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ABSTRACT

Natural yellow, orange and orange-brown sapphires owe their colour to colour
centres and/or to trace elements (Fe*, Ti*, Cr*). Similar colorations can be
achieved in synthetic corundums by Ni* and Cr* as well as by an additional
annealing procedure. With colourless or pale yellow natural corundums,
comparable hues can be obtained by irradiation or by annealing. Both types of
treatment (irradiation or annealing) generate colour centres which cause a
continuous increase of light absorption from orange to the blue end of the visible
spectrum. They also produce a broad absorption band at approximately 21 500 cm™
(465 nm). These treated natural corundums appear in intense yellow to orange-
brown colours. While the colour cenires, artificially induced by irradiation, are
extremely unstable, the colour centres created by annealing do not heal out on
further heating up to 1000 °C. For use in jewellery annealed stones can thus be
considered colour-stable,

With regard to absorption, the irradiated or heated corundums differ little from
naturally-coloured light yellow sapphires from Sri Lanka, apart from the generally
stronger absorption in the violet and ultraviolet regions. On the contrary, intensely
yellow to yellow-brown sapphires exhibit a pronounced iron or iron-chromium
spectrum and synthetic vellow to orange corundums show a nickel or nickel-
chromium spectrum. The inclusions of annealed golden yellow sapphires present the
same modified characteristics as those encountered in heated corundums of the
other hues.

In practical gemmology, the problem of identifying irradiated
as well as synthetic yellow and orange-brown corundums has
repeatedly been a matter of discussion (Oughton, 1970; McColl,
1970; McColl & Oughton, 1971; Schiffmann, 1981). The present
study compares the results of an investigation on a new type of
golden-yellow corundums (on one side) with the well-known
natural and synthetic yellow and brown sapphires (on the other
side). These new stones have been on the gem market for some
time, occasionally offered by the dealers as corundums of ‘treated’
yellow to orange-brown colour. Colorations similar to these treated
ones are shown by untreated natural yellow corundums known to
originate from Sri Lanka, Thailand, Tanzania and Australia and
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by the padparadshah variety from Sri Lanka. The golden-yellow
colours also are comparable to those of artificially irradiated
yellow to orange-brown sapphires as well as to the coloration of
synthetic yellow to orange-brown corundums by Verneuil,
produced by the addition of nickel or nickel plus chromium
(Recker, 1973). The colours of the latter can be intensified by an
additional heat treatment. A compilation of the various types of
natural and synthetic yellow, orange and orange-brown corundum
and of the origin of their colours is presented in Table 1 (cf.
Schmetzer & Bank 1980, 1981). New analytical data are given in
Table 2.

Natural pale yellow corundums are coloured by colour centres
and so far are known to the authors to originate only from Sri
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FIG. 1. Absorption spectra of pale yellow naturally-coloured corundums from Sri Lanka.
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FIG. 2. Absorption spectra of the pink-orange corundum variety padparadshah from Sri Lanka.

Lanka. In the visible region their absorption continuously rises
from orange to violet without showing any pronounced absorption
maximum. Frequently weak Fe* absorption bands can be observed
(Figure 1) which, however, have no distinct effect on the colour due
to the low Fe contents of about 0.005 to 0.11% (Harder 1969, cf.
also Table 2). The chromium contents of these yellow corundums
are too low to clearly influence the colour (Harder 1969; Table 2).
Sapphires containing higher proportions of Cr* (Figure 2) or Cr*
and Fe* (Figure 3) and showing the absorption spectrum of light
yellow corundums from Sri Lanka, caused by colour centres, are
coloured pink-orange and called padparadshahs. Heat treatment at
500 °C heals out the colour centres of the described yellow and
pink-orange stones. Specimens without chromium are practically
colourless, those with chromium show the typical red of pale
rubies. According to trade views, untreated natural yellow and
orange sapphires are colour-stable.

Another type of yellow sapphire comes from Thailand and
Australia. Stones from these sources show iron contents between
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FIG.3. Absorption spectra of the pink-orange corundum variety padparadshah from Sri Lanka.
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FIG, 4. Absorption spectra of golden yellow naturally-coloured sapphires from (a) Thailand, (b) Anakie,
Australia.

