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Abstract. Gem-quality corundum varieties of ruby and sapphire are one of the most valuable and desired gem-
stones. Due to their rarity, new methods of synthesis and treatment were developed over the last decades, com-
plicating the reliable identification between natural, treated, and synthetic specimens. Among the geochemical
methods used for identification, trace element analysis using laser ablation inductively coupled plasma mass-
spectrometry (LA-ICP-MS) is widely applied. However, solely relying on LA-ICP-MS trace element analysis
for differentiation between natural and synthetic corundum origins, especially when grown by the hydrothermal
method, can potentially lead to misidentifications. To further enable geochemical tracing of corundum, this study
explores secondary ion mass spectrometry (SIMS) oxygen isotope analysis. High-spatial-resolution SIMS δ18O
analysis of hydrothermally synthesized corundum yielded values between−7.84±0.13 ‰ and−14.54±0.13 ‰
(relative to Vienna standard mean ocean water, VSMOW; 1 standard error) that are atypical for natural corun-
dum. For flame fusion corundum, SIMS δ18O analyses are in the range of −6.73± 0.13 ‰ to −17.46± 0.13 ‰
for sapphires of blue, yellow, and orange colour and +28.51± 0.11 ‰ to +30.47± 0.10 ‰ for ruby, which, in
both cases, are again atypical for natural corundum. SIMS δ18O analysis of corundum thus has strong potential
to distinguish synthetic and natural corundum.

1 Introduction

Gem-quality corundum varieties, ruby and sapphire, are, af-
ter diamond, the most important gemstones from a commer-
cial standpoint and account for more than 50 % of global
coloured-gem production (Hughes, 2017). Their value re-
sults from high demand paired with rare large-scale com-
mercial deposits. Only about 15 occurrences worldwide pro-
duce ruby and sapphire suitable for facetting or cabochoning
(Giuliani et al., 2014; Hughes, 2017). Due to the rarity of
gem corundum, new methods of its synthesis and treatment
were developed over the last decades, and it is very rare to
find gem corundum on the market that has not been treated
(Giuliani and Groat, 2019). Hydrothermal synthesis in par-
ticular can produce synthetic corundum with properties very

similar to their natural counterparts (Schmetzer and Peretti,
1999), which challenges their identification. In the light of
an unabatedly high demand for ruby and sapphire, devising
analytical methods to identify gem origins that are ideally
non-destructive or only minimally destructive is an impor-
tant goal not only for mineralogy and gemology but also for
forensic science.

Almost all physical features (refractive indices, density,
etc.) of synthetic corundum are similar to their natural ana-
logues. Therefore, over the last decades, the most promi-
nent non-destructive method applied for the distinction be-
tween synthetic and natural corundum remained optical mi-
croscopy targeting internal features such as solid inclusions
within gem corundum (Gubelin and Koivula, 1997). More-
over, breakthroughs in studying gem corundum chemistry
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have been accomplished over the last 30 years with the devel-
opment of modern analytical methods. Currently many geo-
chemical fingerprinting schemes have been devised for ru-
bies and sapphires from different origins but also to identify
synthetic counterparts (e.g. Muhlmeister et al., 1998; Peu-
cat et al., 2007). Muhlmeister et al. (1998) applied energy-
dispersive X-ray fluorescence (EDXRF) to point out the ab-
sence of Ga in synthetic corundum as a distinguishing feature
compared to natural analogues (Muhlmeister et al., 1998).
However some synthetic stones can still contain Ga if anal-
ysed by more sensitive instrumentation such as laser ab-
lation inductively coupled plasma mass spectrometry (LA-
ICP-MS; current research). Palke and Shigley (2024) also
indicated that the finding of Ga by means of LA-ICP-MS
within some hydrothermally synthesized corundum compli-
cated the identification process.

LA-ICP-MS features lower detection limits than EDXRF.
It also does not require extensive sample preparation such as
conductive coating or transfer into vacuum and, hence, can
be applied even for cut stones. Therefore, LA-ICP-MS has
been used widely in gemology since the beginning of this
millennium (Breeding et al., 2010).

