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HFSE-enriched Metamorphic 
Blue Sapphires: FTIR and 
Trace-element Study, and 
Implications for Heat- 
Treatment Detection
Michael S. Krzemnicki, Laurent E. Cartier, Wei Zhou, Pierre Lefèvre,  
Markus Wälle, Hao A. O. Wang and Judith Braun 

ABSTRACT: This study examines sapphires naturally enriched in high-field-strength elements 
(HFSE) from metamorphic origins in Sri Lanka and Madagascar. These sapphires display distinc-
tive chemical inhomogeneities and microscopic growth features, as well as variable FTIR spectra, 
often including a broad absorption band near 3300 cm–1. Some of the studied samples also 
show FTIR spectral characteristics and short-wave UV luminescence typically associated with 
heat-treated stones, although all were unheated. Our findings demonstrate that commonly used 
indicators—such as specific FTIR band patterns (mainly the 3309 cm–1 triplet) and chalky bluish 
white short-wave UV fluorescence—are not always reliable for identifying heat treatment. Accurate 
distinction between heated and unheated sapphires requires detailed microscopic examination 
combined with advanced trace-element analysis and spectroscopic techniques, including Raman 
micro-spectroscopy of inclusions such as zircon, goethite and diaspore. 
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T
he chemical composition of gem materials—
particularly their trace-element signatures— 
reflects their geological formation condi- 
tions. This includes gem corundum (Al2O3). 

However, due to its dense crystal structure, corun- 
dum accommodates significantly fewer chemical 
impurities than minerals with larger-spaced crystal 
lattices, such as tourmaline or beryl. Among gem 
corundum, blue sapphires occur in a wide range 
of geological environments, and are commonly 
classified, from a geological perspective, into 
metamorphic (e.g. granulite- or amphibolite-related) 
and magmatic (e.g. alkali basalt-related) types (e.g. 
Giuliani et al. 2014). This distinction is based not 
only on their host rocks and formation processes, 
but also on characteristic trace-element patterns and 

spectroscopic features, which are widely used in gem 
testing to determine geographic origin.

A particular subset of metamorphic sapphires forms 
through metasomatic fluid activity. This includes those 
from skarn-related deposits (e.g. from Andranondambo 
in southern Madagascar; Schwarz et al. 1996; Gübelin 
& Peretti 1997), as well as sapphires formed by fluid-
driven processes during large-scale orogenic events 
and metamorphism (e.g. from Afghanistan [Dutrow 
et al. 2019], the southern Andes [Miranda-Díaz et 
al. 2022] and Sri Lanka [Pannipitiye et al. 2012]). 
Such sapphires are often characterised by elevated 
Ti contents, as well as the presence of other ‘exotic’ 
elements—known as high-field-strength elements 
(HFSE)—such as Zr, Nb, Sn, Hf, Ta, W and Th. These 
sapphires are of particular interest in gemmological 
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research because HFSE concentrations frequently 
correlate with the presence of naturally incorporated 
Be (Wathanakul et al. 2004, 2007; Krzemnicki et al. 
2007; Pardieu 2007, 2013; Shen et al. 2007; Pardieu 
& Klemm 2008; Pardieu et al. 2011; Saeseaw et al. 
2017). This provides a robust criterion for distin-
guishing unheated sapphires containing natural traces 
of Be from those subjected to Be-diffusion treatment, 
which do not exhibit a correlation between HFSE 
and Be. Furthermore, some HFSE-bearing sapphires 
contain measurable amounts of Th and Pb, enabling 
direct radiometric age determination (Krzemnicki et 
al. 2019; Wang et al. 2019; Wälle & Wang 2023; Zhou 
et al. 2024).

Building upon initial results presented by 
Krzemnicki et al. (2025b), this study characterises 
HFSE-enriched unheated metamorphic sapphires (e.g. 
Figure 1)—specifically their internal and spectral 
features, luminescence to short-wave UV radiation, and 
trace-element composition—and examines how the 
presence of HFSE may influence their Fourier-trans-
form infrared (FTIR) spectra, and the implications of 
this for heat-treatment detection. 

BACKGROUND

What Are HFSE and How Are  
They Incorporated in Sapphires?
The term high-field-strength elements refers to 
chemical elements characterised by a small ionic 
radius (r) and high ionic charge (Z) with an ionic 
potential of Z/r > 2.0, resulting in a high electrical 
field strength. Consequently, their bonding to nearby 
anions is very strong. Typical HFSE include Zr, Nb, Hf 
and Ta, but also Ti, Sn and Pb, among other elements 
(see Figure 2). 

HFSE are generally considered chemically ‘incom-
patible’ elements—that is, ones not easily incorporated 
into common rock-forming minerals (i.e. silicates). 

