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Figure 1.1

Fipure 1.2

Figure 1.3

Kgure 1.4

Figure 1.5

Kgure 1.6

Figure 1.7

Figure 1.8

Rigure 1.9

CONTENTS (Figures)

Pink-orange, orange, yellow sapphires and ruby treated with the new
heating technique. Treatment conditions are unknown (Photos by
Somboon, GIT).

Surface-related colour zones in a yellow sapphure. Size of the stone is
10.06 x 11.57 mm. (Immersion, Photo by Leelawatanasuk, GIT).
Surface-related colour zones in a pink-orange sapphire. Size of the
stone is 5.2 x 6.63 mm. (Immersion, Photo by Somboon, GIT).

An example showing a slice of a classical external Ti diffusion
treated sapphire causing the blue coloured rim. Sarnple size is 4x7
mm (Immersion, Photo by Higer).

Internal diffusion of Ti from rutile inclusions into the corundum
lattice showing the blue baloes (Photo by Higer).

UV-Vis Spectra of an un-treated yellow sapphire from Thailand
(Khao Phloi Wean, Chanthaburi) with E perpendicular to c-axis (o
ray, black) and E parallel to c-axis (e-ray, red). The colour is due
mainly to Fe3" forbidden transition.

UV-Vis-spectra of a heat-treated natural yellow sapphire from Sri
Lanka with E perpendicular to ¢-axis (o-ray, black) and E parallel to
¢-axis (e-ray, red). The colour is due to stable defect centres.

Photos of the 2.44 ct flame-fusion-grown colourless sapphire
(PKSCS02) before treatment (a), pale brown after X-ray irradiation
treatment (b), and almost colourless after a fading test (c). Afterward
the sample was cut in half and six-points on & traverse (d) were
analyzed across the cut surface using LA-ICP-MS (see also Table 1.1
and Figure 1.9). (Photos by Somboon, GIT and Lomthong, KU)
UV-Vis spectra of the 2.44 ct cube of flame-fusion-grown colourless
sapphire (PKSCS02) before treatment (c), pale brown after X-ray
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Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.3

CONTENTS (Figures)

Photos of the 0.73 ct natural colourless sapphire (POMCS04) before
treatment (), yellow after X-ray irradiation treatment (b), and almost
colourless after a fading test (¢). A five-point-profile (d) was
analyzed across the cut surface afterward using LA-ICP-M (see also
Table 1.2 and Figure 11). (Photos by Somboon, GIT and Lomthong,
KO)

UV-Vis spectra of the 0.73 ct natural colourless sapphire(POMCS04)
before treatment (a), after X-ray irradiation treatment (b), and after a
fading test (c).

UV-Vis spectra of an Irradiated natural sapphire heated up at a rate
of 20C/min: spectra were recorded every 100C (Spectrum at 1100C
was missing because of technical problems and wave-like pattern in
the spectra about 600 to 800 nm are due to experimental
inconsistencies). The irradiated yellow colour was gradually faded
towards the high temperatures.

Photos of a 3.85 ct flame-fusion-grown colourless sapphire
(PKSCSO01) before treatment (a), and pale brown after Be-treatment
under unknown condition (b). The pale brown rim and colourless
core are better seen under immersion (c). After the treatment the
sample was cut in half and a five-point profile (d) was analyzed
across the cut surface using LA-ICP-MS (see also Table 1.3,

Figures 1.14 and 1.15). The other half was then cut into three pieces;
one piece was kept as the reference and the other two were heated in
2 pure nitrogen atmosphere at 1,6506C for 3 hours which turns the
stone colouriess (¢). One of the colorless pieces was then re-heated
In air (te. oxidation conditions) at 1,6500C for 1 hour, which firned
the sample back 1o pale brownish (f).. (Photos by Somboon, GIT and
Lomthong, KU)
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Figure 1.14

Figure 1.15

Figure 1.16

Figure 1.17

CONTENTS (Figures)

[JV-Vis Spectra of the flame-fusion-grown sapphire (PKSCS01)
before treatment (a) and afier Be-heat treatment (b) under unknown
condition. Spectrum ¢ was recorded from a “watch glass” sapphire
(WG02), which had been turned pale brown from originally
colourless material by our own heating experiment at 17500C in an
oxidising atmospheres with chrysoberyl in the crucible.

Plots of trace element content variation across the cut surface of the
pale brown Be- treated flame-fusion-grown sapphire (PKSCS01), see
Figure 1.13d and text for discussion.

Photos of a 13.51 ct disc of colourless “watch glass™ sapphire
(WGOI1) before treatment (a), and pale brown throughout the entire
disc after Be-treatment under unknown condition (b). After the
treatment. a five-point profile (c) was analyzed across the 1.25-mm-
thick cut surface using LA-ICP-MS (see also Table 1.4 and Figure
1.17). The other half of the sample was then cut into 3 pieces, one
picce was kept as the reference whereas the other two pieces were
heated in a pure nitrogen atmosphere at 16500C for 3 hours which
turned the stone colorless (d). One of the resulting colourless pieces
was re-heated in air (in oxidation conditions) at 16500C for 1 hour
which turned the sample back into pale brown again {(¢). (Photos by
Somboeon, GIT and Lomthong, KU).

Plots of trace element content variation across the 1.25-mm-thick cut
surface of the pale brown Be-treated “watch glass” sapphire disc
(WGHO1). The contents of Be are dominant over those of Mg and Ti
in almost all the points analysed, and (Be+Mg) > Ti in all analyzed

points (cf. Figure 1.16c).
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Figure £.18

Figure 1.19

Figure 1.20

Figure 1.21

Figure 1.22

CONTENTS (Figures)

Photos of a 0.80 ct natural colourless sapphire (POMCS03) before
treatment (a), yellow after Be-heaf treatment (b), and in the
immersion liquid (¢). A five-point profile (d) was analyzed across
the cut surface after the treatment using LA-ICP-MS (see also

Table V and Figure 1.20). The other half was heated in a reducing
atmosphere at 16500C for 3 hours, which turned the stone colourless
(e). (Photos by Somboon, GIT and Lomthong, KU)

UV-Vis Spectra of the natural colourless sample (POMCS03) before
treatment (a) and after the Be-heat treatment (b) (see also Figure
1.18a, b).