Among spatially selective analysis methods, secondary ion
mass spectrometry (SIMS) has higher sensitivity compared
to LA-ICP-MS, allowing trace element analysis in a smaller
sample volume (see Fig. 1). Moreover, SIMS spot analy-
sis can determine oxygen isotope ratios, whereas interfer-
ences in the Ar plasma gas, atmospheric contributions, and
low ionization efficiency prevent meaningful isotopic anal-
ysis by LA-ICP-MS (Liu et al., 2025). This has tremen-
dous potential to trace genetic and geographic provenance
through the determination of δ18O in naturally occurring
corundum (e.g. Giuliani et al., 2014; Wong and Verdel, 2017;
Sorokina et al., 2021; Schmidt et al., 2024). Pioneering stud-
ies analysed δ18O in hydrothermally synthesized and flux-
grown corundum by gas source mass spectrometry and thus
required powder preparation, which is detrimental for gem-
quality materials (Pomian-Srzednicki, 1997; Bidny et al.,
2010). Moreover, results can be compromised by incorpo-
rating inclusions into the analysis powder. Here, we explore
high-spatial-resolution SIMS δ18O analysis of synthetic and
treated rubies and sapphires with minimal sample destruc-
tion. The obtained results are promising for their applica-
tion in differentiating between natural and synthetic stones
for gemology and mineralogy.

2 Material and methods

2.1 Sample strategy

We studied nine treated (five Be-diffused yellow samples and
two high-temperature (HT) treated pairs from pale-blue to
blue colour) and 16 differently coloured synthetic corundum
crystals grown by flame fusion (number n= 8), Czochral-
ski (n= 1), and hydrothermal (n= 7) methods. Synthetic

Figure 1. Diagram demonstrating analytical limitations (detection
limits in gg−1 – y axis; spatial resolution – x axis) for some mi-
crobeam technique applied for the investigation and origin deter-
mination of gemstones in different time periods, as modified from
Li and Li (2016). EMPA: electron micro-probe analysis; µ-XRF:
micro-X-ray fluorescence; EDXRF: energy dispersive X-ray fluo-
rescence; Q-LA-ICP-MS: quadrupole LA-ICP-MS.

samples were directly obtained from manufactures, whereas
HT pairs were collected after colour change (colourless to
blue) which was induced by heating experiments at 1700 °C
in a chamber furnace in a non-controlled atmosphere (open
corundum crucible in air). Be-diffused samples were treated
in the same furnace at 1700 °C during 50 h in a closed
crucible, and the samples were embedded in chrysoberyl
(BeAl2O4) powder. Ruby from Karelia (Russia) from the
collection of Johannes Gutenberg-Universität Mainz (JGU)
was also analysed by SIMS in order to verify the values for
the only known naturally occurring corundum strongly de-
pleted in δ18O. Samples were cut to millimetre-wide wafers,
arranged on adhesive tape and embedded into epoxy resin
to minimize sample changes (Fig. 2), but we emphasize that
cut gemstones can also be directly mounted in a SIMS sam-
ple holder (e.g. Giuliani et al., 2000; Wang et al., 2018). Af-
ter sectioning and polishing with abrasives up to 1 µm di-
amond suspension, the mounts were ultrasonically cleaned
with deionized water and ethanol.

To better constrain the causes of heterogeneous δ18O val-
ues for the two different Be-diffused materials studied here,
we performed dedicated Be diffusion experiments under con-
trolled conditions. For this, corundum samples originating
from magmatic and metamorphic sources were selected since
they have distinctly different oxygen isotopic compositions,
with approximate δ18O values of +5.5 ‰ for magmatic
and between +14 ‰ and +25 ‰ for metamorphic sources
(Wong and Verdel, 2017). Two stones of magmatic (average
δ18O= 6.45 ‰ and 6.28 ‰) and two stones of metamorphic
(average δ18O= 13.28 ‰ and 15.80 ‰) origins were cut into
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Figure 2. Optical image of treated corundum samples (Be diffusion (Be df) and high temperature (HT) treatment) along with synthetic
material (flame fusion (FF) and hydrothermal (Hdr) methods) used in this study. The number of samples and their dimensions are given in
Tables 1–3. Kola: Karelian corundum; Ch: Czochralski-grown corundum.

two pieces, where one piece of each stone was further Be
diffused by a gem manufacturer at 1700 °C over 50 h.