Figure 1: A selection of the unheated 
HFSE-enriched sapphires (5.68–20.23 
ct) from Madagascar and Sri Lanka used 
in this study shows the quality and sizes 
in which this type of sapphire can occur. 
Photos by L. Phan, SSEF; digitally arranged 
by M. S. Krzemnicki.
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Figure 2: In this plot, elements are grouped based on their ionic 
charge and ionic radius. High-field-strength elements (HFSE) 
include rare-earth and other elements with a relatively high ionic 
charge and small ionic radius, resulting in an ionic potential of  
>2.0. Adapted from Rollinson (1993) and Jaireth et al. (2014).
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They tend to be immobile and remain in the residual 
melt/fluid, in which they may be considerably enriched. 
However, they can become mobile through chemical 
complexation with anions such as fluoride (F–) and 
hydroxide (OH–) in hydrothermal and metasomatic 
fluids. These complexes significantly increase HFSE 
solubility, with F-rich, Ca-free fluids being particularly 
effective for transport (Jiang et al. 2005).

Interestingly, such ‘exotic’ trace elements occur in 
both basaltic sapphires (e.g. from Nigeria, Tasmania 
and northern Madagascar) and metamorphic sapphires 
(e.g. from Madagascar, Sri Lanka and Afghanistan), 
and are commonly associated with metasomatic 
processes during crystal growth (Upton et al. 1999; 
McGee 2005; Simonet et al. 2008; Giuliani et al. 2014; 
Dutrow et al. 2019; Miranda-Díaz et al. 2022). The 
incorporation mechanisms of these normally incom-
patible elements, including Be, have been the subject 
of several studies. Proposed models suggest either 
primary entrapment during crystal growth, including 
the incorporation of nano-inclusions, or direct struc-
tural incorporation into the corundum lattice, followed 
by possible exsolution or epigenetic segregation into 
nano-clusters or discrete nano-particulate phases (Shen 
2011; Shen & Wirth 2012; Oto et al. 2023; Emori et al. 
2024; Jin et al. 2024 and references therein).

Prevalence of HFSE-enriched Sapphires
Interestingly, sapphires enriched in HFSE are not 
uncommon in the gem trade or in those submitted 
to gemmological laboratories. Because these ‘exotic’ 
trace elements do not influence a sapphire’s colour 
or overall quality, the presence of HFSE typically 
remains undetected without detailed trace-element 
analysis.

A review of trace-element data collected on blue 
sapphires over the past decade at SSEF by laser ablation 
inductively coupled plasma time-of-flight mass 
spectrometry (LA-ICP-TOF-MS, using our GemTOF 
instrument) showed that most of them contained only 
very low concentrations of HFSE—usually limited to 
sub-ppm levels (Figure 3). However, approximately 
30% of the sapphires exhibited distinctly elevated 
HFSE concentrations, in extreme cases reaching total 
concentrations of several hundred ppmw. 

It should be noted, however, that this apparently 
high proportion is influenced by analytical bias: (1) 
only a subset of sapphires submitted to SSEF undergo 
GemTOF analysis, and (2) trace-element analysis is 
more frequently applied to those suspected of HFSE 
enrichment, such as in origin determination studies 
(e.g. Kashmir vs Madagascar). Thus, we estimate that 
the true prevalence of HFSE-enriched sapphires in the 

market is likely lower by a factor of approximately 
five to ten compared to the dataset presented here. 
Based on this consideration, we estimate that roughly 
3%–6% of gem-quality sapphires currently in the trade 
may contain elevated HFSE concentrations—although 
still representing a significant proportion.

MATERIALS & METHODS

For this study, we surveyed more than 100 HFSE- 
enriched blue sapphires analysed in the past few years 
at the Swiss Gemmological Institute SSEF. From those, 
we selected 24 unheated HFSE-enriched sapphires (all 
containing goethite, diaspore or metamict zircon inclu-
sions) of metamorphic origin (i.e. from Madagascar 
and Sri Lanka, all supplied by reliable trade members) 
for an in-depth study. All samples were faceted except 
for one cabochon (for details, see Table DD-1 in The 
Journal’s online data depository), and some were of 
large size, ranging up to 20.23 ct. In addition, data 
from 25 heated metamorphic HFSE-sapphires (also 
from SSEF’s database) were compared with the 
described unheated samples in this study. 

In addition to visual examination and basic 
gemmological testing of all samples using standard 
instruments (refractometer and polariscope), micro-
graphs of inclusions were taken using a System 
Eickhorst Gemmaster trinocular microscope equipped 
with a Nikon Z 7II camera system. Luminescence to 
short-wave UV radiation was observed with a UV 
lamp and/or a DiamondView instrument. 

