not reveal the presence of CO2, most likely due to its 
low concentration. It might also have escaped via 
(hairline) fractures that developed during treatment. 

We observed the same reaction in the calcite in-
clusion in sample 30, but here the breakdown did not 
start until 1100°C. Thermal decomposition of calcite 
under atmospheric pressure typically takes place in 
the range of 750°C (Harker and Tuttle, 1955). These 
observations of unaltered calcite at temperatures 
above the reported decomposition temperature show 
that there are other factors playing a role. Probably 
the most prominent variable is the pressure under 
which the inclusion is encased in the host mineral. 
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Figure 28. Raman spec-
tra of calcite (the crys-
tal third from the left in 
sample 8, see figure 14). 
After heating to 900°C, 
the spectrum showed 
significant changes. 
Note how the peak at 
1080 cm–1 widens and 
becomes less sharp, 
which corresponds to 
the changes observed in 
the crystal as it be-
comes white and 
opaque. This corre-
sponds to calcite being 
transformed into lime. 
Spectra are offset verti-
cally for clarity.
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The observation of how both the appearance and 
spectra of the same types of mineral inclusions can 
vary, despite having been heated to the same temper-
ature, is one of the more thought-provoking results 
of these experiments. In some cases, as seen with cal-
cite, even the same types of mineral inclusions in the 
same sample can react differently. This highlights 
the variety of factors that can influence the behavior 
of crystals during heat treatment, which are dis-
cussed later in this article. Because of the numerous 
factors that can have an impact, it is difficult to pin-
point just one reason for the inclusions’ differing re-
sponses to heat. 

Spinel. Another common inclusion in Burmese ruby 
is spinel. In the last two decades, several heat treat-
ment studies have been performed on gem spinel, 
often focused on nondestructive analytical detection 
techniques (Saeseaw et al., 2009; Widmer et al., 2014). 
Most of the work has concentrated on the photolumi-
nescence of spinel, where changes in the emission 
spectrum are reliable indicators of heat treatment. Un-
fortunately, this technique cannot be used for spinel 
inclusions in ruby, since the photoluminescence spec-
trum would be dominated by that of the chromium-
rich host corundum, so instead we focused on the 
Raman spectrum. 

The Raman spectrum of spinel is dominated by a 
single sharp peak in the range of 405–420 cm–1, with 
additional peaks around 670 and 770 cm–1. We did 
not observe any changes in the spectra of the spinel 
inclusions after the first heating step (at 600°C), but 
after heating to 750°C, the peak widened signifi-
cantly (see figure 29). This effect became more pro-
nounced at higher temperatures. The position of the 
peak also shifted to slightly higher wavenumbers. 
Our observations match those observed in gem 
spinel crystals.  

These changes correspond to an increased disor-
der in the spinel crystal lattice starting at tempera-
tures around 600°–700°C (Yamanaka and Takéuchi, 
1983; Wang et al., 2019). This characteristic can be a 
relevant criterion for treatment detection. Visual ob-
servation of the spinel crystal revealed little change 
during heating, but changes in the Raman spectrum 
after treatment above 700°C can be strong indicators 
of low-temperature treatment. 

Apatite. The spectrum of apatite is dominated by the 
phosphate peak around 965 cm–1. This peak remained 
stable throughout the entire heating experiment, 

even during high-temperature treatment at 1500°C 
(see figure 30). Both the peak position and full width 
at half maximum (FWHM) of the main apatite peak 
remain constant, although a slight widening of the 
peak is observed during treatment at the highest 
temperature. 

The thermal stability of apatite depends on its 
exact composition, especially the anion group that is 
part of the mineral. In geological conditions these are 
typically F–, Cl–, OH–, and, in rarer cases, CO3

2–. 
While there is no exact analysis of the apatite species 
in Burmese ruby, there are strong indications that 
they are chlorine-rich (Bieri et al., 2010). This apatite 
variety does not decompose at higher temperatures 
and has a melting temperature above 1500°C (Tõn-
suaadu et al., 2011). As a result, it remains unaffected 
by treatment at low temperature and into the high-
temperature ranges as well. 