2.2 Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS)

Before LA-ICP-MS trace element measurements, optical mi-
croscopic inspection was carried out in order to avoid ar-
eas with inclusions and to identify internal features such as
colour zonation. LA-ICP-MS analysis of heat-treated, Be-
diffused, and synthetic corundum was applied to determine
their trace element composition by using an ESI NWR193
ArF Excimer Laser combined with an Agilent 7500ce
quadrupole-ICP-MS at the Institut für Geowissenschaften,
JGU, Germany. The samples were ablated with a spot size
of 70 µm. The repetition rate was 10 Hz, and the energy
density was approximately 3.3 Jcm−2 during the measure-
ments. Every spot was analysed with 50 s warmup/back-
ground time, 30 s dwell time, and 20 s wash-out time. Trace

elements of interest within the corundum samples included
the following isotopes: 24Mg, 47Ti, 51V, 52Cr, 56Fe, 60Ni,
and 71Ga. Other masses including 6Li, 9Be, 23Na, 29Si,
39K, 43Ca, 55Mn, 88Sr, 90Zr, 93Nb, 137Ba, 179Hf, 181Ta, and
208Pb were added to monitor contamination with solid in-
clusions in time-resolved spectra but also to assess the im-
pact of the Be-diffusing process as applied to some of the
treated material. NIST SRM 610 glass was used as the pri-
mary reference material (Jochum et al., 2005, Jochum et
al., 2011), and NIST SRM 612, USGS BCR-2G, USGS
GSD-1G, and USGS GSE-1G glasses were used as qual-
ity control materials. Reference and quality control materi-
als were measured after sets of 30 unknown corundum sam-
ples to monitor the accuracy and precision of calibration.
The time-resolved signal spectra were processed in GLIT-
TER 4.4.1 software (http://www.glitter-gemoc.com, last ac-
cess: March 2026, Macquarie University, Sydney, Australia)
using 27Al as the internal standard, applying a theoretical
value of Al2O3 at 100 wt % for the corundum samples and
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values given in the GeoReM database for the reference ma-
terial. The measured concentrations for both QCM (quality-
control material) agree for most trace elements of interest and
were less than 15 % of the preferred values provided in the
GeoReM database.

2.3 Secondary ion mass spectrometry (SIMS) of
oxygen isotopes

The oxygen isotope composition of the same corundum crys-
tals analysed previously by LA-ICP-MS was determined us-
ing CAMECA IMS1280-HR and IMS 1300-HR3 ion mi-
croprobes at Heidelberg University (HIP) in Germany and
at Curtin University (John de Laeter Center) in Australia,
respectively. Before the SIMS measurements, BSE (back-
scattered electron) images were taken using a LEO 440 scan-
ning electron microscope coupled with an Oxford Instru-
ments X-Max energy dispersive spectrometer in order to
avoid areas with inclusions. The surface was then cleaned
and coated with a ∼ 50–80 nm thick conductive Au layer.
An ∼ 2 nA and 20 keV total impact energy Cs+ primary
ion beam with a raster size of 10 µm (12 µm during pre-
sputtering) was used for rim-to-rim measurements of corun-
dum, avoiding direct proximity to the LA-ICP-MS craters.
Sample charging was compensated for with a normal inci-
dence electron gun, and negative secondary ions were accel-
erated to a kinetic energy of 10 keV. The 16O and 18O sec-
ondary ion beams were detected simultaneously in two Fara-
day cups with a mass resolving power of ∼ 2300 (m1m−1