Meticulous Raman spectroscopic analyses were 

Figure 3: Most of the blue sapphires analysed by SSEF’s GemTOF 
system in the past 10 years have low total concentrations of HFSE 
(Zr, Nb, Sn, Hf, Ta, W and Th), but some are enriched in HFSE (top 
three bars). The majority of the sapphires had a metamorphic 
origin, while about 250 samples were from basaltic/magmatic 
deposits, and of those about 80 specimens had >1 ppmw HFSE.
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performed on all 24 sapphires to fully characterise 
their solid inclusions and to confirm the absence of 
heat treatment. We used a Renishaw inVia micro-
scope equipped with a Peltier-cooled CCD detector 
(1024 × 256 pixels), resulting in a maximum spectral 
resolution of about 1.5 cm−1. The Raman spectra were 
collected using an argon-ion laser emitting at 514.5 
nm. All analyses were carried out in confocal laser 
mode using the 50× long-working-distance objective 
of a Leica DM2500 microscope to focus on the inclu-
sions in the sapphires, resulting in a spot size of about 
2 µm. We typically used the standard laser power of 35 
mW (100% laser emission in our setup, measured on 
the sample surface), although for goethite analyses the 
laser power was kept below 3 mW at the sample surface 
(10% emission) to avoid laser-induced degradation 
and dehydration effects during analysis (Gialanella et 
al. 2010; Krzemnicki et al. 2023). The Raman spectra 
were accumulated from 10 to 50 spectral scans, and 
were baseline corrected using Wire software (i.e. 
integrated cubic-spline baseline function).

Polarised ultraviolet-visible-near infrared (UV-Vis- 
NIR) absorption spectra were collected from all 
samples using an Agilent Cary 5000 spectrophotom-
eter (290–900 nm range and 0.35 nm step size). The 
spectra were all normalised to absorption coefficient 
(cm−1) to correct for differences in path length. 

Unpolarised FTIR spectra were acquired from 
all samples with a Thermo Scientific Nicolet iS50 
spectrometer equipped with a diffuse reflectance 
accessory (range 6000–400 cm−1, 128 scans and 4 cm−1 
resolution). Each specimen was measured in at least 
two orthogonal directions, including the (approximate) 
direction of the optic axis where possible. For this 
study, we focused on the mid-FTIR range (3500–3000 
cm−1), in which bands related to Ti4+– OH– complexes 
occur (e.g. Beran & Rossman 2006) that are often used 
to separate heated from unheated corundum. FTIR 
spectra were baseline corrected with Wire software 
using the cubic-spline function (constructed of third-
order polynomials). 

To obtain trace-element chemical data, all samples 
were analysed with SSEF’s GemTOF system. The 
instrumentation employed a 193 nm ArF excimer laser, 
and was equipped with a TwoVol2 ablation chamber 
(NWR193UC from Elemental Scientific Lasers, 
USA) coupled with a commercial ICP-TOF-MS unit 
(icpTOF from Tofwerk AG, Switzerland), which was 
modified from an optimised ICP-Q-MS unit (Thermo 
Scientific iCAP Q). We analysed a minimum of four 
spots (100 µm diameter) on each sample. All spots 
were ablated at 20 Hz with a fluence of 5.6 J/cm2. 
Helium was used as the carrier gas (0.8–0.9 L/min). 

Five cleaning laser shots were fired at the beginning 
of each measurement (30 s ablation time) to remove 
surface contaminants. We used NIST SRM 610 glass 
as the external standard and 27Al+ (equivalent to 99.8 
wt.% Al2O3) as an internal standard. Further details of 
instrumental parameters, analytical conditions, data 
processing and plotting can be found in Wang et al. 
(2016). In total, 66 elements were analysed for each 
sample. For this study, we focused on Be, B, Mg, Ti, 
V, Cr, Fe, Ga, Zr, Nb, Sn, Hf, Ta, W, Pb and Th (see 
also Table DD-2 in the data depository).

RESULTS AND DISCUSSION

Visual Appearance and  
Microscopic Features 
Most of the HFSE-enriched sapphires showed an 
attractive velvety appearance due to internal light 
scattering by sub-microscopic inclusions (Figure 4, 
left), comparable to that observed in sapphires from 
Kashmir. However, some lacked turbidity and showed 
pronounced growth zoning, occasionally with dark 
grey layers (Figure 4, right). 

Viewed with the microscope, the turbidity was seen 
as areas of milkiness associated with growth zoning 
or other features (Figure 5). Most of the samples 
exhibited dense, narrow growth zoning (Figure 5a), 
produced by subtle oscillatory variations in refrac-
tive index, and likely reflecting minor compositional 
fluctuations during crystal growth. In some cases, this 
zoning appeared as a more complex, locally ‘chaotic’ 
cross-cutting pattern when viewed in certain orienta-
tions. The growth zoning was commonly accompanied 
by pronounced colour zoning, usually manifested as 
dark (‘inky’) blue Ti-rich bands (Figure 6). This also 
included a type of surface-related colour zoning known 
in the trade by the Ceylonese term ottu (Choudhary 

Figure 4: Two unheated sapphires from Madagascar illustrate  
(left: 13.13 ct, sample S_395) an attractive velvety blue appearance 
caused by finely dispersed sub-microscopic inclusions, and (right:  
12.85 ct, sample S_003) pronounced growth zoning with dark grey 
layers but almost no turbidity. Both samples are virtually inclusion 
free and of exceptional gem quality. Photo by A. Chalain, SSEF.
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a b c

Figure 6: ‘Inky’ blue colour zones, narrow growth lines and sector zoning are frequently present in HFSE-enriched sapphires. 
Photomicrographs by M. S. Krzemnicki; magnified 50×.

