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Zircon inclusions in sapphires from Madagascar were studied to investigate the effects of heat
treatment on their gemological and spectroscopic features. Progressive decomposition of zir-
con and chemical reactions between zircon and the host sapphire occurred at temperatures
between 1400°C and 1850°C. In unheated sapphires, transparent zircon inclusions displayed
euhedral slightly elongated forms and clear interfaces with their corundum host. Most were
confined within the host under relatively high pressures (up to 27 kbar), and showed evidence
of natural radiation-related damage (metamictization). Subsolidus reactions (i.e., the decom-
position of zircon into its component oxides without melting) of some zircon inclusions start-
ed at temperatures as low as 1400°C, as evidenced by the formation of baddeleyite (ZrO2)
and a SiO2-rich phase. Differences in the degree of preexisting radiation damage are the most
likely cause for the decomposition reactions at such relatively low temperatures. Melting of
zircon and dissolution of the surrounding sapphire occurred in all samples at 1600°C and
above. This resulted in the formation of both baddeleyite and a quenched glass rich in Al2O3
and SiO2. From these data and observations, a systematic sequence of both modification and
destruction of zircon inclusions with increasing temperature was compiled. This zircon alter-
ation sequence may be used (1) as a gemological aid in determining whether a zircon-bearing
ruby/sapphire has been heated, and (2) to provide an estimate of the heating temperature.

ecause of the high demand for attractive sap-
phires and rubies, many different treatments
have been applied to mid- and low-grade

corundum to enhance color and clarity. On an
atomic level, by modifying trace-element concen-
trations and defect configurations in the corundum
crystal structure, selective light absorption in the
visible spectrum can be changed to produce pleas-
ant bodycolors and thus more valuable sapphires
(see, e.g., Crowningshield, 1966; Beesley, 1982;
Emmett and Douthit, 1993). Heating traditionally
has been one of the most common treatments and
remains so today.

As would be expected, temperature is one of the
most critical factors in the heat treatment of sap-
phire. Modern technology has allowed sapphires to
be exposed to higher temperatures, has produced
more dramatic color changes in shorter periods of

time, and has expanded the range of material suit-
able for enhancement. With the recent development
of the beryllium-diffusion process, treatment tem-
peratures as high as 1850°C, near the melting point
of corundum (2030°C–2050°C), have become com-
mon (Emmett et al., 2003).

Zircon (ZrSiO4) is a common inclusion in
Madagascar sapphires, which are important because
they span the color spectrum (figure 1); stones from
this locality may also be sourced for Be diffusion.
Zircon is prevalent in corundum from many other
geographic sources as well (see, e.g., Schwieger,
1990; Guo et al., 1996; Hughes, 1997; Rankin, 2002;
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Rankin and Edwards, 2003). During heat treatment,
included mineral crystals are subjected to the same
conditions as the corundum host, but since they
have different thermodynamic and chemical prop-
erties, they may expand, recrystallize, melt, or
chemically react with the host corundum in very
different ways that are dependent on the heating
temperature, time, and other factors. Observation
of destroyed or modified mineral inclusions using
an optical microscope has long been used to identi-
fy heat-treated sapphires (see, e.g., Gübelin, 1973;
Scarratt, 1983; Gübelin and Koivula, 1986; Cozar
and de Vincente-Mingarro, 1995; Hughes, 1997).
However, systematic descriptions of morphological
changes in response to heating for specific mineral
inclusions such as zircon are not widely available
(Cozar and de Vincente-Mingarro, 1995; Rankin
and Edwards, 2003).

Of particular concern in recent years, diffusion of
a trace amount of beryllium (from several up to tens
of parts per million) into corundum can lead to a fun-
damental change in bodycolor (Emmett et al., 2003).
Although the diffusion coefficient of Be in corundum
is higher than that of many other elements, diffusion
of Be into corundum is still a very slow process. A
very high temperature (~1800°C) is often necessary to
process the stone in a reasonable amount of time,
although Be diffusion may occur at lower tempera-
tures. Using the morphology of zircon inclusions to
estimate the heating temperature could minimize
the number of samples that would have to be submit-
ted for trace-element analysis.

MATERIALS AND METHODS
A total of 41 rough sapphires from Madagascar, rang-
ing from 0.21 to 4.34 ct, were selected for this study
based mainly on the possible occurrence of zircon
inclusions. All of the samples were irregular in
shape, and over half exhibited the flat morphology
that is common for Madagascar sapphires. Most
were from GIA’s collection of specimens obtained
directly from the Ilakaka area of Madagascar; the rest
(slightly less than one-third) were purchased from
reliable sources in the market. All were known to be
natural and untreated by heat or any other method. 

Twenty-five samples were heated to various tem-
peratures so we could observe changes in their zircon
inclusions; their properties and heating conditions are
given in table 1. The remaining 16 were left unheated
for comparison. After heating, most were pink or pur-
plish pink of varying saturation, but some were near
colorless or had slight blue or yellow hues. While we
did note overall color changes, since the focus of this
study was the zircon inclusions, we did not track
color changes with temperature or attempt to control
the atmosphere to achieve optimal coloration. 

Heating experiments were carried out using a
vertical furnace with an oxidizing atmosphere in
the facilities of Crystal Chemistry, Brush Prairie,
Washington. Target annealing temperatures varied
from 1400°C to 1850°C. For each experimental run,
two to three samples were heated at the target tem-
perature in a high-purity alumina crucible for 5
hours; this time was considered adequate to reach
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Figure 1. Natural sap-
phires, such as these 45

princess cuts from
Madagascar, come in a

broad range of colors.
Nevertheless, the high
demand for fine ruby

and sapphire has led to
a wide variety of treat-
ments, of which heat-

ing to improve color
and/or clarity is per-
haps the most com-

mon. These sapphires
have a total weight of

23.08 ct. Courtesy of
Pala International,

Fallbrook, California;
photo © Jeff Scovil.



equilibrium conditions. To evaluate the effects of
different heating durations, additional experiments
at 1600°C and 1730°C were performed for 25 and 12
hours, respectively. During each run, the tempera-
ture was raised from room temperature to 1000°C at
a rate of 300°C/hour, and then to the target temper-
ature at a rate of 600°C/hour. Temperatures meas-
ured in this study are believed to be accurate to
about ±1%, and fluctuation in each experimental
run was less than ±10°C. After annealing at the tar-

get temperature for 5 hours, in most cases the tem-
perature was then decreased to room temperature
over a period of 4 hours. Following the heating
experiments, all samples were ground on both sides
to at least 0.5 mm depth to remove possible surface
contamination, and then polished for observation
and analysis.