Factors That Affect How Inclusions React to Heat. 
Our observations revealed that even inclusions of 
the same type did not always react to heat treatment 
the same way at the same temperature. For example, 
in sample 25 (figure 15), two of the three mica crys-
tals developed fissures after heating to 750°C, yet a 
third mica crystal showed no signs of heat alter-
ation. Meanwhile, a garnet crystal in the same sam-
ple also developed a fissure during the same round 
of heating.  

While one might expect inclusions of the same 
type of material to react similarly to heat at the same 
temperature, in reality the issue is more complex. A 
perfect example is the series of four calcite crystals in 
sample 8 (figure 14), all of which looked similar in 
their unheated states but reacted differently during 
the experiment. Several factors can affect how inclu-
sions react to heat, including the following (J. Koivula, 
pers. comm., 2021; J. Emmett, pers. comm., 2021): 

• Type and chemical composition: The iden-
tity of each inclusion can affect how it reacts 
to heat. Every solid mineral has its own 
unique coefficient of thermal expansion, 
which is the tendency of matter to increase 
in volume in response to an increase in tem-
perature. If the inclusion expands more rap-
idly than the host, the added pressure can 
produce stress fractures. This can happen 
both naturally and as a result of artificial heat 
treatment (Wang et al., 2006). The identity of 
the crystal also determines its chemical sta-
bility at higher temperatures. 
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• Size: The expansion of a larger inclusion as it 
is heated tends to create more dramatic 
changes. 

• Relative orientation and shape: The orienta-
tion and/or shape of an inclusion may have an 

impact because all host crystals have their own 
directions of weakness.  

• Inclusions within inclusions: Included solids 
may contain their own inclusions of various 
types. 
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Figure 29. Raman spec-
tra of the spinel crystal 
in sample 30 (see figure 
9). After the first round 
of heating to 600°C, the 
spectrum remained 
consistent, but notable 
changes occurred after 
heating to 750°C. The 
peak between 405 and 
420 cm–1 widened and 
shifted to a slightly 
higher wavenumber, a 
trend that continued 
with heating to higher 
temperatures. Spectra 
are offset vertically for 
clarity.
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Figure 30. Raman spec-
tra of an apatite inclu-
sion in sample 46 (see 
figure 24). The spectra 
remained fairly consis-
tent after each round of 
heating, with just a 
slight widening of the 
peak around 965 cm–1 
after heating to 1500°C. 
Some spectra show the 
host corundum, with 
peaks at around 380, 
420, and 750 cm–1. Spec-
tra are offset vertically 
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• Location: Proximity to the surface or to other 
inclusions may affect how an inclusion reacts. 

• Trapping pressure and temperature: The pres-
sure and temperature under which an inclusion 
was trapped within its host can have an impact. 

• Melting point: Solid minerals with lower melt-
ing points are in general more sensitive to heat 
treatment than those with higher melting 
points. 

UV-Vis-NIR Spectroscopy. UV-Vis-NIR spectros -
copy showed a typical spectrum for Burmese ruby 
(figure 31). The color is determined nearly exclu-
sively by the Cr3+ chromophore, which is character-
ized by two strong absorption bands at around 400 
and 560 nm. 

One sample (sample 46) was analyzed after each 
round of low-temperature treatment as well as after 
high-temperature treatment. This ruby was selected 
because it had an area relatively free of inclusions 

that made it ideal for spectroscopy. Changes in the 
absorption spectrum were minimal during the low-
temperature treatment at 1100°C. After high-temper-
ature treatment (1500°C), the shoulder at around 330 
nm started to become stronger (see figure 31). 

This 330 nm band is typically linked to iron (Du-
binsky et al., 2020). Formation of the chromophore 
composed of Fe3+-Fe3+ pairs is unlikely due to the low 
concentration of iron in this material. Even at a low 
iron concentration, it is possible that trapped holes 
associated with iron are formed, which can add sig-
nificant yellow color to the stone. However, these 
iron features should also create sharp bands at 378 
and 450 nm, which are absent here. As such, the ori-
gin of the 330 nm band cannot be explained by these 
known iron-related chromophores.  