Figure 5: A common characteristic of HFSE-enriched blue sapphires is turbidity. (a) Brownish grey turbid layers are associated with 
growth zoning. (b) A linear dark grey zone is made up of accumulations of sub-microscopic particles. (c) Milky white turbidity occurs  
with more-or-less rhombic patches of fine particles. Photomicrographs by M. S. Krzemnicki; magnified 50×.

2006; Allirol-Mouton et al. 2025; Figure 7). Compa-
rable turbidity and colour-zoning features have 
been described previously, particularly in sapphires 
from Andranondambo in south-eastern Madagascar 
(Schwarz et al. 1996; Gübelin & Peretti 1997).

The HFSE-enriched sapphires contained relatively 
few solid inclusions—most commonly zircon 
(Figure 8a) and graphite. Epigenetic features in some 
specimens included orange Fe-hydroxide staining 
along surface-reaching hollow channels and fissures 

(Figure 8b), as well as colourless acicular crystals of 
diaspore occurring within fluid inclusions (Figure 9) 
and along healed fractures.

Raman Micro-spectroscopy
Raman analysis revealed that all 24 sapphires contained 
hydroxide phases—goethite and/or diaspore—
occasionally in association with zircon exhibiting 
characteristic peak broadening due to metamictisa-
tion (Figure 10). Each of these inclusion features 

Figure 7: Distinct surface-related colour 
zoning, known in the trade by the Sri 

Lankan term ottu, can occur in HFSE-
enriched sapphires. Photomicrographs by 

M. S. Krzemnicki; magnified 5× (left) and 
50× (right). 

Figure 8: (a) A zircon inclusion with  
tension cracks, together with long-

prismatic fluid-bearing tubes, is seen 
in this HFSE-enriched sapphire. (b) 
Epigenetic features include hollow 

channels filled with orange Fe-hydroxide. 
Photomicrographs by M. S. Krzemnicki; 

magnified 50×.

a b
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Figure 9: Also present in the HFSE-enriched sapphires are 
minute colourless diaspore needles within fluid inclusions. 
Photomicrograph by M. S. Krzemnicki; magnified 70×. 

provides confirmation that the sapphires were indeed 
unheated (see, e.g., Koivula 1987, 2013; Kammerling 
& Koivula 1989; Nasdala et al. 1995; Sripoonjan et al. 
2016; Karampelas et al. 2023; Krzemnicki et al. 2023; 
Curti et al. 2025 and references therein).

UV-Vis-NIR Absorption Spectroscopy
The absorption spectra of the metamorphic HFSE- 
enriched sapphires studied for this report did not 
show any differences from those of other metamor-
phic sapphires. They were dominated by a broad band 
at about 580 nm (Figure 11), attributed to Fe2+–Ti4+ 
intervalence charge transfer and primarily responsible 
for the blue colouration. Additional Fe-related features 
occurred at 388 nm (due to isolated Fe3+), and at 377 and 
450 nm (corresponding to Fe³+–Fe³+ pairs; Dubinsky et 
al. 2020). As in all metamorphic sapphires, the position 

of the absorption edge in the UV region shifted towards 
longer wavelengths with increasing turbidity due to the 
Tyndall effect (Hänni 1994; again, see Figure 11).

Short-wave UV Fluorescence
In this study, we found that natural unheated HFSE- 
enriched sapphires commonly displayed a ‘chalky’ 
bluish white fluorescence under short-wave UV 
radiation (UV lamp or DiamondView; e.g. Figure 
12). In corundum, this short-wave UV response 
has been mainly attributed to Ti4+-related centres, 
including octahedral titanate groups (TiO6) within the 
crystal lattice (Vigier et al. 2023). A similar bluish 
white fluorescence is also well known in heat-treated 
corundum, and has been linked to rutile (TiO2) disso-
lution and enhanced Ti diffusion into the surrounding 
lattice (Hughes & Emmett 2005). The fluorescence 
is typically suppressed by elevated Fe concentrations 
and is, therefore, absent from Fe-rich magmatic-type 
sapphires (e.g. from Thailand and Australia; Hughes 
& Emmett 2005).

In HFSE-enriched sapphires, short-wave UV 
fluorescence is not heat-treatment related but reflects 
intrinsic growth conditions associated with metaso-
matism, which produce pronounced chemical zoning 
and sectoral variations (Figure 6). As noted above, the 
unheated nature of all studied samples was previously 
confirmed by the presence of goethite, diaspore or 
metamict zircon inclusions (Krzemnicki et al. 2023).