0.5 and 0.75% Fe (Harder 1969, cf. also Table 2), which thus lie
distinctly above those of the light yellow corundums from Sri
Lanka. The cause for the coloration of these intensely vellow
corundums is a combination of Fe* and (to a lesser extent) Ti*";
here Cr* traces virtually are not colour-efficient (Figure 4). Since
the valence of Fe* and Ti** cannot be changed on heating up to
500 °C (and higher temperatures), the colour of such specimens is
stable under the conditions mentioned. Corundums from Umba,
Tanzania, present definite amounts of Cr* in addition to the
comparable Fe* percentages (Table 2). Specimens with small
amounts of chromium are yellow (Figure 5), crystals with high
chromium concentrations are yellow-orange to orange-brown in
colour (Figure 6). As yet sapphires of this type have been noted
only from Umba, Tanzania. Heating up to 500 °C does not alter
the described colours.



614 J.Gemm, 1983, XVIIL 7

wavelenth in nm
350 400 500 600 700

i } } i il
T L] T I I

extinclion

30 25 20 15
1

B

wavenumber in 1000cm™

FIG. 5. Absorption spectra of yellow naturally-coloured sapphires from Umba, Tanzania.

Synthetic sapphires exhibit similar hues to those of natural
sapphires although the latter mostly have other causes of
coloration. The yellow colours of Verneuil synthetics are produced
by Ni*, while orange hues are brought about by Cr* and Ni*
(Figure 7, Table 2). By the addition of divalent cations (Mg*, Fe**,
Ca?) and by subsequent annealing the colours of the commercially
grown synthetic stones can be intensified, according to information
on hand (cf. Table 1).

It has been known for quite some time that x- or y-rays
produce bright yellow and yellow-orange hues with originally pale
yellow or almost colourless sapphires from Sri Lanka. The
improved colours, however, become unstable when exposed to
daylight (Pough & Rogers, 1947). Similarly after short-term
heating to 500 °C the colour centres created by irradiation can be
healed out too: the heated stones ordinarily turn completely
colourless. Therefore the finding came as a surprise that the colour
of the new type of ‘treated’ sapphire, which is indistinguishable
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FIG.6. Absorption specira of orange-brown naturally-coloured sapphires from Umba, Tanzania.

from the irradiated one in terms of colour, remained stable on
heating at 500 °C and even up to 1000 °C. An irradiation could
thus not be the cause of the strong yellow or orange coloration.

The examination of the inclusions of some rough and cut stones

which in part stemmed directly from the corundum cookery in

Thailand produced the following results (Figures 8 to 11):

— clouds of tiny inclusions mostly concentrated in certain zones
and of turbid appearance under the microscope.
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FIG.7. Absorption specira of synthetic corundums by Verneuil, (a) light yellow, (b) orange.

— small oval reflective tension fissures showing a more or less
wide, white rim and resembling atolls. Frequently they contain
a tiny mineral grain which might have caused the fissure during
the heat treatment.

— spherical white aggregates of a spiky surface, occasionally
surrounded by a healed tension fissure.

— larger healing cracks (feathers) with drop-shaped to tube-like
cavities.

— altered fibre-like zonal structures with oriented inclusions
(rutile, hollow tubes?).

The inclusions of these golden-yellow corundums thus
exhibited the characteristics of the types of inclusion found in
annealed natural corundums (Nassau, 1981; Crowningshield &
Nassau, 1981; Hanni, 1982). A heat treatment as described recently
in several articles (Gunaratne, 1981; Nassau, 1981; Crowningshield
& Nassau, 1981; Harder, 1982) therefore can also be considered
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proven for the specimens of the new yellow type. According to
Harder (1982), temperatures above 1550 °C are applied in the
annealing process for yellow sapphires, but no explanation for the
cause of the yellow coloration can be given at the present time.
Possibly it is related to the resorption of pre-existent mineral
inclusions during annealing. Chemical analyses (microprobe, x-ray
fluorescence) indicate limited contents of Fe and sometimes also of
Cr and Mg. Already before the heat treatment, these elements were
present in some form inside the crystal (as inclusion constituents or
on Al sites of the corundum lattice) and became colour-efficient by
the strong annealing. A diffusion treatment by Cr and/or Ni as
described by Nassau (1981) can be excluded for the specimens at
disposal, because they were rough stones or else no signs of such a
treatment were observed microscopically for the cut specimens.