We did observe silk dissolution during treatment 
at high temperatures, but the low iron concentra-
tions and relatively high magnesium content prevent 
any Fe2+-Ti4+ intervalence charge transfer from form-
ing and creating blue color in the stone. 
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Figure 31. UV-Vis-NIR 
spectra of sample 46, 
with two strong absorp-
tion bands at around 
400 and 560 nm. The 
table shows the trace el-
ement concentrations 
(in ppma) measured 
with LA-ICP-MS. The 
four spots cover the area 
where the absorption 
spectra were collected. 
Photo by S. Engniwat.
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While we did notice these subtle changes in the 
UV-Vis-NIR spectrum, there was no visible change 
in bodycolor. 

Infrared Spectroscopy. FTIR spectra of all 15 heated 
samples were obtained before and after each round 
of heating. No significant changes were noted after 
any round of treatment. While some corundum dis-
plays the 3309 series of peaks at 3309, 3232, and/or 
3185 cm–1 after heat treatment, these were not de-
tected in the ruby samples used in our experiments. 
This is a vivid reminder for gemologists of the im-
portance of observing all evidence. While the pres-
ence of the 3232 cm–1 peak within the 3309 series 
may be an indication of heat, the lack thereof does 
not constitute proof of an untreated stone. 

Ultraviolet Fluorescence Imaging. Long-Wave Fluo-
rescence. The long-wave UV fluorescence reactions 
of all 15 specimens subjected to heat treatment were 
observed before and after each round of heating. Be-
fore heating, they displayed very strong red fluores-
cence in long-wave UV. No changes in this 
long-wave fluorescence were observed after any of 
the heating rounds. While some samples appeared 
slightly different at first glance, this was due to 
changes in the inclusions, which in some instances 
created larger fissures that reflected more light, 
rather than a change in the bodycolor. One example 
of this can be seen in figure 32, where sample 17 was 
photographed before and after heating to 1500°C. 
The sample displays strong red fluorescence in both 
images. But in the second image, the right side of the 
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Figure 32. A: Sample 17 displays a strong red fluorescence in long-wave UV illumination prior to heating. B: After 
heating to 1500°C, the sample continues to display strong red fluorescence in long-wave UV. The area on the right 
with more visible red fluorescence is due to light striking inclusions that have altered, rather than a change in the 
stone’s bodycolor. C: The ruby displays a medium red fluorescence in short-wave UV prior to heating. D: The sample 
develops a medium chalky fluorescence reaction in short-wave illumination after heating to 1500°C. Photos by E. 
Billie Hughes.
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specimen shows more bright red areas where light 
is reflecting off fissures that developed with heat 
treatment. 

Short-Wave Fluorescence. We also observed the 
short-wave UV fluorescence reactions of all 15 spec-
imens before and after each round of heating. Before 
heating and in subsequent rounds, they displayed a 

strong pinkish red fluorescence. After the initial 
rounds of heating to lower temperatures, we ob-
served no significant change in their reactions to 
short-wave UV. Once the rubies were heated to 
1500°C, significant changes were observed. At this 
point, the samples all developed a strong zoned, 
chalky pinkish red fluorescence. In some specimens, 
the reaction was clearly more pinkish red than be-
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Figure 34. Left: Sample 12 displays strong red fluorescence in short-wave UV before heating and with each subse-
quent round until the highest temperature round. Right: At a relatively high temperature of 1500°C, it develops a 
medium chalky fluorescence. The bright round chalky features here are molten material that has hardened on 
the surface. Photos by E. Billie Hughes.

Figure 33. Left: Sample 18 displays a strong red fluorescence in short-wave UV before heat treatment. It retains 
this appearance after heating to 600°, 750°, 900°, and 1100°C. Right: After heating to 1500°C, it displays a zoned 
chalky fluorescence in short-wave UV. Photos by E. Billie Hughes.
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fore heating, as seen in figures 32 and 33. With some 
samples, the chalkiness was spread across the ruby, 
while in others the chalky areas were more promi-
nently zoned. Sample 18 (figure 33) showed chalky 
areas following a clear, angular zone pattern. 

Brighter chalky areas concentrated in rounded 
spots were also seen (see figure 34). Closer observa-
tion revealed that these are from molten material 
that attached and cooled on the surface, rather than 
from features inside the samples. Treaters will usu-
ally repolish or even acid-clean a stone after it has 
been heated to remove this type of foreign sub-
stance, although remnants may be visible upon close 
microscopic examination. In sample 46 (figure 35), 
the chalky area seen in short-wave UV after heat 
treatment is sharply delineated from the rest of the 
stone. 