In two unheated and all the heated sapphires,
the surface-reaching zircon inclusions were ana-
lyzed using a high-resolution analytical scanning
electron microscope (LEO 1550 VP FESEM)
equipped with an Oxford INCA Energy 300 energy-
dispersive X-ray spectrometer (EDS) at the
California Institute of Technology. A thin layer of
carbon was coated over a polished surface of each
sapphire to improve electrical conductivity. Since
most zircon inclusions are very small and the
decomposition products are even smaller, the
results of quantitative elemental analysis were
normalized. This way, a relative accuracy of better
than 5% and a detection limit of better than 0.5
wt.% could be obtained. The analyses were per-
formed using an accelerating voltage of 20 kV, a
focused electron beam with a a spot size of 1–2 µm,
and a beam current of 10 nA. Backscattered elec-
tron (BSE) images were obtained to provide a
means of mapping areas in a sample that contained
elements of different atomic weights.

Infrared absorption spectra of the host sapphire
were recorded in the mid-infrared region (6000–400
cm−1, 1.0 cm−1 resolution) at room temperature with
a Thermo-Nicolet Nexus 670 Fourier-transform
infrared (FTIR) spectrometer equipped with a KBr
beam splitter and MCT-B detector. Prior to analysis,
the samples were cleaned using an ultrasonic bath
with pure acetone to remove surface contamination.
A 2-mm-diameter center portion of each sample was
selected for analysis, and the rest of the sample was
shielded using a clean metal mask. A 6× beam con-
denser focused the incident beam through the sam-
ple, and a total of 256 scans (per spectrum) were col-
lected to improve the signal-to-noise ratio. 

Raman spectra of the zircon inclusions and their
host sapphires were recorded at room temperature
using a Renishaw 1000 Raman microspectrometer
with a polarized Ar-ion laser at two different laser
excitations (488.0 and 514.5 nm). The two lasers
were used to help clarify the identity of some emis-
sion peaks (Raman scattering vs. luminescence).
The instrument was calibrated against the first-
order Raman shift of a type IIa diamond at 1332.5
cm−1. Spectra were collected using a confocal 

TABLE 1. Heated (with experimental conditions) and 
unheated Madagascar sapphires studied for this report.

Heating experiment

Temperature Duration Environment
(˚C) (hours)

75965 0.65 1.07 5
75966 0.89 1.41  5 
75967 1.29 1.73 5 
65458 1.61 2.58 5
65459 1.12 2.06 5 
65460 1.05 2.50 5
65461 1.10 1.62 5 
65462 1.79 2.59 5
65463 0.96 2.16 5
56016 1.88 3.76 5
56017 3.32 4.25 5
75968 0.83 1.27 25
75969 1.18 1.80 25
75970 0.70 1.21 25
56018 3.25 3.64 5
56019 2.82 nda 5
56020 2.03 2.23 5
56021 2.27 nd 5
75971 0.35 0.91 12
75972 0.64 1.14 12
75973 0.75 2.15 12
56022 2.94 3.49 5
56023 1.90 3.32 5
56024 1.52 2.36 5
56025 4.34 nd 5
56536 0.65 nd
75974 0.72 1.08
75975 0.77 1.99
75976 1.09 1.81
76726 0.60 1.41
76728 0.32 1.15
76729 0.63 1.29
76730 0.38 1.30
76731 0.26 1.07
76732 0.21 0.62
76733 0.53 1.56
76734 0.23 1.07
76735 0.31 1.42
76736 0.30 1.07
76737 0.40 1.09
76738 0.92 1.99

a nd = not determined.

Sample Weight Thickness
no. (ct) (mm)

136 ZIRCON INCLUSIONS IN HEATED SAPPHIRES GEMS & GEMOLOGY SUMMER 2006

Not treated

1400 Oxidizing

1450 Oxidizing

1500 Oxidizing

1550 Oxidizing

1600 Oxidizing

1680 Oxidizing

1780 Oxidizing

1850 Oxidizing

1730 Oxidizing



system with a grating of 1800 grooves per mm, slit
width of 50 µm, objective lens of 50×, and initial
laser power of 20 mW. Up to 100 scans were accu-
mulated to achieve a better signal-to-noise ratio.
Raman spectra of the host sapphires were collected
in the same orientation used for the inclusions by
slightly moving the sample stage horizontally.
Raman spectra of the zircon inclusions in both the
unheated and heated sapphires were obtained by
subtracting an appropriate percentage of the host
sapphire spectrum (i.e., when Raman peaks from
corundum disappeared entirely) from that collected
directly from the inclusions. 

In addition, to better evaluate the spectral fea-
tures of the zircon inclusions, we analyzed two
faceted free-standing zircons (one blue and one color-
less) in several random directions. We also analyzed
a euhedral purple zircon crystal that had well-devel-
oped prismatic morphology with the c-axis parallel,
at 45°, and perpendicular to the laser polarization.
The geographic sources of these single-crystal zir-
cons are unknown. 

RESULTS
Unheated Samples. In the 16 unheated sapphires,
minor amounts of monazite and apatite were pres-
ent, but zircon was the most common inclusion.
Thirteen of the samples showed pink-purple col-
oration; the other three were colorless, blue, and
greenish yellow. Abundant zircon inclusions were
observed in the colorless and 11 of the pink samples. 

Microscopic Observation. Typically, the unheated
zircon inclusions were transparent with a slightly
elongate crystal habit and well-developed {110} form,
although many were slightly rounded. They ranged
from less than 10 µm to about 100 µm in the longest
dimension, though most were smaller than 50 µm.
A few samples contained mostly individual inclu-
sions (figure 2), while others displayed clusters (fig-
ure 3). The latter usually consisted of less than 10
zircon crystals and no other minerals; in two sam-
ples, they showed as many as 100 crystals.
Generally, the inclusions were randomly distributed
within the host sapphire, but three samples showed
linear orientation to some extent. Even when
viewed at up to 100× magnification, their interfaces
with the host sapphire were almost always clear and
transparent. The crystal faces of the zircons were flat
or slightly rounded, and reflective. Some of the larg-
er zircons crystals and clusters were accompanied by
radial fractures in the surrounding corundum (figure
4); however, the depth of these fractures extending
from the inclusion surface into the sapphire hosts
was limited, with most no larger than the inclusion
itself. Some were very subtle and could only be
observed with carefully oriented lighting. Similar to
the interface between the zircon inclusions and the
host sapphire, these fractures were clean and
smooth. No foreign material or apparent frosting
was observed (again, see figure 4).

SEM-EDS Analysis. Seven pristine zircon inclu-
sions in two unheated sapphires (nos. 75974 and
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Figure 2. Discrete zircon inclusions were common in
the Madagascar sapphires. With magnification, the
interfaces between the zircon inclusions and their
host sapphire were almost always clear and transpar-
ent, showing no frostiness or turbidity. The crystal
faces were flat or somewhat rounded and shiny.
Photomicrograph by W. Wang; magnified 90×.