at 10 % peak height). Prior to each analysis, the secondary
beam was centred automatically in the field aperture (X
and Y ) and the entrance slit (X only). Including the time
for beam centring, the analyses started after a total pre-
sputtering time of 90 s, and each analysis had 20 cycles with
4 s integration time per cycle. The baseline of the FC am-
plifiers was determined with an integration time of 200 s
or as a running average of 7× 30 s integrations. The in-
ternal precision reported is the standard deviation of the
mean value of the isotope ratios. The instrumental mass frac-
tionation (IMF) was determined using HD-LR1, a synthetic
laser ruby (δ18O=+18.40± 0.14 ‰, 95 % confidence in-
ternal; Schmidt et al., 2024) placed on the same mount as
the samples (all δ18O values relative to Vienna Standard
Mean Ocean Water (SMOW) with 18O/16O= 0.0020052;
Baertschi, 1976). Bracketing analyses of HD-LR1 indicate a
repeatability of the IMF of between 0.08 and 0.16 ‰ (1 SD)
on individual mounts and 0.36 ‰ (1 SD) between different
mounts. In the absence of a secondary corundum reference,
reference zircon AS3 and 91500 were analysed under the
same instrumental settings, and, when using 91500 as the pri-
mary reference (δ18O= 9.86 ‰ ; Wiedenbeck et al., 2004), a
value of+5.40±0.01 ‰ (n= 7) was obtained, which agrees
closely with the reported composition of +5.34 ‰ (Trail et
al., 2007).

3 Results

3.1 LA-ICP-MS measurements

Trace elements commonly found in corundum (Be, Mg, Ti,
Fe, Cr, V, Ga, Ni) and applied for the identification of syn-
thetic corundum material from natural and/or treated coun-
terparts (Muhlmeister et al., 1998) were determined in 86
spots; one spot affected by irregular ablation, likely due to
the presence of solid inclusions, was excluded from fur-
ther consideration (Tables 1–3). Five yellow-coloured Be-
diffused corundum samples were homogeneously enriched in
Fe (up to 3720 µgg−1) and also show a homogeneous distri-
bution of Mg, V, Cr, and Ga with only minor fluctuations (Ta-
ble 1). With the exception of one sample (no. 2 in Table 1),
Ti abundances range from below the detection limit (bdl) to
∼ 100 µgg−1 likely due to ablation of micrometre-sized Ti-
bearing minerals (ilmenite, rutile, etc.). Beryllium was also
detected in these samples, reaching 13.7 µgg−1. As in the
case of Be-diffused samples, two HT pairs (colourless and
blue-coloured) show a homogeneous distribution of Mg, V,
Cr, and Ga. For the same pairs, Fe and Ti are heterogeneously
distributed with abundances of up to 2300 and 339 µgg−1, re-
spectively. However, differences in trace element abundances
between the colourless and HT-treated blue-colour parts of
stone for a HT sample are insignificant.

Synthetic corundum samples are enriched by different
chromophoric trace elements, depending on their colour. Ac-
cordingly, red- and orange-coloured varieties contain higher
Cr values (max. 1.2 wt % in hydrothermally synthesized
corundum) compared to other coloured or colourless sam-
ples. Chromium is mostly homogeneously distributed within
flame fusion material, whereas abundances are heteroge-
neous within hydrothermally synthesized samples. Blue-
coloured corundum samples yield higher Fe abundances
(generally up to 536 µgg−1, with one anomalous spot at
1540 µgg−1 of Fe within a colourless sample, likely due
to ablation of an inclusion) and Ti (up to 555 µgg−1) com-
pared to the other coloured counterparts. Trace element vari-
ations indicate oscillatory zonation within hydrothermally
synthesized samples, whereas such fluctuations are less ob-
vious within flame fusion samples (Fig. 3). Magnesium and
V are mostly homogeneously distributed within all studied
synthetic materials, with minor variability. Gallium and Ni
were also detected within synthetic sapphires. Although Ga
was almost at the detection limit within flame fusion ma-
terial, its content varies within the hydrothermally synthe-
sized samples, reaching up to 63.2 µgg−1. Nickel was de-
tected in two blue-coloured hydrothermally synthesized sap-
phires reaching 2507 µgg−1, but, for the rest of the hy-
drothermally synthesized material, it was below the detec-
tion limit. Czochralski-grown pink-coloured corundum is al-
most free of trace elements, except for Cr, which is present
at abundances of 388–402 µgg−1.
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Figure 3. Distribution of trace elements (Mg, Ti, V, Cr, Fe, Ni, and Ga) within (A) Be-diffused corundum, (B) heat-treated (HT) corundum,
(C) hydrothermally synthesized corundum, and (D) flame fusion and Czochralski-grown corundum.