Plots of trace element content variation across the cut surface of the
Be-treated natural colourless sapphire (POMCS03), which became
yellow after the treatment cf. Figure 1.18d and see text for
discusston.

Photo of a yellow sapphire (PPYS1) reportedly heat-treated with
Be under unknown condition by a Thai heater. The sample appears
yellow throughout the entire stone and lacks a surface-related colour
zone. A five- point profile was analyzed across its cut surface (see
also Table 1.6 and Figurel. 22), (Photo by Somboon, GIT and
Lomthong, KU).

Plots of trace element content variation across the cut surface of the
yellow Be-treated sapphire (PPYS1). No significant variation of Be,
Mg and Ti content (also other trace elements, see Table 1.6) across
the profile. All the points analysed (Figure 1.21) however, show
(Be+Mg) > Ti.
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Figure 1.23

Figure 1.24

Figure 1.25

Figure 1.26

‘Figure 2.1

CONTENTS (Figures)

Photos of a 2.44 ¢t Madagascan orangey yellow rough sapphire
(MadaRough01) reportedly heat-treated with Be under unknown
condition in Thailand (a). The sample appears orangey yellow
throughout the entire stone and lacks a surface-related colour zone. A
five-point profile was analyzed across the cut surface (b) on one half
(see also Table 1.7 and Figure 1.24). The other half was heated in a
reducing atmosphere at 16500C for 3 hours, which turned the stone
colourless (¢). (Photos by Somboon, GIT and Lomthong, KU)

Plots of trace element content variation across the cut surface of the
orangey yellow Be-treated rough sapphire (MadaRough0l1, Figure
1.23b). The analyses show higher Be content at the rims and
gradually decreasing toward the core. The contents of Mg and Ti |
and other trace elements (see Table 1.7) however, show no
consistent variation across the profile. At all the points analyzed
(Be+Mg) > Ti.

Comparison of the UV-Vis spectra of synthetic samples: irradiated
writh X-rays (turned brown after treatment, a), diffusion treated with
Be (turned brown after treatment, b), and doped with Mg (brown to
violet specimen was obtained, ¢).

Comparison of the UV-Vis spectra of yellow sapphires: a natural
sample irradiated with X-rays (b), natural samples with Be-treatment
(¢ and £), a natural sample from Sri Lanka (d), the difference of
absorption spectra between an orange Be-treated sapphire and its
onginal pink sample (a), & synthetic sample double-doped with Mg
and Fe (e).

Photos of the LA-ICP-MS unit used for trace element anatysis in this

study, located at the Macquanes University, Sydney, Australia,
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Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

CONTENTS (Figures)

A colorless sapphire dise (THSCS01) was cut in half, one half was
heat-treated with ground chrysoberyl in a crucible (a, brown) while
the other half was heat-treated in another crucible without
chrysoberyl (b,colourless). After the treatment five-points on a
traverse were analyzed on the polished surface of each half. (Photo
by Somboon, GIT)

Plots of trace element contents analyzed on the surface of the
sapphire disc (THSCSO01), see text for discussion.

UV-Vis spectra of the flame-fusion-grown sapphire (PKSCS01)
before treatment (a) and after Be- treatment under unkmown
condition by a Thai heater (b). Spectrum ¢ was recorded from the
brown half (THSCSO01) treated with Be by our own experiment.
Photos of a Fe-doped flame-fusion-grown colourless sapphire before
treatment (a), yellow after X-ray irradiation treatment (b), colourless
after a fading test ( ¢), yellow again after Be-treatment (d) and the
colour was stable under the fading test. (Photo by Higer)

Photos of the Fe-doped sapphire treated with Be and cut in half (a),
showing abundant gas bubbles (b and c). Two traverses (X1 and X2)
were analvzed across the cut surface (d) using LA-ICP-MS (see also
Table 2.2 and Figure 2.9).(Photo by Somboon, GIT)

UV-Vis spectra of the Fe~-doped flame-fusion-grown sapphire before
treatment (a), after X-ray irradiation treatment (b), after a fading test
(c), and after Be-treatment (d). The spectrum produced by Be-
treatment is exactly the same as that of the irradiation treatment and
similar to those of the Mg+Fe doped flame-fusion-grown sapphire
and a naturalSri Lankan yellow sapphire coloured by stable defect
centres (see Figure 2.8).All spectra were measured with E

perpendicular 1o ¢-axis (o-ray).
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Figure 2.8

Figure 2.9

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

CONTENTS (Figures)

UV-Vis Spectra of a natural Sri Lankan yellow sapphire coloured by
stable defect centres in comparison to a synthetic flame fusion
grown sapphire doped with 50 ppm Mg and 50 ppm Fe (Hager,
2001).

Plots of the trace element content along the traverse X1 of the Fe-
doped synthetic sapphire treated with Be, The Fe and Be contents are
constantly high across the cut surface while the other elements are
extremely low.

A natural bine sapphire (DIF1) reportedly underwent a ‘classical’
heat-treatment was cut in half. A five-point-profile was analyzed
across the cut surface using LA-ICP-MS. (Photo by Lomthong, KU)
Plots of the trace element content variation across the cut surface of
the blue sapphire (DIF1) treated with a ‘classical” heating. The
analyses show negligible contents of Be and Ti>> Mg in all points
analyzed.