Figure 3. Clusters of zircon inclusions were present in
many of the Madagascar sapphires. Aggregations
usually consisted of less than 10 crystals, and no
other minerals were observed as part of these clus-
ters. In rare cases, up to 100 crystals were seen in a
large cluster. Photomicrograph by W. Wang; magni-
fied 90×.



75975) were chemically analyzed using SEM-EDS
(representative data in table 2). BSE images of inclu-
sions exposed at the surface showed uniform zircon
crystals with sharp planar or slightly rounded
boundaries (figure 5) and no evidence of decomposi-
tion; a few displayed growth zoning. Chemical
analysis revealed that these inclusions were nearly

pure zircon (ZrSiO4) with only minor amounts of
HfO2 (from less than the instrument detection limit
up to ~2 wt.%). 

Infrared Absorption Spectroscopy. The unheated
host sapphires displayed few features in the mid-IR
region other than a weak absorption at 3309 cm−1
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TABLE 2. Representative element concentrations (wt.% oxide) of zircon inclusions and of their reaction products 
after the heating experiments.

Sample Heating tem-
no. perature (°C)

Zircon –a – – 32.6 – – – – 65.8 – 1.6
Zircon – – – 32.4 – – – – 65.7 – 1.9
Zircon – – – 32.1 – – – – 66.4 – 1.5
Zircon – – – 32.8 – – – – 67.2 – –
Zircon – – – 32.4 – – – – 67.7 – –
Zircon – – – 32.9 – – – – 67.1 – –
Baddeleyite – – 1.7 9.4 – – – – 87.6 – 1.4
Zircon – – – 33.0 – – – – 67.0 – –
Baddeleyite – – 1.9 21.2 – – – – 76.9 – –
Zircon – – – 34.1 – – – – 62.8 – 3.2
Baddeleyite – – 1.0 – – – – – 96.0 – 3.1
Baddeleyite – – – – – – – – 95.1 – 4.9
Melt – 4.5 21.8 71.4 0.9 – – – 2.1 – –
Baddeleyite – – 2.7 – – – – – 97.7 – –
Melt 3.2 – 18.4 54.8 – 4.2 2.5 – 16.9 – –
Baddeleyite – – – – – – – – 98.6 – 1.4
Melt – – 73.7 26.3 – – – – – – –
Baddeleyite – – 3.2 – – 1.4 – – 95.4 – –
Melt 0.2 3.2 28.6 41.7 – 14.7 2.5 0.2 8.4 0.5 –
Baddeleyite – – – – – – – – 100.0 – –
Melt – – 29.3 66.4 – – – 2.0 4.6 – –

a – = not detected.

Unheated

Unheated

1400

1450

1600

1600

1680

1730

1780

1850

75974

75975

75967

65458

75968

75969

56018

56020

56023

56024

Figure 5. This backscattered electron image shows a
uniform zircon crystal that has a sharp planar
boundary with the surrounding host sapphire. Due
to its high content of the heavy element zirconium,
the zircon inclusion appears much brighter than the
surrounding host sapphire. Image width 70 µm.

Figure 4. Radial fractures were often present around
larger zircon inclusions. The depths of the fractures
were limited, and most were close to the size of the
inclusions and only rarely reached the surface of
the host sapphire. Photomicrograph by W. Wang;
magnified 112×. 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO ZrO2 Ce2O3 HfO2Phase



produced by structurally bonded hydrogen. All but
one of the unheated sapphires showed the 3309 cm−1

absorption, with intensity of the absorption coeffi-
cient varying from ~0.010 to ~0.055 cm−1 (figure 6).
These data indicate that trace hydrogen is common
in unheated Madagascar sapphires.

Raman Spectroscopy. Micro-Raman analysis pro-
duced some interesting information on the zircon
inclusions. All displayed seven or eight peaks in the
region of 1050–200 cm−1 (figure 7, top spectrum).
These peaks were much broader and weaker in
intensity than the characteristic Raman peaks of
synthetic end-member zircon in the 1050–200 cm−1

region (again, see figure 7, bottom spectrum; G.
Rossman, pers. comm., 2006; see also Nasdala et al.,
2003). The peaks above 1020 cm−1 were also ob-
served in the spectra from the blue and colorless free-
standing zircons. Three peaks (ν1—symmetric stretch-
ing, ν2—symmetric bending, ν3—antisymmetric
stretching [again, see figure 7]; Griffith, 1969; Syme
et al., 1977) were relatively sharp with full width at
half maximum (FWHM) of 6.7–11.2 cm−1, 13.6–18.4
cm−1, and 10.1–13.5 cm−1, respectively, at 514.5 nm
laser excitation.

Most of the Raman peaks from the inclusions
were shifted from the values of the two faceted free-
standing zircon samples (figure 8). In particular, for the
ν3 mode, the Raman peaks in these free-standing zir-
cons had a very limited range of variation
(1007.8–1008.4 cm−1). In the free-standing purple crys-

tal tested in several orientations, we observed signifi-
cant variations in peak intensities, but no shifting in
peak positions. When the c-axis was parallel to the
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Figure 8. Among the 23 analyzed inclusions in unheat-
ed sapphires, the Raman peaks of only two inclusions
fell in positions similar to those of synthetic end-mem-
ber zircon (G. Rossman, pers. comm., 2006) or unheat-
ed zircons analyzed in this study. All the other zircon
inclusions exhibited much higher peak positions. In
addition, a positive correlation was observed between
peak positions. Similar positive relations were detected
between other peaks (not shown).

Figure 6. The hydrogen-related absorption coefficient
at 3309 cm−1 was much stronger in the unheated sap-
phires from Madagascar than in the heated samples.
Most of the latter, which were heated in an oxidizing
environment, contained no structurally bonded
hydrogen after treatment. 

Figure 7. Strong Raman peaks overlying a relatively
flat background were recorded in all analyzed zircon
inclusions. Compared with synthetic end-member
zircon (G. Rossman, pers. comm., 2006), a notable
feature is the evident shifting of almost all Raman
peaks.



vibrational direction of the incident laser beam, the ν1
and ν3 peaks almost disappeared entirely. The
strongest intensities of ν1 and ν3 were observed when
the c-axis was 45° to the vibrational direction. The
three major peaks showed very limited positional
variations when measured at different orientations
(ν1: 974.4–975.0 cm−1; ν2: 438.7–438.9 cm−1; ν3:
1007.8–1008.1 cm−1). These values are similar to those
from synthetic end-member zircon (again, see figure 7). 