Trace-element Composition
In general, the primary defining feature of HFSE- 
enriched sapphires is their trace-element composition, 

Figure 10: Raman spectra of zircon 
(with peak broadening due to 
metamictisation), diaspore and 
goethite inclusions in HFSE-enriched 
sapphires confirm that the stones 
have not been heat treated. The 
spectra are offset vertically for clarity. 
Photomicrographs by M. S. Krzemnicki; 
magnified 80×. 
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Figure 11: Representative UV-Vis-NIR spectra of two HFSE-
enriched sapphires investigated for this study—one with and one 
without turbidity—demonstrate the shift in the position of the 
absorption edge that occurs as turbidity increases. The spectra 
are offset vertically for clarity. Photos by L. Phan, SSEF. 
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which requires the use of sensitive analytical techniques 
such as LA-ICP-MS or GemTOF. Based on SSEF’s 
extensive database, most blue metamorphic sapphires 

contain extremely low HFSE concentrations (commonly 
below the detection limit), except for Sn, which is 
typically <1 ppmw. By contrast, in HFSE-enriched 
sapphires, these impurities range from a few ppmw to 
several hundred ppmw, occasionally approaching the 
concentration range of chromophoric elements such as 
Fe or Ti. In addition, a notable geochemical feature of 
most HFSE-enriched sapphires is their elevated concen-
tration of Ti compared to Mg, resulting in a high Ti/Mg 
ratio (typically >>2), as compared to a typical ratio of 
about 2 in HFSE-poor metamorphic sapphires (Figure 
13a). Overall, HFSE concentrations show a broadly 
positive correlation with Ti (Figure 13b), although this 
trend can be scattered due to the multi-elemental nature 
of HFSE. Among plots of individual HFSE pairs, strong 
positive correlations have been observed for Zr and 
Hf (Figure 13c) as well as Nb and Ta, reflecting their 
well-known geochemical coupling due to identical 
valence states (4+ and 5+, respectively) and nearly 
identical ionic radii. These element pairs are widely 
used as petrogenetic tracers (Salters 2016). By contrast, 
Sn has shown little to no systematic correlation with 
other HFSE (Figure 13d). 

Figure 12: These examples of zoned ‘chalky’ bluish white reactions represent the typical response of all the investigated unheated  
HFSE-enriched sapphires when exposed to a short-wave UV lamp or the ultra-short-wave UV source of a DiamondView instrument.  
Photos by M. S. Krzemnicki and J. Braun; magnified 5× (left side) and 30× (right side).
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The chemical data for the 24 HFSE-enriched 
sapphires investigated in this study further refined 
these general trends. Table I illustrates the pronounced 
variability in HFSE concentrations compared to a 
representative HFSE-poor Burmese sapphire.1 As 
expected from previous studies (Jin et al. 2024 and 
references therein), HFSE-enriched sapphires may 
also contain measurable Be and B, elements typically 
below the detection limits in untreated metamorphic 
corundum (Dubinsky et al. 2020). Consistently, their 
Ti/Mg ratios were significantly elevated (mostly Ti/
Mg ≥ 5) compared to the reference Burmese sapphire 
sample (Ti/Mg = 2.0).

In general, as shown in Table II, the HFSE-enriched 
sapphires analysed for this report exhibited either (1) 

strong intra-stone chemical variability, with HFSE 
concentrations varying by several orders of magnitude 
within a single sample (e.g. Ta ranging from 0.07 to 
346 ppmw), or (2) relatively homogeneous compo-
sition (e.g. Ta consistently 138–142 ppmw). Sample 
S_439 (Figure 14) illustrates the chemically hetero-
geneous type particularly well. Although it displayed 
visually homogeneous blue colouration face-up, it 
showed clear internal zoning with the microscope. 
A narrow colourless band crossing the girdle and 
pavilion corresponded to a region of much stronger 
short-wave UV fluorescence, highlighting chemical 
zoning within the stone. Of the five GemTOF spots 
analysed along the stone’s girdle (Table III), only spot 
no. 2 coincided with this narrow colourless fluorescent 

1 	It should be noted that the mean analyses in Table I are somewhat misleading, as these data do not capture the pronounced chemical hetero-	
	 geneity commonly present in unheated HFSE-enriched sapphires (as also reflected in their distinct colour zoning; Figure 6). This limitation 	
	 is further affected by the analytical approach, as only a small number of laser-ablation spots (typically four per sample) were measured, usually 
	 positioned arbitrarily along the girdle. As a result, the obtained trace-element data may not represent the full internal chemical variability of 	
	 a particular sapphire. 
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Figure 13: Various trace-element scatterplots are shown for metamorphic blue sapphires analysed by GemTOF in the past 10 years at 
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Sample type HFSE-enriched sapphires Burmese 
sapphire