An Australian blue sapphire (AUS1) reportedly underwent a
‘classical’ heat-trecatment was cut in half. A five-point-profile was
analyzed across the cut surface using LA-ICP-MS (Photo by
Lomthong, KU)

Plots of the trace element content variation across the cut surface of
the Australian blue sapphire (AUS1) treated with a ‘classical’
heating. The analyses show negligible contents of Be and T1> Mg in

all point analyzed.
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Figure 3.5

Figure 3.6

TFigure 3.7

Figure 3.8

CONTENTS (Figures)

Page
A natural blue sapphire (PPBS1) reportedly heat-treated with Be 64
under unknown condition by a Thai heater and cut in half, The
sample shows a thi surﬁlce-r_elatcd yellow rim surrounding the blue
core. High magnification reveals that the blue core contains oriented
blue dots probably resulting from partial dissolution of rutile needles.
A five-point profile was analyzed across the cut surface with two
points in the surface-related yellow zone (rims) and three points in
the blue core. (Photo by Lomthong, KU)
Plots of the trace element content variation across the cut surface of 66
the Be-treated blue sapphire (PPBS1). The Be content are obviously
high at the yellow rims and are negligible in the blue core. The
content of Mg and Ti (also other trace elements) however show no
consistent variation across the profile. The analyses also show
(Be+Mg) >Ti at the yellow rims in contrast to Ti >(Be+Mpg) in the
blue core. -
A rectanoular block of a natural blue-green sapphire (BG1) 66
heat-treated with Be by a Thai heater showing a thin surface-related
yellow rim surrounding the complex-zoned blue core (2, in
immersion liquid). Afier the treatment the sample was cut in balf (b,
in immersion; ¢, In air) and a five-point profile was analyzed across
the cut surface using LA-ICP-MS. Two points on both rims are very
close to the yellow zone (rim) while three points in the middle are
definitely in the blue core. (Photo by Somboon, GIT)
Plots of the trace element content variation across the cut surface of 68
the Be-reated blue-green sapphire (BG1). The Be contents are
obviously high at the rims and decrease toward the core. The

analyses show Ti >(Be+Mg) in all the analyzed points which are still



Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 4.1

Figure 4.2

Figure 4.3

CONTENTS (Figures)

(a) The rectangular block of the Be-treated natural blue-green
sapphire (BG1) in immersion liquid. (b) The photo of the right face
of (a), which are definitely in the yellow rim, showing seven
analyzed points. (Photo by Somboon, GIT)
Plots of the trace element contents analyzed ou the outer surface of
the Be-treated blue-green sapphire (BG1). The analyses show
obviously high Be contents and Ti > Mg in contrast to (Be+Mg) > Ti
at all the analyzed points which are definitely in the yellow rim.
A natural blue sapphire was cut in half; the left half was heat-treated
with ground chrysoberyl in 2 crucible while the right half was heated
m another crucibles without chryscberyl. The heating condition for
both crucibles was 1,7500C for 30 hours in air. After heat treatment
the left half shows obviously surface-related yellow rim whereas the
right half is blue throughout the stone. (Photo by Higer)
Approximate compositions of the stones plotted in the (oxidizing
atmosphere) triangular diagram mode! proposed by Hager (1996).
Approximate compositions of the stones plotted in the (reducing
atmosphere) triangular diagram model proposed by (Hager, 1996).
Colours of eleven Ilakaka (Madagascar) sapphires before treatment
(above, pink) and after Be-treatment under unknown condition by a
Thai heater (below, orangey pink and orange). (Photo by Somboon,
GIT)
Surface related orange zone can be seen when the stones are
immersed in methylene iodide solution. (Photo by Somboon, GIT)
UV-Vis spectra of a pale pink Madagascan sapphire before treatment
and the pink-orange sapphire after treatment with Be (a). Residual
spectrum after the subtraction of the one before reatment from the

other after Be-treatment (b).

Page
69

71

72

73

74

86

88

89



Figure 4.4

TFigure 4.5

Figure 4.6

Figure 4.7

ﬁgure 4.8

Figure 4.9

Figure 4.1

Figure 4.11

CONTENTS (Figures)

An un-treated pink Madagascan sapphire (GITMDP18) was cut in
half and a six-point profile was analyzed across the cut surface using
LA-ICP-MS. (Photo by Lomthong, KU)

Plot of trace element content variation across the cut surface of the
un-treated pink Madagascan sapphire (GITMDP18, Figure 4.4)
showing Mg > Ti (<~ 30 atom mole ppm which is not enough to
create orange coloration) and negligible Be contents m all points
analyzed.

A “classically’ heat-treated orange sapphire (KN1) was cut in half
and a five-point profile was analyzed across the cut surface using
LA-ICP-MS. (Photo by Lomthong, KU)

Plot of trace element content variation across the cut surface of the
‘classically’ heat-treated orange sapphire (KN 1. Figure 4.6) showing
Mg>Ti (> 30 atom mole ppm which is enough to create orange
coloration) and negligible Be contents in all points analyzed.

Mong Hsu (Myanmar) and Vietnamese rubies of metamorphic ongin
reportedly treated unsuccessfully by a Be-heating technique
(Themelis, 2003).

Three Mong Hsu rubies still appear red, purplish red or pink after a
Be-treatment by a Thai heater. (Photo by Somboon, GIT)

Five Vietnamese rubies still appear red, purplish or bluish red or pink
after the same Be-treatment as in Figure 4.9. (Photo by Somboon,
GIT)

Three orange Songea (Tanzania) sapphires were treated from
origmally brownish red stones under the same Be-heating run as in
Figures 4.9 and 4.10. Note the surface-related colour zones are

clearly seen in immersion
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Figure 4.12

Figure 4.13

Figure 4.14

Figure4.15a

Figure 4.15b

CONTENTS (Figures)

Close examination of a Be-treated Mong Hsu Ruby (CR0054) shows
very thin surface-related yellow or orange rim in immersion liquid.
Top photo. before cutting; Bottom photo, after cutting in half. Close-
space points on & traverse were analyzed across the cut surface using
LA-ICP-MS. (Photo by Somboon, GIT)

Another Be-treated Mong Hsu Ruby (CR119) shows very thin
surface-related vellow or orange rim in immerston liquid. Top photo
before cutting; Bottom photo, after cutting in half. Close-space
ponts on 2 raverse were analyzed across the cut surface using LA-
ICP-MS. (Photo by Somboon, GIT)

A Be-treated Vietmamese Ruby (CRVN02) shows thin patchy
surface-related yellow or orange rim in iremersion liquid. Top photo,
before cutting; Bottom photo, after cutting in half. Close-space
points on & traverse were analyzed across the cut surface using
LA-ICP-MS. (Photo by Somboon, GIT)