In contrast, of the 23 zircon inclusions in 12
unheated sapphires that were measured, only two
fell within the positional ranges observed in the free-
standing zircon samples. All the other inclusions
yielded peaks that were shifted to much higher posi-
tions (e.g., ν3: 1014–1021 cm−1; again, see figure 8).
The largest shift from ideal position was nearly 13
cm−1. Similar peak shifting occurred for other peaks
(ν1, ν2, and another major peak at ~360 cm−1), and a
clear positive correlation was observed among the

peaks (e.g., ν1 vs. ν3 in figure 8). Multiple inclusions
within the same sapphire also showed large varia-
tions in peak position. For example, in sample no.
75975, ν3 of one zircon occurred at 1008.1 cm−1, but
two other inclusions had positions ranging from
1015.6 to 1017.7 cm−1. Similar large variations for
the position of ν3 were observed in sample no. 76732
(1009.3 cm−1 and 1014.8–1015.1 cm−1). Five zircon
inclusions were analyzed in sample no. 76726, but
the position of ν3 showed only a very limited range
of variation (1014.4–1016.5 cm−1).

Heated Samples. Visual Observation. Color changes
were observed in these sapphires after heat treat-
ment, with a deeper pink color in some stones and
lighter pink in others. As noted earlier, we did not
track systematic variations in color with tempera-
ture. The zircon inclusions displayed distinct
changes in crystal morphology after heating to suffi-
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Figure 9. At or below 1500°C, the morphology of the zircon inclusions did not change noticeably (left, 1400°C [sam-
ple no. 75967]; center 1450°C [no. 65459]; right 1500°C [no. 65460]). However, in some zircons, portions of the inter-
face between the inclusion and the host became slightly turbid or frosted, as did some fractures around the inclu-
sions. Photomicrographs by W. Wang; magnified 100×.

Figure 10. As the temperature was increased to 1550°C (left [sample no. 65462]), the frosted/turbid regions
became larger and more noticeable. At 1600°C (center [no. 56017]), the surfaces of nearly all the zircon inclusions
became noticeably frosted, and only a few transparent regions remained. At 1680°C (right [no. 56018]), the zircon
crystals lost their original outlines, resulting in irregular shapes. Photomicrographs by W. Wang; magnified 100×. 



cient temperatures. Below 1550°C, the euhedral
morphology generally remained unchanged (figure
9). Crystal faces and edges were clearly observable,
and the only detectable variation occurred at the
interface between the zircon inclusions and the host
sapphire. At temperatures as low as 1400°C, por-
tions of the interface between some zircons and the
host sapphire became slightly turbid or frosted,
though most of the body of the zircons remained
clear and transparent. Some radiating fractures
around inclusions also became frosted. Other zircon
inclusions in the same sample, particularly smaller
ones, showed virtually no visible changes. Heating
at 1450°C and 1500°C did not intensify the degree of
frosting of the inclusion boundaries, and many
inclusions (close to two-thirds) remained as pristine
as those in unheated sapphires. 

When the temperature was increased to 1550°C,
however, most of the zircon inclusions were
noticeably affected, with the greater part of their
surfaces frosted or turbid looking (figure 10, left).
After heating at 1600°C, the zircon inclusions dis-
played even more distinct morphological variations
(figure 10, center). While the overall outline
remained fundamentally unchanged, the crystal
faces and distinct interface with the host sapphire
almost entirely disappeared. Most notably, the sur-

faces of nearly all the inclusions were strongly mot-
tled and frosted. In only a few (~5%), did we observe
isolated regions that were transparent and pristine-
looking after heating at this temperature. When
heated at 1680°C and above, the shapes of the
inclusions became irregular, losing their euhedral
outlines (figure 10, right). Development of melt
aureoles, drip-like trails, and discoid fractures
began at ~1730°C and intensified notably with
increasing temperature up to the maximum of
1850°C (figures 11 and 12). These melt-filled frac-
tures showed basically the same orientation within
the sapphire host and were nearly parallel to each
other. Dendritic quenched crystals of baddeleyite
(see next two sections for phase identification) were
rare (~5%) after heating at 1680°C but common
(>50%) at 1730°C and above.

SEM-EDS Analysis. This is a powerful technique for
detecting phase changes and their reaction products.
Changes in some zircon inclusions occurred at tem-
peratures as low as 1400°C. Subsolidus decomposi-
tion reactions (a chemical reaction in which one solid
phase turns into two or more separate solid phases
without any melting) dominated below 1550°C. At
these temperatures, the reaction was usually limited
to the outermost rims of the zircon inclusions and
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Figure 11. Melting and
formation of discoid
fractures began around
1730°C (left, heated for
12 hours [sample no.
75973]) and intensified
as the temperature
increased (right, 1780°C,
5 hours [no. 56022]).
Photomicrographs by W.
Wang; magnified 100×. 

Figure 12. At 1850°C,
melt aureoles, drip-like
trails, and discoid frac-
tures were common.
The variation in color
in these inclusions is
caused by the different
colors of the host sap-
phires. Photomicro-
graphs by W. Wang;
magnified 100× (left
[sample no. 56024]) and
55× (right [no. 56025]). 



involved the formation of two phases with extreme-
ly high contrast in the BSE images (figure 13). One
inclusion showed no detectable reaction; in addition,
it displayed clear growth zonation caused by varia-
tions of HfO2 content in different regions (figure
13A). However, another inclusion in this sample was
altered entirely, with no zircon surviving (figure 13C).
Instead, very bright euhedral grains of baddeleyite
(ZrO2) were surrounded by a dark, irregular SiO2-rich
phase (refer to the Raman spectroscopy subsection
below for phase identification and table 2 for chemi-
cal composition). The baddeleyite developed as small
elongated euhedral crystals up to several microme-
ters in size. In contrast, the SiO2-rich phase occurred
as an interstitial material phase among baddeleyite
crystals. The baddeleyite contained up to 3 wt.%
HfO2. Because of the very small grain sizes and strong

overlap with surrounding minerals, we could not
accurately determine the chemistry of the SiO2-rich
phase. Most of the interiors of individual zircon crys-
tals remained unchanged. In general, the overall
euhedral crystal outline of the inclusions was not dis-
turbed. In a few cases, the reactions occurred inter-
nally but were limited in area.

The progression of these subsolidus decomposi-
tion reactions between 1400°C and 1550°C varied
between samples and even between inclusions in
the same sapphire. In sample nos. 75966 and 65458,
which were heated to 1400°C and 1450°C, respec-
tively, decomposition reactions were observed
among a few isolated inclusions. Other zircons in
the same sapphires showed no reaction at all (no.
75966), while one zircon inclusion in sample no.
75967 (heated to 1400°C) decomposed entirely (fig-
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Figure 13. From 1400°C
(A, B, C) to 1450°C (D),
subsolidus decomposi-
tion reactions mainly
occurred at the rims of
some zircon inclusions,
as seen in these back-
scattered electron
images. The very bright
areas are euhedral
grains of baddeleyite
(ZrO2), which are sur-
rounded by a dark,
irregular SiO2-rich phase
containing up to 3 wt.%
HfO2. One zircon inclu-
sion decomposed entire-
ly (C). BSE image
widths 180 µm (A); 
80 µm (B); 160 µm (C);
140 µm (D).