Detection 
limit

Sample no. S_264 S_032 S_492 S_721 S_439 S_570 S_610 SH_696

Stone image

No. analyses 4 4 4 4 5 4 4 4

Be 1.79 0.74 0.85 3.08 2.19 2.56 bdl bdl 0.36

B 3.57 6.27 3.05 3.14 2.16 1.45 0.76 0.16 0.35

Mg 43.9 36.1 35.9 12.5 47.2 52.8 63.3 38.7 0.04

Ti 527 83.2 560 116 237 296 1310 78.6 0.28

V 13.8 5.93 12.4 3.05 15.0 14.8 16.1 8.23 0.02

Cr 0.41 0.93 0.65 0.43 0.66 2.28 2.35 1.21 0.14

Fe 413 395 631 417 761 707 410 1160 0.51

Ga 76.4 15.0 72.1 56.9 69.3 63.8 72.7 93.2 0.01

Zr 0.68 0.05 0.14 0.03 0.37 0.40 0.63 bdl 0.02

Nb 4.91 2.47 1.27 3.68 10.8 9.00 0.40 bdl 0.01

Sn 78.8 22.1 24.0 440 28.5 29.2 54.0 0.14 0.02

Hf 0.33 0.01 0.07 0.04 0.14 0.17 0.08 bdl 0.01

Ta 44.0 66.8 10.4 12.6 97.8 65.7 0.24 bdl 0.01

W 3.00 1.93 0.35 0.07 13.1 9.65 0.10 bdl 0.01

Th 0.40 bdl 2.31 bdl 0.04 0.02 0.13 bdl 0.01

HFSE sum 132 93.4 38.5 456 151 114 55.6 0.14 na

Ti/Mg 12.0 2.3 15.6 9.3 5.0 5.6 20.7 2.0 na

Table I: Mean trace-element data (by GemTOF; in ppmw) of seven of the HFSE-enriched sapphires investigated for this study, compared 
with a ‘normal’ (HFSE-poor) sapphire from Myanmar.* 

* 	Blue shading indicates HFSE. Abbreviations: bdl = below detection limit; na = not applicable. Photos by L. Phan, SSEF.

zone. This spot showed pronounced HFSE enrichment, 
including 481 ppmw Ta and a total HFSE concentra-
tion of 622 ppmw, accompanied by elevated Be and 
B. By contrast, the remaining four spots, located in 
the blue areas of the sapphire, showed substantially 
lower HFSE concentrations (except for Sn), although 
still higher than those observed in typical HFSE-poor 
sapphires such as the Burmese reference sample 
(again, see Table I).

FTIR Spectroscopy 
The internal chemical variability and zoning in the 
HFSE-enriched sapphires mentioned above likely 
contribute to the diversity of their FTIR spectra, as 
seen in Figure 15. (See Table DD-2 for trace-element 
analyses of all the samples represented in Figure 15.) 

Many of the investigated HFSE-enriched sapphires 
displayed a broad absorption band near 3300 cm−1 in 
their FTIR spectra (Figure 15a). This feature in the 
OH-stretching region of corundum (Beran & Rossman 
2006) varied in intensity from weak to, in some 

cases, dominant. Although no clear correlation has 
been observed between its intensity and specific trace 
elements (e.g. Ti or HFSE, including Sn), according 
to SSEF’s database all sapphires exhibiting this band 
have been found to be HFSE-enriched. Visually, these 
stones typically show fine growth zoning with distinct 
‘inky’ blue colour bands (e.g. Figure 6) and generally 
only weak turbidity.

In the sample subset shown in Figure 15b, the 
3300 cm−1 band was weak or nearly absent, and was 
instead overprinted by a triplet of sharp peaks at 3309, 
3232 and 3185 cm−1, commonly referred to as the 
‘3309 cm−1 series’. This feature has been attributed 
to Ti4+– OH– complexes associated with aluminium 
vacancies (Moon & Phillips 1991; Beran & Rossman 
2006; Jollands et al. 2023 and references therein). 
Trace-element data indicated no significant compo-
sitional differences between sapphires showing the 
broad 3300 cm−1 band and those dominated by the 
3309 cm−1 series.

In some cases (i.e. the samples in Figure 15c), the 
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Table II: Trace-element data (by GemTOF; in ppmw) for repre- 
sentative sapphires showing strong chemical inhomogeneity and  
a more homogeneous composition.* 

Table III: Trace-element data (by GemTOF; in ppmw) of five spots 
measured on the girdle of sapphire S_439 (see Figure 14).* 

* 	Blue shading indicates HFSE. Abbreviation: bdl = below detection 	
	 limit. Photos by L. Phan, SSEF. 

* 	Spot no. 2 analysed a colourless zone with chalky bluish white 	
	 short-wave UV fluorescence. Blue shading indicates HFSE, with 	
	 bold font indicating the enrichment in HFSE (except for Sn) in the 	
	 colourless zone. Abbreviation: bdl = below detection limit.

Composition Inhomogeneous Homogeneous

Sample no. S_973 S_252

Stone image  
 

Value Minimum Maximum Minimum Maximum

Be bdl 11.2 2.27 4.73

B bdl 4.39 5.32 6.78

Mg 23.4 62.1 47.1 49.6

Ti 187 261 111 117

V 12.3 19.9 14.0 14.2

Cr 1.09 1.69 1.53 2.57

Fe 566 846 723 770

Ga 69.5 84.0 95.4 99.3

Zr bdl 0.71 0.18 0.23

Nb bdl 34.7 14.5 15.0

Sn 0.81 38.6 8.97 9.56

Hf bdl 0.14 0.03 0.05

Ta 0.07 346 138 142

W bdl 42.7 13.7 15.0

Th bdl 0.04 bdl bdl

HFSE sum 1.59 440 175 182

Ti/Mg 8.0 4.2 2.3 2.4

3309 cm−1 triplet became dominant, while the broad 
3300 cm−1 band was absent or only very weak. In 
this subset, the HFSE-enriched sapphires typically 
appeared relatively homogeneous, with moderate 

a b c

Figure 14: (a) Unheated sapphire S_439 (5.48 ct) contains a narrow zone enriched in HFSE that is visible (b) with a microscope as a 
colourless band and (c) in the DiamondView as a chalky bluish white zone. The positions of the analytical spots seen on the girdle show 
that only one captured the distinct chemical composition of this zone (see Table III). Photo by (a) L. Phan, SSEF, and photomicrographs  
by (b) M. S. Krzemnicki and (c) M. Wälle, both magnified 50×. 

turbidity, fine growth zoning and few additional 
inclusions. This behaviour also correlated with more 
uniform trace-element distributions and comparatively 
moderate to rather low total HFSE contents (approx-
imately 10–25 ppmw). 