The absorption spectra of burnt orange-brown corundums
(Figure 12 a to c) show increasing absorption in the visible range
from orange to violet as well as a broad absorption band with a
peak position near 21 500 cm™* (465 nm). Consequently the spectra
are identical with the spectra of irradiated vividly orange to orange-
brown sapphires (Figure 12 e, f) which were colourless or pale
yellow before irradiation like the corundums of the type
represented in Figure 1. The absorption spectra of annealed or
irradiated yellow to orange-brown corundums thereby differ
clearly from the Fe-Cr spectra of natural yellow, orange or orange-
brown sapphires (Figure 2 to 6). By subsequent additional
irradiation of the annealed yellow corundums, their coloration can
be reinforced. The absorption spectra of such heated and irradiated
corundums exhibit the same characteristics as the spectra of solely
annealed or solely irradiated sapphires (Figure 12 d). A second
heat-treatment heals out the colour centres additionally produced
by the irradiation. The coloration and the intensity of the
absorption bands correspond to the status before irradiation (after
the first annealing), which means that the stones still are yellow-
orange to orange-brown in colour.

The influence of the various colour centres on the optical
properties of rubies and sapphires as well as the methods of their
creation in synthetic corundums have been discussed in a
considerable number of papers.” While formerly synthetic
chromiferous corundums (rubies) were of primary interest due to
their importance for laser techniques (e.g. Flowers & Jenney, 1963;
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FIG. 12.  Absorption spectra of treated vellow, yellow-orange and erange-brown sapphires; (a,b.c) anncaled
corundums, (d) sample b additionally irradiated, {e,f) originally pale yellow, irradiated corundums from Sri
Lanka.

Schultz, 1964; Hoskins & Soffer, 1964; Standley & Vaughan, 1965;
Arkhangelskii et al., 1967, 1969; Sviridov, 1968; Borer ef al., 1970;
Sidorova et al., 1972, 1973; Sandreyev et al., 1973; Bessonova et
al., 1974; Kvapil et al., 1981), more recently a series of studies deals
with the optical properties of undoped corundums following heat-
treatment and/or irradiation as well as of corundums doped with
divalent cations, e.g. Fe**, Mg®, Ca*, Be** (Gamble et al., 1964;
Bartram et al., 1965: Gorban’ & Kondratenko, 1972; Kvapil ef al.,
1972, 1973; Govinda, 1976; Lee et al., 1977; Lee & Crawford, 1978;
Kulis et al., 1979, 1981). Without specifying the nature of the
colour centres, described in the various articles but not yet entirely
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explained in detail, it may be stated that colour centres with
absorption maxima in the visible and UV similar to those
mentioned here can be produced in synthetic corundums as well.
The colour centres in synthetic crystals are created by doping with
divalent cations and/or chromium and a subsequent annealing at
high temperatures or by subsequent irradiation of the crystals. The
absorption bands produced by annealing synthetic corundums can
also be intensified by a subsequent irradiation. The radiation-
induced colour centres heal out on heating e.g. to 500 °C while
those of annealed, doped corundums are fairly stable.

The cation or the various cations necessary to form colour
centres in the heated natural corundums examined in this study,
cannot be indicated at present. Natural corundums usually show
several di- and tri-valent cations as impurities, but only in trace
amounts (cf. Harder, 1969; Table 2). In the annealed yellow
sapphires in question, traces of Fe were identified by non-
destructive analytical methods (XRF and microprobe analyses,
both in energy- and wavelength-dispersive mode). The
concentrations of other cations like Cr, Ni, and Mg used to dope
synthetic crystals only occasionally were found within the limits of
detectability of the applied methods. As Table 2 demonstrates,
trace amounts of Cr and Mg were detectable in all natural
corundums analysed with the aid of the more sensitive atomic
absorption spectroscopy. These results are also valid for annealed
yellow corundums so that the presence of several cations (e.g. Mg,
Fe, Cr) in minor concentrations can be assumed. So far it is a
matter of uncertainty, if the colour centres are created during the
annealing process by a divalent cation like Fe* or Mg*, by a
trivalent cation like Cr* or Fe* or by several di- and tri-valent
cations.