Figure 14. Some zircon
inclusions heated to
1500–1550°C showed no
observable changes
(1500°C, left). Subsolidus
reactions similar to those
observed at 1400–1450°C
(figure 13) were observed
after heating at 1550°C
(right). BSE image widths
20 µm.

A B

C D



ure 13C). In contrast, none of the inclusions in sam-
ple nos. 65459 and 65461, which were heated to
1450°C and 1500°C, respectively, showed any
observable changes (e.g., figure 14, left). A similar
reaction to that occurring at 1400°C–1450°C was
observed in one zircon inclusion after heating to
1550°C (no. 65463, figure 14, right).

After heating to 1600°C, both subsolidus decom-
position and melting reactions were observed (figure
15). Sample no. 75968, which was heated for 25 hours,
exhibited limited decomposition reactions along the
rim of a zircon crystal, but the baddeleyite crystals
that formed were larger (about 10 µm) than those seen
after heating at lower temperatures and for shorter
duration (2–3 µm; figure 15, left). Nevertheless, the
euhedral morphology and outline of the original zir-
con were mostly preserved. Partial melting of a zircon
inclusion occurred in sample no. 75969, which was
also heated to 1600°C (figure 15, right). The melted
inclusions consisted of baddeleyite crystals and
Al2O3- and SiO2-rich quenched melt. The original
euhedral crystal outlines were indistinct. 

Above 1680°C, partial melting occurred in near-
ly all the zircon inclusions (figure 16). In addition,
the baddeleyite crystals within the Al2O3- and SiO2-
rich quenched glass matrix crystallized in a dendrit-
ic structure that was very different from the individ-
ual baddeleyite crystals that formed at lower tem-
peratures. Reactions between the zircon inclusions
and the host sapphire were intensified at tempera-
tures at or above 1730°C, and the outlines of the
original inclusions became difficult to discern (fig-
ure 17). Up to 5 wt.% HfO2 was detected in badde-
leyite in these melted inclusions. The melt (i.e., the
quenched glass) was mainly composed of Al2O3 and
SiO2 with some ZrO2 (up to 17 wt.%). The concen-
trations of Al2O3 and SiO2 varied dramatically
between different analysis locations. Average com-
positions of the melts are listed in table 2.
Significant amounts of Na2O, MgO, CaO, TiO2,
and/or K2O were also detected in the melted por-
tions of a few inclusions.

Infrared Absorption Spectroscopy. No absorption
from either the zircon or the decomposition reaction
products was detected by FTIR analysis after heating
at any temperature. In addition, after heating in an
oxidizing environment at high temperatures, most
of the sapphire samples showed very little evidence
of hydrogen. Of the 22 heated sapphires analyzed
with FTIR, trace hydrogen was detected in only six.
The intensity of the hydrogen absorption coefficient
at 3309 cm−1 varied from 0 to 0.040 cm−1 (again, see
figure 6). A very weak absorption at 3309 cm−1 was
detected in sample no. 56017 after heating at 1600°C
for 5 hours, but in a similar sample (no. 75968) heat-
ed at the same temperature for 25 hours, no hydro-
gen-related absorption was present. Notably, our
heating experiments in oxidizing conditions did not
result in the complete removal of structurally bond-
ed hydrous components.

Raman Spectroscopy. In each of the heated samples,
two to four inclusions were randomly selected for
analysis. For sapphires heated at 1400°C and 1450°C,

ZIRCON INCLUSIONS IN HEATED SAPPHIRES GEMS & GEMOLOGY SUMMER 2006 143

Figure 15. When the zircon
inclusions were heated to

1600°C, both subsolidus decom-
position (left) and melting reac-

tions (right) were observed.
Heating for longer periods 

(25 hours, right) caused the 
formation of larger baddeleyite 

crystals, the brighter grains 
(compare to 5 hours, left). BSE

image widths about 150 µm.

Figure 16. When heated above 1680°C, nearly all the
zircon inclusions showed some degree of melting, in
addition to subsolidus reactions. In this inclusion, the
quenched baddeleyite had a dendritic structure. BSE
image width 85 µm.



the inclusions displayed only the characteristic zircon
Raman peaks, and no obvious differences from
unheated zircon inclusions were observed. In samples
heated to 1500°C and above, variations in Raman
spectra were apparent. In the four inclusions analyzed
in sample no. 65461 (1500°C for 5 hours), two inclu-
sions showed at least seven additional emission peaks
in the scattering region of 1300–1050 cm−1, in addi-
tion to the dominant peaks from zircon when excited
with a 514.5 nm laser (figure 18, top spectrum).

The characteristic zircon Raman peaks from
most heated inclusions were shifted to higher
wavenumbers (ν3 = 1012–1021 cm−1) compared to
those observed for the natural free-standing single
zircons, as was the case with the zircon inclusions in
unheated sapphires. Raman peaks from zircon were
the dominant features until melting occurred at
~1600°C. However, the FWHMs of the Raman peaks
in the heated inclusions were significantly lower
than those measured in the unheated zircon inclu-
sions. For example, the average ν3 FWHM for zircons
that remained intact after heating was 8.7 cm−1

(1400°C), 8.5 cm−1 (1450°C), 8.4 cm−1 (1500°C), 7.9
cm−1 (1550°C), and 8.5 cm−1 (1600°C). In contrast,
the average ν3 FWHM for unheated zircon inclusions
was 11.5 cm−1.

The seven additional Raman peaks observed at
1500°C in sample no. 65461 were present in all inclu-
sions heated at 1600°C and above. A secondary laser
with 488 nm excitation confirmed that these peaks
were due to luminescence and not the Raman effect. 

The zircon-specific Raman peaks disappeared
entirely from inclusions that were heated above
1680°C, and were replaced by several weak Raman
peaks below 1050 cm−1 (figure 18, bottom spectrum).
Of the more than 15 peaks that were recorded (not
all of which are apparent in figure 18), several (645.5,
476.4, 396.5, and 336.4 cm−1, and a characteristic

doublet at 182.1 cm−1 and 194.4 cm−1) were consis-
tent with the Raman spectrum for baddeleyite
(Stefanc et al., 1999; Fredericci and Morelli, 2000;
McKeown et al., 2000), confirming its presence in
the heated inclusions.
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Figure 17. For temperatures at or above 1730°C, the outlines of the original zircon inclusions were diffused, and
reactions between the inclusions and the host sapphire intensified (1730°C, left; 1780°C, center; 1850°C, right).
Tiny dendritic-like quenched crystals of baddeleyite also formed, and the melt often penetrated into surrounding
discoid fractures. BSE image widths 130 µm (left); 250 µm (center); 80 µm (right).