3.2 SIMS measurements

In total, 450 points were analysed within the treated and syn-
thetic corundum material, with all analyses showing identi-
cal secondary ion intensities as compared to reference corun-
dum HD-LR1 (Tables 1–3). The results obtained on Be-
diffused sapphires show both positive and negative oxy-
gen isotopic compositions on the SMOW scale. Most Be-
diffused sapphire samples (n= 4) yielded values around
zero, with slightly negative or positive δ18O variations from
−0.90± 0.13 ‰ to +0.58± 0.11 ‰; only one sample devi-
ates to higher δ18O values between +12.81± 0.12 ‰ and
+13.21± 0.12 ‰.

Treated Be-diffused pieces of magmatic origin yielded
δ18O averages of 6.42 ‰ (n= 10) and 6.34 ‰ (n= 10),
whereas treated pieces of metamorphic origin averaged
13.47 ‰ (n= 10) and 15.86 ‰ (n= 10) (Fig. 5). Thus,
δ18O values are indistinguishable between original and Be-
diffused parts of these stones. The only exception is a yellow
rim domain in a metamorphic Be-diffused crystal, where de-

tailed SIMS mapping revealed a ∼ 0.5 ‰ increase in δ18O
compared to the rest of the stone, whereas the untreated
counterpart lacks this increase (Fig. 4).

The oxygen isotopic compositions of the HT-treated and
HT-untreated pairs are similar: for the first pair, values range
from+14.21±0.08 ‰ to+14.55±0.10 ‰, and, for the sec-
ond pair, values range from +15.74± 0.15 ‰ to 16.49±
0.16 ‰. Importantly, the HT-treated corundum crystals lack
any significant δ18O difference between the colourless and
blue domains of the stone. One-way ANOVA tests performed
on the two groups (original and HT-treated pieces) of the two
stones analysed indicated p values of 0.4797 (samples 1 and
2, Table 1) and 0.0778 (samples 3 and 4, Table 1), which indi-
cates that measured δ18O values for original and HT-treated
pairs are indistinguishable.

In contrast to natural corundum (with and without Be-
diffusing and HT treatment), synthetic corundum generally
displays strongly negative δ18O values. This includes six hy-
drothermally synthesized samples with δ18O values ranging
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Figure 4. The δ18O values of corundum samples used in Be-
diffusing experiments.

from −7.89± 0.13 ‰ down to −14.54± 0.13 ‰ and seven
flame fusion samples with δ18O values between −6.73±
0.13 ‰ and −17.46± 0.13 ‰. The only exceptions are one
red-coloured flame fusion sample and one Czochralski-
grown sample: they yielded unusually high δ18O values rang-
ing from +28.51± 0.11 ‰ to +30.47± 0.10 ‰.

4 Discussion

4.1 LA-ICP-MS measurements

Different trace elements (Mg, Ti, Fe, Cr, Ga, etc.) and their
ratios including Ga/Mg, Fe/Ti, Fe/Mg, and Cr/Ga are com-
monly used as a proxy for corundum origins (e.g. Peu-
cat et al., 2007; Sutherland et al., 2009). However, some
of these classification proxies are known to produce incor-
rect results, where, for example, ruby and sapphire compo-
sitions are convoluted (e.g. Palke et al., 2018; Sorokina et
al., 2019; Filina et al., 2019; Wong and Verdel, 2017). Cur-
rently, the most reliable discrimination is based on the FeO–
Cr2O3–MgO–V2O3 vs. FeO+TiO2+Ga2O3 diagram (Giu-
liani et al., 2014), which is applicable for both ruby and
sapphire (Palke et al., 2018; Sorokina et al., 2019, etc.).
This diagram is reproduced in Fig. 5 with new LA-ICP-
MS data for treated and hydrothermally synthesized corun-
dum of different colour varieties. Most of these data plot
in the field of “metasomatic corundum” (Fig. 5). By con-
trast, ruby (red-colour varieties) data fall into the “ruby in
marble” field. The reason why hydrothermally synthesized
stones plot within the fields defined by naturally occurring
corundum is likely due to the content of Ga in most of
the hydrothermally synthesized corundum samples reaching
up to 63.2 µgg−1 (Table 2). Although Ni is present as a
chromophore mostly in synthetic stones grown by the hy-
drothermal method (Schmetzer and Peretti, 1999), this cri-
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Figure 5. (A) The FeO–Cr2O3–MgO–V2O3
vs. FeO+TiO2+Ga2O3 (wt %) provenance discrimination di-
agram by Giuliani et al. (2014) with trace element data on
Be-diffused (Be-diff), HT-treated (HT), and hydrothermally
synthesized corundum material. The number of samples is from
Tables 1–3. (B) Focus on area with trace element data from
plot (A).