The distinction of annealed or irradiated natural corundums
from yellow to orange-brown corundums and synthetic corundums
is possible on the basis of their spectroscopic and microscopic
characteristics compiled in Figures 1 to 12. A diffusion treatment is
discernible by optical examination (Hédnni, 1982).

The annealing of pale yellow corundums leads to stable
colorations. According to CIBJO nomenclature this treatment is a
practice tolerated by the trade and has not to be declared explicitly.
This stands in contrast to the diffusion-treatment of corundums,
which must be indicated without exception.



1.Gemm., 1983, XVIIL, 7 621

ACKNOWLEDGEMENTS

The authors wish to express their gratitude to Dr R. Ledig, of
Stuttgart, as well as to the companies of Gebr. Bank, Alfred Hahn
and Gebr. Leyser, of Idar-Oberstein, for the loan of untreated
sapphires as testing material. We are especially indebted to Mr R.
Naftule, Rana Gems S.A., of Geneva, and to Mr Anuphab
‘Chonk’ Chinudompong, of Chantaburi, Thailand, who placed
annealed corundums at our disposal. Translation by G. Bosshart.

REFERENCES

Arkh Iskii, G. E., Mot htern, 2. L. & Neustruev, V. B. (1967): Colour Centres in Ruby Crystals. Phys.
Stat. Sol., 22, 289-95.

Arkhangelskii, G. E., Morgenshtern, Z. L. & Neustruev, V. B, (1969): Effect of Colour Centres on the cr
Spectrum in Ruby. Phys. Stet. Sol., 36, 451-7.

Bartram, R. H., Swenberg, €. E, & Fournier, J. T. {1965): Theory of Trapped-Hole Centers in Aluminum
Oxide. Phys. Rev., 139, A%41-51.

Bessonova, T. S., Stanislavskii, M. P., Tumanov, V. I. & Khaimovmalkov, V. Ya. (1974); Induced absorption
and thermolumi of leuc hire and ruby after electron irradiation. Opr. Spectrosc,, 37, 398-400.

Borer, W. 1., Giinthard, Hs. H. & Ballmer, P. (1970); Solid State Reactions and Defects in Verneuil Laser
Rubies. Helv. Phys. Acta., 43,7492,

Crowningshield, R. & Nassau, K. (1981): The heat and diffusion treatment of natural and synthetic sapphires.
J.Gemm., XV, 52841,

51, 858-9.

Gamble, F, T., Bartram, R. H., Young, C. G., Gilliam, O. R. & Levy, P. W. (1964): Elcctron-Spin Resonances
in Gamma-Ray-lrradiated Aluminum Oxide. Phys. Rev., 134, A5S89-95,

Gorban', 1. 5. & Kondratenkoe, P, A, (1972): Colour centers in corundum erystals. Sov. Phys.—Solid State, 13,
3101-2.

Govinda, S. (1976): Coloration and Luminescence in Pure and Chromium-Doped AlLO, Single Crystals
Irradiated with X-Rays at Room Temperature. Phys. Star. Sol., (a) 37, 109-17.

Gunarame, H. S, (1981); ‘Geuda sapphires’—their colouring elements and their reaction to heat. J.Gemm.,
XVII, 292-300,

Héanni, H. A. (1982); Zur Erkennung diffusionsbehandelter Korunde. Z. Dv. Gemmol. Ges., 31, 49-57.

Harder, H. (1969): Farbgebende Spurenelemente in den naturlichen Korunden, N.Jb. Miner. Abh., 110, 128-41.

Harder, H. (1982): Qualitdtsverbesserung von Edelsteinen, insbesondere von Korunden, durch
Wirmebehandlung (‘Brennen'). Aufschiuss, 33, 213-26.

Hoskins, R. H. & Soffer, B. H. (1964): Obscrvation of Cr in «-ALO,. Phys. Rev., 133, A490-3.