Figure 18. At least seven additional emission peaks in
the 1300–1050 cm−1 scattering region due to lumines-
cence were recorded for inclusions in a sample heated
to 1500°C when 514.5 nm laser excitation was used
(top). Most of these luminescence peaks were much
stronger when the sample was heated at 1680°C or
above. At wavenumbers less than 1020 cm−1, there is
a relatively weak spectrum for baddeleyite.



DISCUSSION
Raman Spectroscopy of Unheated Zircon Inclusions
and Metamictization. Details of the Raman spec-
trum of zircon have been well known since the
1970s. The three main peaks at 1008, 974, and 439
cm−1 are related to internal SiO4 vibration modes. It
is generally agreed that the three other peaks at 225,
214, and 202 cm−1 are lattice vibrational modes
involving interactions between SiO4 tetrahedra and
Zr atoms (Griffith, 1969; Syme et al., 1977).

As shown in figure 8, the Raman spectra from the
zircon inclusions in unheated Madagascar sapphires
were quite variable, particularly in the positions of
the peaks. Shifting of peak ν3 was as high as 13 cm−1.
The positions and relative intensities of Raman
peaks are affected by many factors, including chem-
ical composition, pressure, temperature, and crystal-
lographic orientation. Analysis of the purple zircon
crystal in multiple directions using 514.5 nm laser
excitation demonstrated that relative peak intensity
varied greatly with sample orientation. When the c-
axis was parallel to the vibrational direction of the
incident laser beam, the peaks ν1 and ν3 became very
weak relative to other orientations, or they disap-
peared entirely. However, the peak positions showed
virtually no change when the sample was in differ-
ent orientations, as the largest shift was <0.5 cm−1.
These observations indicate that differences in crys-
tal orientation most likely were not responsible for
the shifting of Raman peaks observed in zircon
inclusions from Madagascar sapphires. 

We also considered whether these large peak
shifts could be explained by HfO2 substitution, since
HfO2 is a common minor oxide in zircon inclusions
in Madagascar sapphires. In a careful study of Raman
peak positions in synthetic end-member zircon
(ZrSiO4) and hafnon (HfSiO4), Nicola and Rutt (1974)
found that both had very similar Raman spectra, but
the ν3 peak position in hafnon was about 10 cm−1

higher than that of zircon, and the ν1 and ν2 peaks
were also shifted to higher positions (9–10 cm−1). In
contrast, the 356 cm−1 peak in zircon (ZrSiO4)
occurred at 350 cm−1 in hafnon (HfSiO4). Based on
previous research (Hoskin et al., 1996), 3–5 wt.%
HfO2 in zircon is insufficient to cause the observed
peak shift.

Thus, we do not believe that the large peak shifts
that we observed (6–13 cm−1; again, see figure 8) can
be explained by either HfO2 substitution or crystal
orientation. Instead, the most likely scenario is that
the zircon inclusions in Madagascar sapphires are

confined under relatively high pressures. It has been
well documented that Raman peaks for many min-
erals shift to higher wavenumbers with increasing
pressure. The relationship between pressure and
peak position is nearly linear, as observed from min-
eral inclusions in natural diamonds (see, e.g., Liu et
al., 1990; Izraeli et al., 1999; Sobolev et al., 2000).
When a zircon crystal is originally trapped within a
newly formed sapphire at moderate temperatures
(250°C–1400°C; G. Rossman, pers. comm., 2003), its
volume is the same as the space it occupies in the
host sapphire. However, the coefficient of thermal
expansion of zircon (3.2–5.4 × 10−6/°C; Bayer, 1972)
is lower than that of corundum (7.6 × 10−6/°C; White
and Roberta, 1983). Consequently, when the sap-
phire is brought to the earth’s surface, where temper-
ature and pressure are lower, differential expansion
occurs between the inclusion and its host. The vol-
ume of the host sapphire and the original space the
inclusion occupied decreases more than that of the
zircon inclusion itself, placing the zircon under pres-
sure and creating stress in the host sapphire sur-
rounding the inclusion. Where the stress exceeds the
tensile strength of sapphire, fractures develop (again,
see figure 4). Similar features are common in natural
diamonds with mineral inclusions. Knittle and
Williams (1993) studied the Raman peak shifting of
zircon under pressure at room temperature and
found that the four major peaks (ν1, ν2, ν3, 357 cm−1

)

shifted positively and linearly. Based on their exper-
imental results, the largest shift of the ν3 peak in our
data (13 cm−1) corresponds to 27 kbar of pressure.
Similar pressures were calculated from the shifting
of other peaks.

Natural zircons also usually contain measurable
amounts of radioactive trace elements. Radioactive
decay of Th and U can damage zircon’s crystal lat-
tice, a process referred to as metamictization, which
causes expansion of the zircon; this expansion can
create internal stress (e.g., Guo et al., 1996; Hughes,
1997). Radiation damage also causes the Raman
peaks of zircon to become less intense, broader, and
to shift to lower wavenumber positions (Nasdala et
al., 1995, 2003). 

Raman peaks of pristine, unheated zircons in
Madagascar sapphires were mostly strong and sharp,
overlying a nearly flat background and shifted to high-
er wavenumbers (figures 7 and 8) than in free-standing
and synthetic zircons. The observed shift to higher
wavenumbers likely is a reconciliation of the com-
pressive and tensile stresses caused by the competing
mechanisms of thermal expansion and metamictiza-
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tion. Even so, distinct radiation-related features were
observed in these spectra. Crystalline zircon is a much
better Raman scatterer than metamict zircon. As a
result, the Raman spectra of metamict zircons are still
dominated by peaks of crystalline zircon even with
relatively high levels of radiation damage (Nasdala et
al., 2003). Nasdala et al. (1995) found that the FWHM
of the ν3 peak was a very good indicator for metamic-
tization in zircon. In a well-crystallized zircon, the ν3
FWHM is less than 5 cm−1. Partially metamict 
zircons commonly show FWHM values of more than 
10 cm−1, and highly metamict, X-ray amorphous sam-
ples have values ≥ 30 cm−1. 