When corundum is heated and rutile dissolves, 
this releases Ti4+. Areas with a high concentration of 
rutile microcrystals and rutile silk can then have a 
high concentration of Ti4+, which creates zoned areas 
with chalky fluorescence (Hughes et al., 2017). Sam-
ple 18 (figure 33) offers a clear example of the chalk-
iness associated with a zoned cloud of partially 
dissolved silk. 

A crystal must always be charge-balanced. When 
a rutile needle begins to dissolve into corundum 
during heat treatment, Ti4+ is forced into solid solu-
tion, and this upsets the charge balance. The disso-
lution of rutile into corundum is much like a 

“cylinder” that expands in diameter with time over 
the course of heating. At the outer edge of this 
cylinder, the Ti4+ concentration is essentially zero, 
while the concentration of TiO2 is highest at the 
center. At some point between these extremes, the 
concentration of Ti4+ that dissolves into the corun-
dum becomes greater than those of potential accep-
tors such as Fe2+ and Mg2+, which are the easiest 
means of achieving charge balance. At that point, 
Ti4+ begins to be charge-compensated by aluminum 
vacancies rather than by Mg2+ and Fe2+. One alu-
minum vacancy has a relative charge of –3 com-
pared to the neutral lattice, so one vacancy charge 
compensates three Ti4+. It is the various combina-
tions of aluminum vacancies and Ti4+ ions that flu-
oresce chalky white under short-wave UV light (J. 
Emmett, pers. comm., 2022). 

In this experiment, chalky fluorescence was ob-
served in all samples after heat treatment. This sug-
gests a relatively higher concentration of Ti4+ and 
lower concentrations of iron and magnesium in the 
rubies. In corundum containing high concentrations 
of iron and magnesium, the fluorescence appears 
weaker or inert (Hughes et al., 2017). 

CONCLUSIONS 
The presence of low-temperature-heated ruby on the 
market can present a challenge for gemologists try-
ing to detect treatment. While features such as the 
appearance of rutile can provide a well-known and 

LOW-TEMP HEAT TREATMENT OF BURMESE RUBY                                            GEMS & GEMOLOGY                                             WINTER 2022     421

Figure 35. Left: Sample 46 displays a strong red short-wave fluorescence in its unheated state. Like the other 
samples tested, it did not display any change in appearance in short-wave UV illumination until after the last 
round of heating. Right: After heating to 1500°C, the ruby displays a clear, zoned chalky appearance in short-
wave UV. Photos by E. Billie Hughes.

Unheated 1500°C



helpful indicator for heat treatment at higher tem-
peratures, these tend not to change noticeably at 
lower temperatures. Observation of short-wave UV 
fluorescence reactions yielded similar results. When 
heated to 1500°C, the samples developed a distinc-
tive chalky appearance that could help separate 
them from unheated material. However, heating to 
lower temperatures did not produce this telltale 
sign, nor did the UV-Vis-NIR spectra of the samples 
yield diagnostic evidence of heat treatment. There-
fore, gemologists must rely on other observations to 
detect low-temperature heat treatment. 

Fortunately, in our experiments with heat treat-
ment of Burmese ruby, we observed many types of 
solid inclusions—including calcite, mica, spinel, and 
zircon—that are sensitive to heat at lower tempera-
tures between 600° and 1100°C. Careful microscopic 
observation of these crystals can act as our proverbial 

canary in the coal mine, providing evidence of heat 
treatment before other inclusions such as rutile silk 
show signs of alteration. 

Nevertheless, several of these crystals showed no 
noticeable changes after treatment at lower tempera-
tures. As such, the absence of visual features associ-
ated with heat treatment does not mean that stones 
were not treated at lower temperatures. Micro-Raman 
analysis of inclusions, particularly spinel inclusions, 
can support the detection of low-temperature heat 
treatment, even when visual observations provide no 
evidence of treatment, reinforcing its utility in the 
gemological laboratory. 

It is inevitable that the boundaries of treatment 
procedures will continue to be pushed. Detection cri-
teria will require constant updates, based on new re-
search and experiments, to stay in touch with 
current developments. 
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