terion is ambiguous as it is not always detectable in syn-
thetic corundum and sometimes can even be found in natural
blue sapphire (Sorokina et al., 2019). Therefore, solely re-
lying on LA-ICP-MS trace element analysis for distinguish-
ing between natural and synthetic corundum origins, espe-
cially when grown by the hydrothermal method, can lead to
misidentifications.

4.2 SIMS oxygen isotope discrimination

4.2.1 HT-treated and Be-diffused corundum

Results of high-spatial-resolution SIMS δ18O measurements
for HT-treated corundum in a non-controlled atmosphere
(air) are indistinguishable between original and treated parts
of the stone.

Corundum treated by the Be diffusion method shows both
positive (+12.81±0.12 ‰ to+13.21±0.12 ‰) and negative
oxygen isotope compositions (lower limit at −0.90± 0.13
(see Fig. 6)). However, the δ18O mapping of one Be-diffused
grain of metamorphic origin (sample no. 1), which shows a
strong colour zonation, indicates a minor but significant in-
crease in δ18O in the outer ∼ 0.5 mm, where δ18O values are
elevated by ∼ 0.5 ‰. The untreated counterpart lacks simi-
lar increases along the corresponding margin, supporting the
fact that enrichment is not an original δ18O zonation and in-
stead was caused by the oxygen isotopic exchange during the
diffusion process. The geometry of the domain with elevated
δ18O is irregular and not always parallel to the margin. More-
over, the highest values are not directly at the margin, which
is evidence against diffusion across the grain boundary as
the main control on the δ18O distribution. Regardless of the
isotopic exchange mechanism, the minor change relative to
the original δ18O values would not affect the attribution to
a potential source. Therefore, available data for Be-diffused
corundum specimens from the gem market suggest that their
δ18O values likely reflect their original source composition.
Regarding the possible source of material with slightly nega-
tive oxygen isotope compositions of up to−0.85 ‰, there are
known deposits with corundum containing moderately de-
pleted oxygen isotopic composition relative to SMOW. One
of them is Ilakaka in Madagascar, and the others are from the
Kola Peninsula (see Giuliani et al., 2014). Since the last oc-
currences are non-gem quality, the only commercial deposit
is Ilakaka, with reported δ18O values down to approximately
−1 ‰, which is likely the source of Be-diffused stones anal-
ysed in this research.

4.2.2 Hydrothermally synthesized corundum

Analyses of all studied synthetic stones grown by the hy-
drothermal method show unusually negative oxygen isotope
compositions varying from −7.84± 0.13 ‰ to −14.54±
0.13 ‰ (Fig. 7). Such unusual negative δ18O values are likely
to be due to the water used for the synthesis. The method
itself is based on the synthesis of corundum in autoclaves
with using local water as a solvent. Most hydrothermally
synthesized corundum is produced by the company Taurus,
which is based in Novosibirsk (Russia). According to the
Global Network of Isotopes in Precipitation (GNIP), Novosi-
birsk is situated in the area where annually averaged pre-
cipitation is depleted in δ18O by −14 ‰ relative to SMOW
(The Global Network of Isotopes in Precipitation (GNIP)
Brochure, 2025). If the manufacturing process changes in the
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Figure 6. Photomicrographs (A, C) and SIMS δ18O mapping (B, D) of sample no. 1 of metamorphic origin.