The FWHM values of ν3 from unheated zircon
inclusions in this study were in the range 10.1–13.5
cm−1, with an average of 11.5 cm−1. These relative-
ly high values strongly indicate that the zircon
inclusions in the unheated samples were partially
metamict. This conclusion is supported by the sig-
nificant decrease of ν3 FWHM after heating experi-
ments. Average FWHM values for sapphires heated
to 1400°C were 8.7 cm−1, 8.5 cm−1 at 1450°C, 8.4
cm−1 at 1500°C, 7.9 cm−1 at 1550°C, and 8.5 cm−1

at 1600°C. We interpret this observed decrease to
gradual recovery and repair of the radiation-dam-
aged crystal structure through annealing at high
temperatures. 

All of these observations indicate that the zir-
con inclusions in the Madagascar sapphires were
metamict to some extent. Radiation damage and
differential thermal expansion during transport of
the sapphires to the earth’s surface most likely
generated the radial cracks surrounding the zir-
cons. However, differences in the radioactive
trace-element composition of individual inclu-
sions would result in varying degrees of metamic-
tization. Thus, significant variations in internal
stresses for different inclusions in the same sap-
phire would be anticipated. Indeed, large variations
in ν3 positions between sample nos. 75975 (ν3 posi-
tions for three zircon inclusions = 1017.7, 1015.6,
and 1008.1 cm−1) and 76732 (ν3 = 1015.1, 1014.8,
and 1009.3 cm−1) are probably the result of some
combination of metamictization and differential
thermal expansion. 

Reactions of Zircon Inclusions at High Temper-
atures. Zircon inclusions experience a number of
reactions and changes as they are exposed to increas-
ing temperature (figure 19). Our microscopic obser-
vations, SEM-EDS chemical analyses, and Raman
spectroscopy revealed that decomposition of zircon

inclusions began at temperatures as low as 1400°C
by the reaction: ZrSiO4 (solid) → ZrO2 (solid) + SiO2
(solid). This subsolidus reaction involved no melt-
ing up to 1550°C. It is evident that the decomposi-
tion reaction was mostly limited to the rims of
some zircon inclusions and did not occur for all of
them. In rare cases, this reaction could occur
throughout a whole inclusion, and no zircon sur-
vived in these inclusions. The reaction occurred
exclusively in the zircon crystals, and the host sap-
phire was not involved. As a result, the overall mor-
phology of the inclusions remained basically
unchanged. However, the formation of tiny badde-
leyite crystals and SiO2-rich phases along the rims
of some of the zircons significantly changed their
reflective optical properties, giving the interfaces
between the inclusions and host sapphire a frosty
appearance (figures 9 and 10, left).

Both subsolidus and melting reactions were
observed after heating at 1600°C. Decomposition
reactions at this temperature (e.g., figure 15, left)
were similar to those occurring at lower tempera-
tures, except for the better crystallization of badde-
leyite due to the higher temperature and longer
periods of heating up to reach the target tempera-
ture. However, melting of zircon inclusions was
observed in a few samples heated under these con-
ditions (e.g., figure 15, right) following the reaction:
ZrSiO4 (solid) + Al2O3 (solid) → ZrO2 (solid) + melt
(liquid). Above 1680°C, all the zircon inclusions
showed evidence of melting. High concentrations
of Al2O3 in the melt (again, see table 2) provided
ample evidence that the host sapphire was involved
in the reaction at the highest temperatures.
Melting of both the zircon inclusion and dissolu-
tion of the surrounding sapphire destroyed the orig-
inal euhedral outline of these inclusions, producing
irregular shapes. Widespread formation of tiny den-
dritic quenched crystals of baddeleyite caused the
inclusion surfaces to appear severely mottled and
frosted. Rapid volume expansion of the inclusions
during melting generated high internal stresses,
and caused the formation of discoid fractures in the
surrounding sapphire. Zircon inclusions heated to
these high temperatures may be identified by the
presence of melt penetrating into the discoid frac-
tures (again, see figures 11 and 12).

Through subsolidus and melting reactions due
to heating at various temperatures, new phases are
introduced into the original zircon-corundum sys-
tem. Just as the IR absorption spectra of sapphires
with zircon inclusions before heating experiments
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showed no zircon-related absorption, the IR
absorption spectra of the heated samples did not
show any features that could be attributed to reac-
tion products. The main reason is that corundum
has a strong absorption in the region below 1600
cm−1, which masks any possible absorption in this
region from reaction products. In addition, both
the inclusions and the reaction products have a
very limited volume compared to that of the host
corundum, so the absorptions would be too weak
to be detected even if they occurred above 1600
cm−1. These observations indicate that IR absorp-
tion spectroscopy is not very sensitive in detecting
the presence of minor amounts of zircon inclu-
sions in corundum or its decomposition products
after heating.

Lowered Melting Point of Zircon. Well-crystallized
zircon is known to be stable up to 1690°C at ambi-
ent pressure (Nasdala et al., 2003). Above this tem-
perature, it decomposes into the constituent oxides
ZrO2 and SiO2. Zircon inclusions in sapphire form
a simple ZrSiO4–Al2O3 system, the lowest melting
temperature of which should be 1700°C–1800°C

(Budinikov and Litvakovskì́, 1956). For the zircon
inclusions in this study, both subsolidus and melt-
ing reactions started at much lower temperatures.
The main possible causes for this discrepancy are
radiation-related metamictization and the coexis-
tence of other minerals mentioned below.

Internal structural damage from radiation could
also affect the thermodynamic stability of zircon
when heated. In an annealing study of radiation-
damaged zircons (Zhang et al., 2000), it was found
that heavily damaged samples tend to decompose
into ZrO2 and SiO2 at high temperatures. In that
study, tetragonal ZrO2 was observed after anneal-
ing between 852°C and ~1327°C, while monoclin-
ic ZrO2 (baddeleyite) appeared above 1327°C. Such
a decomposition temperature range is much lower
than that for well-crystallized zircon. Zhang et al.
(2000) also pointed out that ZrO2 and SiO2 from
the decomposition could recrystallize to form new
zircon around 1230°C. 

All of these factors indicate that the final decom-
position products of a zircon after heating would
depend on the intensity of radiation damage, the
annealing temperature, and the duration of heating.
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Figure 19. The morphology of zircon inclusions in the sapphires changed systematically as a function of heating
temperature. Also shown are the general temperature ranges of common heat treatments. (References: aHughes,
1997; bMcClure et al., 2006; cEmmett et al., 2003.) Photomicrographs by W. Wang.



This could explain the large variations in subsolidus
decomposition for inclusions in individual sap-
phires, as well as the zircon decomposition ob-
served at temperatures as low as 1400°C. There are
two possible explanations for the pristine appear-
ance of some zircon inclusions after the heating
experiments: Either no decomposition occurred
because they had experienced minimal radiation
damage, or subsequent recrystallization occurred
after decomposition. As seen in the Raman spectra,
a few zircon inclusions showed the same peak posi-
tions as those of synthetic end-member zircon (fig-
ure 8), indicating that decomposition may not occur
in all inclusions.