Plots nf trace element content vartation across the cut surface of

the Be-treated Mong Hsu ruby (CR0054). The lower diagram is an
enlargement of the uoper diagram. Note the extremely high contents
of Be and Fe at the rims

Plots of trace element content variation across the cut surface of

the Be-treated Mong Hsu ruby (CR0054). The lower diagram is

an enlargement of the upper diagram. The analyses show (Be+Mg)
>> Ti which corresponds fairly well with very thin yellow or orange

rimsin contrast to (Be+Mg) < Tl in the red core area.
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Figure 4.16a

Figure 4.16b

Figure 4.17a

¥igure 4.17b

Figure 4.18

CONTENTS (Figures)

Plots of trace element content variation across the cut surface of

the Be-treated Mong Hsu ruby (CR119). The lower diagram is an
enlargement of the upper diagram. Note the extremely high contents
of Be and Fe at the rims.

Plots of trace element content variation across the cut surface of

the Be-treated Mong Hsu ruby (CR119). The lower diagram is an

enlargement of the upper diagram. The analyses show (Be+Mg) >>
Ti which corresponds fairly well with very thin yellow or orange
rims in contrast to (Be+Mg) < Ti in the red core area.

Plots of trace element content variation across the cut surface of

the Be-treated Vietnamese ruby (CRV N02). The lower diagram is
an enlargement of the upper diagram. Note the extremely high
coutents of Be and Fe at the rim.

Plots of trace element content variation across the cut surface of
the Be-treated Vietnamese ruby (CR0054). The lower diagram is an
enlargement of the upper diagram. The analyses show (Be-+Mg) >>
Tiwhich corresponds fairly well with very thin yellow or orange
rims in contrast to (Be+Mg) < Ti m the red core area.

An Andila ruby (ARQ2) reportedly heat-treated with Be. Top, before
cutting in immersion liquid showing obviously a surface related
yellow or orange rim and a blue core; Bottom, a half-cut piece
showing a five-point across the cut surface using LA-ICP-MS.
Three points in the middle are within the blue zone while the other
two points are at the yellow or orange rim. The blue zone is caused
by internal diffusion of Ti-bearing inclusions. (Photo by Somboon,
GIT and Lomthong, KU)
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Figure 4.19

‘Figure 4.20

Figure 4.21

Figure 4.22

CONTENTS (Figures)
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Plot of trace element content variation across the cut surface of 114
the Be-treated Andila Ruby (ARO2, Figure 4.15) showing Ti> or
~Mg contents in all points analyzed. The Be contents are obviously
high at the orange rims and are negligible in the blue zone. Two
points at both rims show Be+Mg > Ti whereas three points in the
blue zone show Ti > Be+Mg.
A rough Ilakaka violet sapphire (THMPS04) was cut into three 115
pieces. One piece was kept as the reference (a, violet) while the
second piece was heat-treated with ground chrysoberyl in a crucible
(b, darker violet) and piece was heat-treated in another crucible
without chrysoberyl (¢, still violet). The heating condition for both
crucibles was 17500C for 30 hours in air. After the treatment the
sample b and ¢ were lightly polished and five-points on a traverse
were analyzed on the polished surface of each piece using LA-ICP-
MS. (Photo by Somboon, GIT)
Plot of trace element content variation across lightly polished 116
surfaces of the rough Ilakaka violet sapphire (THMPS(04, Figure
4.20). The analyses on the “classically’ heat-treated piece (c) show
no detectable Be and Ti > Mg in all points analyzed . The analyses
on the Be-treated piece (b) show a diffusion of Be into the corundum
latiice but Ti contents are still in excess or slightly less than Be+Mg
in all points analyzed.
An orange Songea sapphire (SGDH09) reportedly underwent 118
a Be-treatment was cut in half and a five-point profile was analyzed

across the cut surface using LA-ICP-MS. (Photo by Lomthong, KU)



Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

CONTENTS (Figures)

Page
Plot of trace element coutent variation across the cut surface of 119
the Be-treated orange Songea sapphire (SGDHO09, Figure 4.22)
showingslight Mg > Ti contents in all analyzed points. The Be
contents are obviously high at the rims and are negligible in the core.
The Be+Mg contents therefore exceed T1 contents especially at the
ruus.
A rough Songea sapphire (THSRO1) was cut into two pieces, one 120
piece was heat-treated with ground chrysoberyl in a crucible (a,
orange) while the other piece was heat-treated in another crucible
without chrysoberyl (b, brownish red). The heating condition for
hoth crucibles was 17500C for 30 hours in air. After the treatroent
both samples were lightly polished and five-points on a traverse were
analyzed on the polished surface of each piece using LA-ICP-MS.
(Photo by Somboon, GIT)
Plot of trace element content variation across lightly polished 121
surfaces of the rough Songea sapphire (THSRO1, Figure 4.24). The
analyses on the ‘classically’ heat-treated piece (b) show no
detectable Be and about equal proportion of Ti and Mg in 2]l points
analyzed . The analyses on the Be-treated piece (a) also show Ti~
Mg and significant amount of Be diffused into the corundum lattice
by which Be+Mg > Ti in all points analyzed.
An orangey pink Madagascan sapphire (WSMDIF7) reportedly 122
underwent a Be-treatment was cut in half and a five-point profile
was analyzed across the cut surface using LA-ICP-MS. (Photo by

Lomthong, KU)
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Figure 4.27

Figure .28

Bigure 4.29

CONTENTS (Figures)

Page

Plot of trace element content variation across the cut surface of 123

orangey pink Madagascan sapphire (WSMDIE7, Figure 4.26)

wing Be diffusion into the corundum lattice from an external

ree and slight excess of Mg over Ti contents in all the analyzed

ats. The Be+Mg contents therefore exceed Ti content-especially at

rims.
A rough Ilakaka (Madagasca) pink sapphire (THMPS05) was cut 124

into three pieces. One piece was kept as the reference (a, violetish

_pink) while the second piece was heat-treated with ground

chrysobery! in a crucible (b, orange) and the third piece was heat-
treated in another crucible without chrysoberyl (¢, pink). The
heating condition for both crucibles was 17500C for 30 hours in air.
After the treatment the sample b and ¢ were lightly polished and
five-points on a traverse were analyzed on the polished surface of
each piece using LA-ICP-MS. (Photo by Somboon, GIT)