Figure 7. δ18O values for HT-treated, Be diffusion, hydrothermal,
and flame fusion corundum samples used in this study comparing
to the literature data on 175 known ruby and sapphire deposits.

future by using water with a different δ18O value, this would
also affect δ18O values of the synthesized corundum. How-
ever, for stones already on the market, the strongly depleted
δ18O values are characteristic of their origin.

Comparing the oxygen isotopic composition of hydrother-
mally synthesized corundum in our research with literature
data, our results show more depleted δ18O values (from
−7.84± 0.13 ‰ to −14.54± 0.13 ‰) than those detected
previously by Bidny et al. (2010) for hydrothermal corun-
dum (from −0.7 ‰ to −5.8 ‰), which was analysed by
laser fluorination oxygen isotope analysis consuming entire
grain (Fig. 7). Our values are also uncommon for natural
corundum, where the lowest δ18O values vary from+23.5 ‰
(Giuliani et al., 2014) down to approximately −1.7 ‰ (Ni-
grozero in Karelia; Vysotskiy et al., 2014; Fig. 7). In this
context, we note that the bulk δ18O value of −5.2 ‰ de-
termined for corundum from Nigrozero contrasts with core-
to-rim analyses of this sample, which indicate limited varia-
tion with δ18O values between −1.7 ‰ and −1.5 ‰ (Vysot-
skiy et al., 2014). Only the ruby deposit located in Khi-
tostrov (Karelia, Russia) is known for its exotically depleted
oxygen isotopic compositions. Our δ18O analyses of corun-
dum from this location average −26.51 ‰ (Fig. 7), which
is slightly lower than δ18O values by Bindeman and Sere-
bryakov (2011; −18.65 to −25.96 ‰) and by Vysotskiy et
al. (2014; −22.5 ‰). Vysotskiy et al. (2014) also reported
δ18O values of −17.2 for corundum from plagioclasite in
Varatskoye of Karelia; however, they analysed grains in bulk,
which can easily be contaminated by matrix minerals, and,
therefore, these data are not further considered in this dis-
cussion. The unusually depleted oxygen isotopic content of
Khitostrov corundum is likely due to the alteration of the
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protolith by glacial meltwater during the ca. 2.4–2.3 Ga Pa-
leoproterozoic “Slushball” glaciation (Bindeman and Sere-
bryakov, 2011). In any case, the isotopic composition of
corundum from the Khitostrov deposit obtained here and
by other researchers is beyond the range we detected for
hydrothermally synthesized corundum (−7.84± 0.13 ‰ to
−14.54± 0.13 ‰). Because of the clear separation of high-
spatial-resolution δ18O SIMS analyses for hydrothermal and
natural corundum, this method has the potential to distin-
guish between synthetic corundum and their natural ana-
logues. It is further expected that the absolute δ18O values of
hydrothermally synthesized corundum will reflect the com-
position of water and other oxygen-bearing chemicals used
during synthesis, thus potentially revealing further details on
synthetic gem origins.

4.2.3 Flame fusion and Czochralski-grown corundum

Results obtained here also show negative δ18O values from
−6.73± 0.13 ‰ to −17.46± 0.13 ‰ for sapphires of blue,
yellow, and orange colour grown by the flame fusion method.
On the other hand, red-coloured (ruby) synthetic crystals
grown by this method are characterized by strongly positive
values of δ18O from +28.51± 0.11 ‰ to +30.47± 0.10 ‰.
Pomian-Srzednicki (1997) also detected negative δ18O val-
ues for flame fusion sapphires of blue colour varying from
−4.7 to −5.4 ‰, whereas red-coloured material grown by
this method yielded positive values between +11.6 and
+30.4 ‰ (Fig. 7; Pomian-Srzednicki, 1997). The process of
flame fusion corundum synthesis occurs due to melting of
aluminium oxide powder up to 2050 °C in a non-controlled
atmosphere. Therefore, the reasons for such a strong isotopic
dispersion from strongly negative (−17.46 ‰) to highly pos-
itive (+30.47 ‰) δ18O values in flame fusion corundum can
be explained by several factors (Pomian-Srzednicki, 1997;
Pack, 2021): (1) derivation of alumina applied for the syn-
thesis from different sources; (2) addition of oxides causing
corundum colouration; (3) multiple processing steps for alu-
mina, which, collectively, can strongly modify its original
oxygen isotopic composition; and (4) processing and post-
processing isotopic exchange with air (i.e. interaction of alu-
mina with the oxyhydrogen flame and interaction with air
during crystallization).