Although metamictization causes a dramatic de-
crease in the temperature at which subsolidus
decomposition reactions begin, it is less likely to
affect the melting temperature of this system.
Melting of zircon inclusions in these Madagascar
sapphires was first observed at 1600°C, more than
100°C lower than has been reported for a pure
ZrSiO4–Al2O3 system (Budinikov and Litvakovskì́,
1956). Significant concentrations of MgO, CaO, K2O,
and TiO2 were detected in the melted parts of a few
inclusions (again, see table 2). Since all the samples
were polished after heating to remove contamina-
tion, the most likely explanation is that these other
minerals were originally present within or adjacent
to the zircon inclusions. From the chemical compo-
sition of the melt, possible minerals include calcite,
dolomite, magnesite, and/or feldspar. 

Decomposition of zircon inclusions has also
been reported in naturally heated corundum from
Australian basalts (Guo et al., 1996). Similar to
the studied sapphires, both partially reacted zir-
cons and pristine inclusions were described in the
same Australian corundum crystal. Guo et al. sug-
gested that the presence of a SiO2 phase with zir-
con inclusions would significantly decrease the
melting point of the system. Unfortunately,
extensive micro-Raman spectroscopic analysis of
the unheated zircon inclusions failed to detect
any signal from coexisting minerals. This is prob-
ably due to the sampling scale (µm) of Raman
analysis and the uneven distribution of the coex-
isting minerals. In addition, small amounts of
volatiles such as water and fluorine (undetectable
with the spectroscopic and chemical techniques
applied here), present as inclusions within or as a
rim around the zircons, may also have a marked
effect on decreasing the melting temperature of
the ZrSiO4–Al2O3 system.

Luminescence in the 542–552 nm Range. The
presence of zircon decomposition reaction prod-
ucts was also detected through luminescence fea-
tures in the 1300–1050 cm−1 (542–552 nm) range
in the Raman spectra. Rankin and Edwards (2003)
discovered at least seven emission peaks (514.5
nm laser excitation) in the 1300–1050 cm−1 region
in zircon inclusions in extensively heated corun-
dum crystals from Chimwadzulu Hill, Malawi.
These peaks were thought to be due to lumines-
cence from zircon decomposition reaction prod-
ucts, leading to speculation that they might be
useful for correlation to high-temperature treat-
ment of sapphire. Our study confirmed that these
peaks were luminescent. In addition, we found
that these peaks first appeared in two of the four
analyzed zircon inclusions at 1500°C, and they
were present in all of them after heating to
>1600°C. The nature and source of the lumines-
cence is unknown, but it is clearly not related to
ZrSiO4, because all of the zircon disappeared
entirely after heating to >1680°C.

Applications for Gem Identification. Visual evi-
dence of modification or destruction of solid inclu-
sions in sapphire and ruby are powerful clues for
determining if a stone has been heated. Experi-
mental results from this study can be used to deter-
mine not only the possibility of heat treatment of
sapphires with zircon inclusions, but also an esti-
mate of the temperature applied (again, see figure
19). When some zircon inclusions (but not all) dis-
play limited frosted regions, well-preserved euhe-
dral shapes, and only the characteristic zircon peaks
in the Raman spectra, then the heating temperature
is very likely ≤1450°C. With similar features seen
under magnification but the occasional occurrence
of luminescence peaks in the 542–552 nm region,
the heating temperature might have reached
1500°C–1550°C. Heat treatment at ~1600°C might
be identified by frosting of most of the zircon inclu-
sion surfaces with the overall outline of the crystal
remaining virtually unchanged; zircon features in
the Raman spectra may or may not be detected
when a stone has been treated at this temperature.
If the zircon inclusions appear irregular and form-
less, but there is no evidence of melt-filled discoid
fractures, the heating temperature was very likely
around 1680°C. Treatment at this temperature also
results in quenched dendritic crystals, a baddeleyite
Raman spectrum, and strong luminescence in the
542–552 nm region. The presence of melt-filled 
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discoid fractures and halos with quenched dendritic
crystals indicates that the heating temperature was
>1730°C. 

Any estimates of heating temperature must be
based on careful observation of multiple zircon
inclusions in a ruby or sapphire host. It is particu-
larly important to examine multiple inclusions
with samples that were possibly heated at
<1550°C. Below this temperature, reactions in-
volving zircon inclusions are very limited, and not
all inclusions within a single stone will display the
same features.

We feel this experiment could have particular
application to the identification of Be diffusion in
sapphires. Usually, trace-element chemical analy-
sis (e.g., SIMS, LIBS, or LA-ICP-MS) is required to
confirm if a stone is Be diffused. However, these
instruments are expensive and not always avail-
able. Since treatment of Be diffusion in many
cases requires a very high temperature (around
1800°C), the appearance of the zircon inclusions
could be useful in estimating the heating temper-
ature, assessing the need for trace-element analy-
sis, and determining the color origin of sapphires
and rubies.

CONCLUSIONS
Pristine zircon inclusions in Madagascar sapphires
usually exhibit a euhedral crystal form and trans-
parent interfaces with the host sapphire; occasion-
ally, they have small sets of surrounding fractures.

Most of the inclusions are under relatively high
confining pressures due to differential thermal
expansion and radiation damage related to their
geologic history. Other minerals may coexist with
zircon to form composite inclusions. The decom-
position reaction and melting temperatures of
these inclusions are apparently lower than they
would be for a pure, well-crystallized ZrSiO4–Al2O3
system. Microscopic and spectroscopic documenta-
tion of the systematic modification or destruction
of zircon inclusions as a function of temperature
provides a useful tool for determining whether a
zircon-bearing ruby or sapphire has been heated,
and for estimating the heating temperature. 

Similar experimental studies are needed for other
common mineral inclusions in ruby and sapphire to
evaluate a wider range of heat-treatment conditions
and to better constrain the temperature estimates.
While these results may apply for the heat treatment
of sapphires with zircon inclusions from localities
other than Madagascar, a slight variation in the
resulting modification or destruction of zircon inclu-
sions is likely because metamictization significantly
contributes to lowering the temperature of decom-
position in these samples. Rubies and sapphires,
including those from Madagascar, have historically
been treated at a wide variety of temperatures: from
very high, as with Be diffusion (figure 20), to lower
temperatures than those examined in this study. To
extend the possible usefulness of observed variations
in zircon inclusions, similar heating experiments at
800°C–1400°C are ongoing.
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Figure 20. Many colors
of Be-diffused sap-
phires (here, 0.5–2.0 ct)
have been seen in the
marketplace. The mor-
phology of inclusions
can supply useful infor-
mation in determining
if a sapphire should be
tested further for the
presence of Be. Photo
by Elizabeth Schrader. 
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