Plot of trace element content variation across lightly polished 125
surfaces of the rough Ilakaka pink sapphire (THMPSO0S5, Figure
4.28). The analyses on the ‘classically’ heat-treated piece (¢) show
no detectable Be and slight Mg > Ti in all points anatyzed. The
analyses on the Be-treated piece (b) also show slight Ti > Mg and
significant amount of Be diffused into the corundum lattice by which

Be+Mg >> Ti i all points analyzed.
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Figure 4.30

Figure 4.31

Figure 4.32

CONTENTS (Figures)

A rough Ilakaka (Madagasca) pink sapphire (THMPS01) was cut
into three pieces. One piece was kept as the reference (a, violetish
pink) while the second piece was heat-treated with ground
cchrysoberyl in a crucible (b, orange) and the third piece was heat-
treated in another crucible without chrysoberyl (c. pink). The
heating condition for both crucibles was 17500C for 30 hours in air.
After the treatment the sample b and ¢ were lightly polished and five-
points on a traverse were analyzed on the polished surface of cach
piece using LA-ICP-MS. (Photo by Somboon, GIT)

Plot of trace element content variation across lightly polished
surfaces of the rough lakaka pink sapphire (THMPSO01, Figure
4.30). The analyses on the ‘classically’ heat-treated piece (¢) show
no detectable Be and slight Mg > Ti in all points analyzed The
analvses on the Be-treated piece (b) also show slight Ti> Mg and
significant amount of Be diffused into the corundum

lattice by which Be+Mg >> Ti in all points analyzed.

A rough Ilakaka (Madagasca) pink sapphire (THMPS02) was cut
into three pieces. One piece was kept as the reference (a, pink) while
the second piece was heat-treated with ground chrysoberyl in 2
crucible (b, orange) and the third piece was heat-treated in another
crucible without chrysoberyi (¢, pink). The heating condition for

both crucibles was 17500C for 30 hoursthe treatment the sample b

‘and ¢ were lightly polished and five-points on a traverse were

analyzed on the polished surface of each piece using LA-ICP-MS.
(Photo by Somboon, GIT)
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Figure 4.33

Figure 4.34

Figure4.35

Figure 436

Figure 4.37

Figdre Sl
Figure 5.2

XXIX
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Plot of trace element content variation across lightly polished 129
surfaces of the rough Ilakaka pink sapphire (THMPS02, Figure
4.32). The analyses on the “classically” heat-treated piece (¢) show
no detectable Be and slight Mg > Ti in all points analyzed. The
analyses on the Be-treated piece (b) also show slight Ti > Mg and
significant amount of Be diffused into the corundum lattice by which
Be+Mg >> Ti in all points analyzed.
A synthetic ruby (PPSR1) reportedly treated with Be shows orangey 131
red color. The stone was cut in half and a five-point profile was
analyzed across the cut surface using LA-ICP-MS. (Photo by
Lomthong, KU)
Plot of trace element content variation across the cut surface of 132
the Be-treated synthetic ruby (PPSR1), Figure 4.34). The Be
conents are ooviously high at the rims and decrease toward the core
indicating Be diffusion into the corundum lattice from an external
source.
A synthetic ruby was cut in half; the left half was heat-treated with 133
ground chrysoberyl in a crucible while the right half was heated in
wnother crucible without chrysoberyl. The heating condition for both
arucibles was 1,7500C for 30 hours in air. After the treatment the left
half shows surtace-related orange rim while the right half is still red.
Photo by Somboon,GIT)
Approximate compositions of the stones plotted in the triangular 134
liagram model proposed by Hager (1996).
Lindberg electric furnace (Model 59256-E6) and accessory. 136

Most zircon inclusions in these two sapphire samples were clear and 140
appear unchanged after a step-heating from 800°C to 1600°C.



Figure 5.4

Figure 8.5

Figure 5.6

Rigure 8.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

CONTENTS (Figures)

A cluster of zircon inclusions was still unchanged afier the step-
heating from 800°C to 1600°C (sample no. PP6, 140X).

Aunother cluster of zircon mclusions with minor tension disc(incircle)
was still unchanged after the step-heating from 800°C o 1600°C
(sample no. PK3, 70X).

Many zircon clusters with tension cracks (in circle) were still
unchanged after the step-heating from 800°C to 1600°C.

Most of individual zircon inclusions were still unchanged afier the
step-heating from 800°C-1600"C whereas the zircon cluster (in
circle) showed minor tension crack at 1000°C. At 1400°C and
16000C, this tension crack became more obvious (sample no. P6,
70X).

A zircon inclusion with slight tension crack was still unchanged at
800°C. At 1000°C-1600°C, this tension crack was obviously
expanded (sample no. P5, 140X).

A relatively large and clear zircon inclusion (in circle) was still
unchanged at 800°C. However, at IOOOOC, the crystal began to alter
into whitish, cloudy appearance (turbid) with minor tension crack.
The tension crack became more obvious at 1400°C. The crystal was

partially decomposed at 1600°C (sample no. P6, 70X).

Zircon inclusions (in circle) showed tension crack at 1200°C. At
1600°C, they began to decompose into whitish, cloudy appearance
{turbid) with obvious tension crack (sample no. P6, 70X).

Most zircon inclusions were still unchanged after the step-heating
from 800° to 1600°C except the crystal in circle began to alter with
minor tension crack at 1400°C. At 1600°C, it was obviously

altered into whitish, cloudy appearance (turbid) with well developed
tension crack (sample no. LP9, 140X).