Kvapil, 1., Perner, B, Kubelka, J. & Kvapil, Jos. (1981): The Role of Iron lons in Laser Ruby. Cryst. Res.
Tech., 16, 1159-64.

Kvapil, J., Perner, B., Sulovsky, J. & Kvapil, Jos. (1973): Colour Centre Formation in Corundum doped with
Divalent lons. Kristali und Technik, B, 247-51.

Kvapil, 1., Sulovsky, J., Kvapil, Jos. & Perner, B. (1972): The Influence of Dopants and Annealing on the
Colour Stability of Ruby. Phys. Star. Sol., (2)9, 665-72.

Kulis, P. A., Springis, M. I., Tale, I. A., Vainer, V. 5. & Valbis, J. A, (1981): Impurity-Associated Colour
Centres in Mg- and Ca-Doped Al O Single Crystals. Phys. Srar. Sol., (b) 104, T19-25.

Kulis, P. A., Springis, M. J., Tale, 1. A. & Valbis, I. A. (1979): Recombination Luminescence in Single Crystal
AlLO,. Phys. Stat. Sol., (a) 53, 113-19.



622 J.Gemm., 1983, XV1II, 7

Lee, K. H. & Crawford, J. H., Jr. (1978): Additive coloration of sapphire. Appl. Phys, Leit., 33, 273-5.

Lee, K. H., Holmberg, G. E. & Crawford, J. H., Jr. (1977): Optical and ESR Swudies of Hole Centers in
y-rradiated AL.O,. Phys. Star. Sol., (a) 39, 669-74.

McColl, D. H. (1970): A method for differentiation of natural and synthetic yellow sapphires. Aust. Gemumiol.,
10,9-11.

McColl, D. & Oughton, J. H. (1971): More confusion with synthetic yellow sapphirc. Aust. Gemmol., 11, 3-5.

Nassau, K. (1981): Heat treating ruby and sapphire: technical aspects. Gemns Gemaol,, 17, 121-31.

Oughton, J. H. (1970): Yellow sapphire natural or synthetic. Aust, Gemmol,, 10, 5-8.

Pough, F. H. & Rogers, T. H. {1947): Experiments in x-ray irradiation of gem stones. Am. Miner., 32, 31-43.

Recker, K. (1973} Zur kunstlichen Herstellung von Schmucksteinen. Z.Dv, Gemmol. Ges., 22, 145-78.

Sandreyev, D. V., Arsenyey, P, A., Mareyeva, Z. ., Mayer, A. A,, Tolchinsky, R. M. & Farschtendiker, V. L.
(1973): Some Defects Appearing in Chromium Doped ALO: Monocrystals as a Result of Thermal
Treatment. Krisrall und Technik, 8, 957-63.

Schiffmann, C. A. (1981): Unstable colour in a vellow sapphire from Sri Lanka, J. Gemn,, XVIL, 615-18.

Schmetzer, K. & Bank, H. (1980): Explanations of the absorption spectra of natural and synthetic Fe- and Ti-
containing corundums. N. Jb. Miner. Abh., 139, 216-25.

Schmetzer, K. & Bank, H. (1981): The colour of natural corundum. N, Jb. Mirer. Mh., 1981, 55-68.

Schultz, G. V. (1964): Calour change of a ruby erystal when irradiated by intense light. Phys. Led., 9, 301-3.

Sidorova, E. A., Volynets, F. K. & Kordev, E. A, (1972): Colour centers in y-irradiated ruby containing
vanadium. ZA. Prikl. Spectros., 17, 781-5 {in Russian).

Sidorova, E. A., Volynets, F. K. & Scepurov, N. A. (1973): Orangs color of ruby. Zh. Prikl. Speciros., 1%, B29-
33 (in Russian).

Srandley, K. J. & Vaughan, R. A. {1965): Spin-lattice relaxation of the Cr' ion in orange ruby. Proc. Phys.
Soc., 86, 861-4.

Sviridov, 1. T. (1968): About the Possible Role of Cr*” and Cr* lons in Ruby, Kristall und Technik, 3, 6614,

[Manuscript received 20th October, 1982.]