As can be seen from the discussion above, negative and
positive δ18O values obtained for flame fusion corundum
are atypical for natural analogues falling primarily within a
δ18O range from−1.7 ‰ to+23 ‰, excluding the extremely
depleted Khitostrov corundum (see the section above: “Hy-
drothermally synthesized corundum”). Therefore, such ele-
vated values for flame fusion corundum are also atypical for
their natural analogues. Intriguingly, Pack (2021) has pro-
posed a method to identify flame fusion synthesis by 117O
analysis, a parameter for mass-independent isotope fraction-
ation. In the data of Pack (2021), flame fusion synthetic
corundum displays significantly lower 117O from −0.239

to −0.533 compared to the natural counterparts, with a min-
imum value of −0.082. These 117O anomalies appear to be
due to isotopic exchange of the flux with the technical-grade
O2 prepared by liquefaction from air (Pack, 2021). In the fu-
ture,117O analysis by SIMS (Schmidt et al., 2024) could be
utilized as a less destructive technique compared to the laser
fluorination method applied by Pack (2021).

4.2.4 Flux-grown corundum material

Previous studies also presented data on δ18O compositions
of flux-grown synthetic corundum by different manufac-
tures. Pomian-Srzednicki (1997) measured corundum from
Knischka (Austria), Chatham Gem Created (USA), Douros
O.E. Created Gems (Greece), and Ramaura Cultured Rubies
(USA). Obtained values varied from −0.2 ‰ to +20.0 ‰
of δ18O (Pomian-Srzednicki, 1997). Bidny et al. (2010) re-
ported results from measuring synthetic crystals originat-
ing from Kashan, Ramaura, and Crystal Growth Laboratory
(MSU), which varied from +4.8 ‰ to 14.8 ‰ in δ18O. The
results of both studies (δ18O=−0.2 ‰ to +20.0 ‰) fall in
the range of δ18O values between−1.7 ‰ and+23 ‰, which
are characteristic for naturally occurring rubies and sapphires
(Giuliani et al., 2014; Vysotskiy et al., 2014). Therefore,
δ18O analysis will not be able to discriminate synthetic flux-
grown materials from their natural counterparts. However,
the high temperature of flux corundum may also impart a
mass-independent117O signature due to exchange with lab-
oratory air so that a modified version of the method of Pack
(2021) using high-spatial-resolution SIMS analysis may also
be applied to identify flux-grown corundum in the future.

5 Conclusion

1. Solely relying on LA-ICP-MS trace element analysis
for differentiation between natural and synthetic corun-
dum origins, especially when grown by the hydrother-
mal method, can lead to misidentifications.

2. The results of high-spatial-resolution SIMS δ18O mea-
surements for HT-treated and Be-diffused corundum
are largely indistinguishable between the original and
treated parts of the stone.

3. The high spatial resolution of the SIMS δ18O analysis
of hydrothermally synthesized corundum yielded values
between −7.84± 0.13 ‰ and −14.54± 0.13 ‰, which
are atypical for natural corundum.

4. Equivalent data for flame fusion corundum are in the
range of −6.73± 0.13 ‰ to −17.46± 0.13 ‰ for sap-
phires of blue, yellow, and orange colour and +28.51±
0.11 ‰ to +30.47± 0.10 ‰ for ruby; these are, again,
atypical for natural corundum.
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5. SIMS δ18O analysis of corundum has strong potential
to distinguish synthetic and natural counterparts at min-
imal sample consumption. Additional methods that are
applicable for the differentiation of flame fusion corun-
dum material include SIMS 117O analysis; further re-
search is required to test if negative mass-independent
anomalies of up to −0.5 ‰ (Pack, 2021) can be rou-
tinely identified.
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