A small number of samples (Figure 15d) exhibited 
a distinct 3162 cm−1 peak, accompanied by bands 

Spot no. 1 2 3 4 5

Be bdl 11.0 bdl bdl bdl

B 1.66 5.92 1.31 0.73 1.16

Mg 52.5 60.9 45.1 38.6 38.8

Ti 316 285 229 187 167

V 16.2 19.6 14.1 13.2 12.1

Cr 0.98 0.84 0.58 0.53 0.38

Fe 853 692 768 761 730

Ga 72.4 68.3 69.4 68.8 67.6

Zr 0.28 1.24 0.13 0.12 0.07

Nb 0.07 53.4 0.29 0.01 bdl

Sn 44.1 21.2 30.0 29.0 18.3

Hf 0.17 0.24 0.10 0.10 0.07

Ta 2.76 481 3.03 1.73 0.96

W bdl 65.0 0.27 bdl bdl

Th bdl 0.22 bdl bdl bdl

HFSE 
sum 47.4 622 33.8 31.0 19.4

Ti/Mg 6.0 4.7 5.1 4.8 4.3
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at 3353 and 3244 cm−1 (the ‘3160 cm−1 series’), 
which has been commonly associated with Mg2+–
OH– complexes in Fe-poor corundum (Balmer et al. 
2006; Smith & van der Bogert 2006). The 3160 cm−1 
series is well known in unheated metamorphic yellow 
sapphires (e.g. from Sri Lanka and Madagascar) and 
is considered a useful indicator of unheated material, 
as it progressively disappears at temperatures of 
approximately 700–900°C (Atikarnsakul & Emmett 
2021). In this study, this spectral type appeared only 
in HFSE-enriched sapphires with low and homoge-
neous Ti/Mg ratios of about 2.

Two samples displayed atypical FTIR spectra. The 
upper spectrum in Figure 15e shows a very strong 
3309 cm−1 peak with a shoulder at 3328 cm−1, super-
imposed on a broad band resembling the 3300 cm−1 
feature in Figure 15a. The lower spectrum exhibits 
a more complex pattern of peaks, which have been 
attributed to Sn-related defects (Jollands et al. 2025; 
cf. figure 1, spectrum I, in that article). Notably, this 

spectral type was an isolated case in our study, and no 
comparable spectra were observed in any of the other 
samples, including those with a very high Sn concen-
tration (>100 ppmw).

Relevance for the Detection of Heat 
Treatment in Sapphires
In the past decade, the authors have investigated a 
large number of HFSE-enriched sapphires (Figure 3), 
predominantly of metamorphic origin (mainly from 
Sri Lanka and Madagascar). As demonstrated by the 
24 unheated samples presented in this study, these 
sapphires commonly show diagnostic microscopic 
features, including fine growth zoning, pronounced 
colour banding, and turbidity caused by sub-micro-
scopic inclusions. This internal zoning is also reflected 
in their chemical composition, which is often highly 
heterogeneous, particularly with respect to HFSE (e.g. 
Zr, Nb, Sn, Hf, Ta, W and Th). Consequently, the FTIR 
spectra of these sapphires show considerable variability. 

FTIR Spectra: Unheated HFSE-enriched Sapphires
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3353 3393 3309 3238
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Figure 15: FTIR spectra of the HFSE-enriched sapphires investigated for this study (see Table DD-2) fell into five groups of, mostly, similar 
features. (a) Many samples showed a weak-to-strong broad absorption band at about 3300 cm−1 in the OH-stretching region. (b) Another 
group showed a relatively weak 3300 cm−1 absorption band accompanied by the triplet peaks of the 3309 cm−1 series. Although the 
3309 cm−1 series has been used as an indication of heat treatment, none of these HFSE-enriched sapphires had been heated. (c) Some 
of the samples revealed a dominant 3309 cm−1 triplet with no or only a very weak 3300 cm−1 absorption band. (d) A small number of the 
sapphires showed a 3162 cm−1 peak (and its series, including peaks at 3353 and 3244 cm−1), with or without the 3300 cm−1 band. (e) Two 
samples yielded atypical FTIR spectra. These included (upper spectrum) a strong 3309 cm−1 peak and 3328 cm−1 shoulder, and (lower 
spectrum) a series of bands attributed to Sn (Jollands et al. 2025). The spectra are offset vertically for clarity. 

a

c d e

b
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A recurring feature is a broad absorption band around 
3300 cm−1 (Figure 15a). In our experience, sapphires 
exhibiting this band—regardless of its intensity—
consistently show elevated HFSE contents compared 
to typical metamorphic sapphires, which are generally 
HFSE-poor except for traces of Sn (<1 ppmw). 