Most of the zircon inclusions were still unchanged after the step-
heating from 800°C 10 1600°C except some crystals m circle became
urbid at 1600°C (sample no. PP6, 140X).
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Figare 5.13

Figure 5.14

‘Figure 5.15

Figure 5.16

Figure 5.17

Figure5.18

Figure 5.19
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Most of the zircon inclusions were still unchanged after the step- 147
heating from 800°C to 1600°C except some crystals m circle became
trbid at 1600°C (sample no. LP3, 140X),
Most of the zircon inchusions were still unchanged after the step 148
heating from 800" o 1600°C except some crystals in circle became
trbid at 1600°C.
Most zircon inclusions were still unchanged after the step-heating 149

from 800 to 1600°C except some crystals in circle became turbid at

1600°C.

Zircon clusters with minor tension discs before heating, The tension 150
discs were noticeably expanded at 800°C and became more obvious

at higher temperatures. It should also be noted that some crystals iu

zircon clusters appear turbid at 1200°C. The decomposition of those

zircon crystals became more pronounced at higher temperatures

(sample no. PK§, 70X).

A zircon clusters was still unchanged at 800°C. The tension discs 151
began to develop at 1000°C. At 1400°C to 1600°C, these tension

discs became more obvious (sample no. PP4, 140X).

A zrrcon cluster was still unchanged at 800°C but showed an obvious 151
development of tension discs at 1000°C to 1600°C. Furthermore,

most crystais n the cluster became turbid at 1400°C while a monazite
inclusion was altered at 1600°C (sample no. PP4, 140X).

Showing zircon clusters with slight tension crack before heating. They 152
were still unchanged at 800° o 1200°C (sample no. PP6, 140X). (A) /
1400°C, some zircon crystals in the clusters began to decompose into
whitish cloudy appearance and were obviously decomposed at 1600°C

(B) At 14000C, tension crack was expanded and some zircon crystals i

the clusters began to decompose. These crystals were obviously
decommnosed at 1600°C.
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Figure 520  Showing zircon clusters with minor tension crack before heating, 153
They were still unchanged at 800° to IZOOOC,. At 14000C, some
zircou crystals in the clusters began to decompose 1nto whitish
cloudy appearance and the tension crack was expanded. At 1600°C,
the crack expanded more and the crystals clearly became turbid
(sample no. LP3, 70X).

Figure5.21 A monazite inclusion was still unchanged after a step-heating from 154
800°C 10 1600°C (sample no. PK3, 70X).

Figuré 5.22 A mica inclusion was still the same at 800°C. At 1000°C, the crystal 155
began to alter and was altered more at higher temperatures. The
iension crack start to form around the inclusion at 1200°C and it
became more and more obvious at 1400° and 1600°C (sample no.
Po, /UX).
Figure 523  Another mica inclusion was still unchanged at 800°C. At XOOOOC, 156
the inclusion was partially altered or appeared shightly turbid with
minor tension crack. The alteration and tension crack became more
and more obvious at 12000, 1400° and 1600°C (sample no. LP3,
70X).

Figure 5.24 Colour of some rutile inclusions was changed from dark brown-black 157
1o red with minor tension crack at 800°C. At higher temperatures
(1400°C -1600°C) red colour was more intense and the tension

crack became more obvious (sample no. PP3),

Figure 5.25  obvious and the inchusions showed melted boundary at higher temperatures 158
(sample no. PP3, 70X).

Figure.5.26 Rutile needles intersecting each other at 60°120° angles were still 158
unchanged at 800-1400°C but partially dissolved into the host sapphire
creating a dot-like pattern at 1600°C (sample no, MV?2).

Figure 5.27  Rutile sitks were still unchanged when heated at lower 159



Figure 5.28
Figure 5.29

Figure 5.30

Figure 6.1

Fisnre 6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

rigure 6.11

Figure 6.12

Figure 6.13
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Milky and dust zones became clearer at 1600°C.

A sapphire showed a faint fingerprint at 800°C and it was more and more
obvious at 1000° and 1600°C (sample no. P6, 70X).

Fingerprints in an unheated sapphire were expanded at 1200° and
1600°C (sample no. PP6, 50X).

Growth pattern of 2 Diego sapphire before treatment (A). At
1,350°C (B) and 1,650°C (C) the colour zones became more and
more intense and the milky characteristic was progressively
disappeared.

A similar feature to Figure 6.1

Ditto.

Ditto.

Ditto.

Ditto.

Milky appearance of a sapphire before treatment (A). At1,350°C
(B) and 1,650°C (C), the milky appearance was progressively
reduced.

Ditto.

Fracture-filled yellow materials in a sapphire before treatment (A).

At1,350° (B) and 1,650°C (C), the materials were progressively clear.

Fracture-filled orange materials in a sapphire before treatment (A}.

At1,350" (B) and 1,650°C (C), the materials were progressively clear.

Ditto.

Solid inclusions before treatment (A) , the formation of tension cracks o

discoids surrounding the inclusions at 1,350°C (B) and 1,650°C (C).
Small tension disc was already formed around a ferrocolumbite

inclusion before treatment. It was obviously expanded at 1,350°C (B)
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Fisure 6.14

Figure 6.15

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11

Mgure 7,12

Figure 7.13

CONTENTS (Figures)

A cluster of zircon inclusions before treatment (A). The inchusions
became turbid with tension discs at 1,350°C (B) and 1,650°C (C).
Changes of Raman spectra of a zircon 1nclusion 1n a violet sapphire
after heat treatment.

Series of un-heated Ilakaka blue sapphires (13 samples) varying from
pale to very dark blue (with the courtesy of World Sapphires Co.
Led.)

The 4.18 ct un-heated Ilakaka blue sapphires with hazy appearance.
Fine Jong rutile silks associated with very fine particles which make
the stone appear hazy typical of un-heated sample.

Rather sharp edge dark fingerprint.

This 1.83 ct un-heated Ilakaka blue sapphires commonly shows hazy
appearance.

The hazy appearance with well-formed fingerprints or healed fractures
of the un-heated stone.

This 3.25 ct un-heated Ilakaka blue sapphires with hazy appearance.
The well-formed continuous long and sharp rutile silks and zones of
dust particles of the un-heated stone.