Interestingly, some unheated HFSE-enriched 
sapphires also display the 3309, 3232 and 3185 cm−1 
triplet (or ‘3309 cm−1 series’; see Figure 15b, c), a 
feature (specifically the 3232 cm−1 peak) that is often 
used as an indicator of heat treatment (Smith 1995; 
Krzemnicki 2019; Saeseaw et al. 2020; Curti et al. 
2025; Delaunay et al. 2026). However, in contrast to 
heat-treated or naturally heated basaltic sapphires—
where the 3309 cm−1 peak strongly dominates 
(Soonthorntantikul & Palke 2025) and the baseline is 
typically flat—unheated HFSE-enriched samples show 

Ab
so

rb
an

ce
a more balanced triplet, with the 3309 cm−1 peak often 
comparable to or even weaker than the 3232 and 3185 
cm−1 peaks (Figure 15c), and frequently a residual 
broad 3300 cm−1 absorption is retained (Figure 15b). 

Figure 16 illustrates this difference using two 
HFSE-enriched sapphires with similar total HFSE 
contents (about 15–20 ppmw). (Again, see Table 
DD-2 for trace-element analyses of the samples repre-
sented in this figure.) Based on additional heated 
metamorphic HFSE samples from SSEF’s database, 
we infer that high-temperature treatment (presumably 
>1,200°C) not only converts Ti4+– OH–-related defects 
into producing the dominant 3309 cm−1 feature but 
it also suppresses the underlying broad 3300 cm−1 

band. This empirical observation is based on 25 heated 
metamorphic HFSE sapphires examined at SSEF that 
all show strong ‘classic’ 3309 cm−1-series peaks but 
no broad band at 3300 cm−1.

Most of the unheated HFSE-enriched sapphires also 
exhibited a chalky bluish white response under short-
wave UV radiation, often showing zonation (Figures 
12, 14c and 17, left). This behaviour is also well 
known in heat-treated metamorphic sapphires (Hughes 
& Emmett 2005; Hughes & Perkins 2019; see also 
Figure 17, right). Accordingly, short-wave UV fluores-
cence alone cannot be considered a reliable indicator 
of heat treatment without knowing the trace-element 
composition of the sapphire. 

CONCLUSIONS

This study of 24 selected unheated metamorphic 
sapphires enriched in HFSE (e.g. Zr, Nb, Sn, Hf, Ta, W 
and Th) highlights their strong variability in trace-ele-
ment composition, FTIR spectroscopic characteristics 
and short-wave UV fluorescence behaviour. These 
sapphires formed under metamorphic conditions influ-
enced by localised fluid activity (metasomatism) and 
have come from several deposits worldwide, most 
notably in Sri Lanka and Madagascar. Many of these 
stones reach considerable size and are of high gem 
quality. They commonly display pronounced growth 

Figure 16: A comparison of the FTIR spectra of unheated and 
heated sapphires, both similarly enriched in HFSE, reveals a 
significantly stronger 3309 cm−1  peak after heating, dominating 
the other two peaks in the series. The large variations seen in the 
spectra of HFSE-enriched sapphires (see Figure 15), however, 
suggest that this alone may not be a reliable indicator of heat 
treatment. The spectra have been offset vertically for clarity.

FTIR Spectra: Heated vs Unheated Sapphires

Wavenumber (cm–1)

3309
3272

3232 3185

Unheated

Heated

3500	 3400	 3300	 3200	 3100	 3000

Figure 17: An unheated metamorphic 
HFSE-enriched sapphire (left) and a 
heated metamorphic sapphire (right) 
exhibit similar chalky bluish white 
luminescence to the ultra-short-wave 
UV radiation of the DiamondView. 
Photomicrographs by M. Wälle;  
magnified 30×.
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zoning and turbidity caused by sub-microscopic inclu-
sions, the latter of which produces an attractive velvety 
blue appearance.

The aim of this study was to assess the influence 
of elevated HFSE concentrations on sapphire proper-
ties, particularly their FTIR spectra and short-wave 
UV fluorescence. The results show that HFSE enrich-
ment complicates some criteria traditionally used for 
heat-treatment detection in corundum. In particular, 
neither the presence of the 3309 cm−1 triplet 
(including the 3232 cm−1 peak) nor chalky short-
wave UV fluorescence can be considered definitive 

indicators of heat treatment in sapphire.
This is consistent with recent observations of 

unheated pink sapphires from Ilakaka (Madagascar) 
exhibiting the same 3309 cm−1 triplet (Gao et al. 
2025; Krzemnicki et al. 2025a). Accordingly, re- 
liable discrimination between heated and unheated 
metamorphic sapphires requires a combined approach, 
integrating detailed microscopic examination of 
inclusions with advanced analytical techniques (e.g. 
LA-ICP-MS or GemTOF) for trace-element character-
isation, and Raman micro-spectroscopy of diagnostic 
inclusions (e.g. goethite and diaspore).
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