Well-formed fingerprints or healed fractures with sharp boundary in
un-heated 3.43 ct blue sapphire,

Close-up of parallel long fluid inclusion fingerprint with sharp
boundarv.

Sharp boundary and well formed negative (CO2) inclusions in un-
heated stone.

Y eliowish orange colour impurity i healed fractures is also
juggesting un-heated feature.

Series of 16 un-beated blue sapphires ranging from pale to dark blue
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Fisure 7.14

Figisre7.15

Figure 7.16

Figure 7.17

Figure 7.18

Figure 7.19

Figure 7.20
Figure 7.21

Figure 7.22

Figure 7.23

Figure 7.24

Figure 7.25

PFigure7.26

Figure 7.27

Figure 7.28

Figure 7:29

CONTENTS (Figures)

This 0.55 ct un-heated Mada saovhire showing bands of rutile dusts.

Within the bands of fine dust there are mutile needles cross-cutting i
three directions at 60/120 angles.

An orangey brown inclusion (probably radiocative mineral) with
tension cracks also found in un-heated sample.

Another view of dark brown inclusions (rutile?) with negative crystal

mclusions.

Another un-heated 0.74 ct Mada blue sapphire loaded with inclusions.

The colourless sillimanite inclusions (confirmed Raman) stilt well
intacted.

Another view of clusters of sillimanite inclusions .

The dark red inclusions of unknown mineral (cannot be confirmed
by Raman) still well intacted.

Silky appearance in the 0.38 ct un-heated Mada bluc sapphire.

Long and continuous silks is a good indication of un-heated stonc.
The 0.39 ct Mada blue sapphire showing long and short but
contimious needles.

Close-up of contimwus needles (more than three parallel sets)
indicating of un-heating condition.

This 0.46 ct Mada blue sapphire confains many negative crystal
inclusions or fluid inclusions in overall hazy or cloudy body.
Negative crystal inclusions containing CO2 (confirmed by Raman)
with natually healed discoids still well intacted 1 un-heated sample.
Anpther 1.06 ct Mada blue sapphire contains many long hollow tubes
filled with impurityand well intacted rutile silks.

The hollow tube fitled with dark red irnpurity is a good indication of

Page
191

191

192

192

193
193

194

194

195

195

196

196

197

197

198

198

XXXV



Figure7.30
Figure 7.31
Figure 7.32

Figure7.33
Figurc 7.34

Figure 7.35
Figure 7.36

Figure 7.37

Figure 7.38

Figure 7.39

Figure 7.40

Figure 7.41

Figure 7.42
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Overview of two heated Mada blue sapphires (4.84 ct left, 4.69 ct
right).

Magnification of the one on the right (4.69 ct) showing rather clear
stone,

The stone shows obvious thin-film tension dis¢ due to heating,

The shiny thin-film discoids surrounding altered turbid inclusions.
This heated Mada blue sapphires (4.84 ct) showing alternating milky
and clear zones indicating that the strong milky zone still remain afier
heating.

Showing altered fingerprints.

FTIR spectra of 4.18 ct un-heated (above) and 4.69 ct heated (below)
blue sapphires from Madagascar. The un-heated one shows vary weak
OH-streaching peak at 3309 cm-1 whereas the heated one shows very
strong OH-streaching peak at 3309 cm-1 and other side peaks.

Series of un-heated and heated Myanmar blue sapphires ranging from
medium to dark blue (with the courtesy of World Sapphires Co. Ltd.).
This 4.32 ¢t Myanmar blue sapphires showing long and sharp rutile
silks-with hazy appearance characteristic of nafural un-heated stone.
The rutile silks or needles are long, well-formed and sham with clear
fingerprints.

Fingerprints or healed fractures are not uncommon in un-heated
sample.

Patchy long and sharp rutile silks are typical of un-heated Burmese
2.77 ct stone.

The rutile silks are long and sharp with arrow or knife-shape typical

of un-heated stone.
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Fipure 7.43

tigure 7.44

Figure 7.45

Figure 7.46

Figure 7.47

Figure 7.48

Figure 7.49

Figure 7.50

Figure 7.51
Figure 7.52
Figure 7.53

Figure 7.54
Figure 7.55

Figure 7.56

Figure 8.12a

CONTENTS (Figures)

This 21.89 ct Myanmar heated blue sapphire showing hazy
appearance which might be mistaken as natural un-heating stone.
However when lock closer the very fine rutile silks appear as dotted
lines which would suggest the heated stone. The very fine milky
growth bands may still remain after heat treatment.

The inclusion also show shiny tension disc indicating the heated
stone.

Another inclusion with thin-film tension disc indicating the heated
stone.

This 5.99 ¢t Myanmar heated blue sapphires showing slight hazy
appearance.

strong thin-film discoids surrounding inclusion is a good indication of
heating.

Altered fingerprints due to heating.

Shiny tension disc and dotted needles are obvious of heating.

This 2.74 ¢t Myanmar blue sapphires showing strong tension disc due
to heating,

Thin-film tension disc is obvious of heating.

Shiny thin-fiim tension disc is obvious indication of heatmg.
Obviously altered fingerprints due to heating,

FTIR spectra of 4.32 ct (above) and 2.77 ¢t (below) un-heated blue
sapphires from Myanmar showing vary small OH-streaching peak at
3309 cm-1.

FTIR spectra of 21.89 ¢t (above) and 2.74 ct (below) heated blue
sapphires fromm Myanmar showmg vary strong OH-streaching peak at
3309 cm-1 and other side peaks.

Hear wreatment of Madagascan sapphires to improve their color and
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Figure 8.1b

Figure 8.2

Fgure 8.3

Figure 8.4

Figure 8.5

Figure 8.6

Rigure 8.7

figure 8.8

Figure 8.9

Figure 8.10

Figure 8.1}

CONTENTS (Figures)

Continued (Pbhotos by Somboon, GIT).

Different types of high temperature (up to ~18500C) furnaces
commonly used by Thai heaters. (Photos by Singbamroong, GIT)

A clear zircon inclusion before treatment (in circle) became turbid with
well developed tension crack after a stone was heated at 16000C.
(Sample no. LP9, 140X, Pbotos by Pattamalai, DMR)

A mica inclusion was obviously altered with tension cracks at 1600°C.
(Photos by Pattamalai, DMR)

Needle inclusions were partially dissolved in the host sapphire creating
dot-like pattern after a stone was heated at 16000C. (Photos by
Pattamalai, DMR)

Partially dissolved rutile-needles with color bleeding. (Photos by
Somboon, GIT)

Milky and dust zones became clearer when a stone was heated at
1600°C. (Photos by Pattamalai, DMR)

This 5.99 ct Myanmar heated blue sapphires showing slightly

hazy appearance (a), strong thin-film discoid surrounding an inciusion
is a good indication of heating (b), altered fingerprints are due to
heating (c), a shiny tension disc and dotted needles are cbvious
indication of heating (d). (Photos by Somboon, GIT)

A 4.69 ct Mada sapphire showing rather clear stone. The stone shows

obvious thin-film tension disc dus to heating. (Photos by Somboon, GIT)

Internal diffusion of Ti from rutile inclusions into the corundum lattice
showing the blue haloes (~ 0.06 mm) is a good indication of heating.
(Photo by Hager).

Patchy long and sharp rutile silks in un-heated Burmese2.77 ct stone.
The rutile silks are long and sharp with arrow or knife-shape typical of

un-heated stone. (Photos by Somboon, GIT)
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Figure 8.12  This 3.25 ct un-heated Ilakaka sapphire shows bazy appearance. 233
The well-formed continuous long and sharp rutile silks and zones of
dust particles are typical of the un-heated swne. (Photos by Somboou,

GIT)

Figare 8.13  This 0.46 ct Madagascan blue sapphire contains negative crystal 234
inclusions filled with CO2 (confirmed by Raman spectroscopy). The
undisturbed fluid inclusions are a good indication of un-heated stone.
(Photos by Somboon, GIT)

Figure 8.14 A 0.39 ct. Madagascan blue sapphire showing long and short but 235
continuous needles. Continuous needles (more than three parallel sets)
indicates an un-heating condition. (Photos by Somboon, GIT)

Figure 8.15  Anun-heated 0.74 ct Madagascan blue Sapphire contains numerous 236
inclusions (a). The colourless sillimanite inclusions (confirmed
Raman spectroscopy) still well intacted (b). The dark red inclusions of
unknown mineral (cannot be confirmed by Raman spectroscopy) still
well intacted (c). (Photos by Somboon, GIT)

Figure 8.16  The presence of flux residues in healed fissures is a good indication of 237
a flux-enhanced heating. (Photos by Leelawathanasuk,GIT)

Rigure 8.17  Cavity-filling flux-residues appear lower luster reflection on polished 238

surface.
Figure 8.18a A quantification of the amount of flux materials in 2 stone 239
Figure 8.18c  Continued 240
Figure 8.19  Blue~diffused sapphires showing slices of colourless interior with 241

blue rim (~ 0.09 mm) caused by external difusion of Ti mto the
stones.
Figure 8.20 A parcel of blue-diffused sapphires (a). The presence of 242
uneven shallow color concentration at different facets and faceted
junctions of a blue-diffused sapphire in immersion. (Photos by
Somboon, GIT)



Figure 8.21

Figure 8.22

Figure 8.23

Wigare 8.24

Rigure 8.25

Figure 8.26

Figure 8.27

Figure 8.28

Figure 8.28)

Figure 8.29

Figure .30

Figure 8.31
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An elevated concentration of diffused Ti can be detected using
EDXRF

A parcet of diffused rubies showing uneven shallow color
concentration at different facets . (immersion; Hughes, 1997)
Multitude of colours in Be diffusion-treated sapphires such as
pink-orange, orange, yellow and orangey red. (Photos by Somboon,
GIT)

Stones before treatment and after treatment with Be

Surface-related colour zone is a diagnostic features of yellow Be-
diffusion treated sapphires. (Immersion; Photos by Leelawatanasuk,
GIT).

Surface-related colour zones in pink-orange sapphires. (Immersion;
Photos by Somboon, GIT)

Blue-green patch surrounding by a white zone is a good indication of
yellow Be-diffusion treated sapphires. (Photos by Puttharat, DMR)
Recrystallization on surface before repolishing is an indicative
feature of Be-diffusion treated sapphire. (a) transmitted light, (b)
reflected light (Photos by Somboon,GIT)

Recrystallization on surface after repolishing is an indicative

teamre of Be-diffusion treated sapphire. (Photos by Somboon,GIT)
Highly altered inclusions are commonly found in Be diffusion-treated
sapphires (Photos by Somboon,GIT)

Highly altered zircon inclusions in Be diffusion-treated sapphires
probably due to rather extreme heating condition. (Photos by
Singbararoong, GIT)

The GemLIBS system at the SSEF (courtesy of Prof. Dr. H.A. Hinni
and Dr. M.S. Krzemnicks from SSEF)
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Figure 8.32

Figure 8.33

Figure 8.34

Faure 8.35

Figure §.36

Figure 8.37

Figure 8.38

Figure 8.39

Figure 8.40

Figure 8.41

CONTENTS (Figures)

The Laser beam produces a tiny pit which does not affect the colour,
purity and brilliance of a stone. In transmitted light laser pit is

difficult to see (healing fissure was present betore analysis) in

reflected light (a), laser pit is detectable with 80-100um in diameter,

picture width 2.9 mm (b). (Courtesy of Prof. Dr. H.A. Himni and Dr.
M.S. Krzemnicki from SSEF)

SSEF GemLIBS capable of detecting Be gualitatively down to ~ 3
ppm. It is less expensive and good for routine gem identification. A
small Be peak is detected (5 ppm detected with LA-ICP-MS).

(Courtesy of Prof. Dr, H.A. Hanni & Dr. M.S. Krzemnicki of SSEF)

LIBS Analysis of a ‘classical’ heat treated yellow sapphire.

No Be peak is detected.

LA-ICP-MS produces similar pits (100 um) as does the SSEF
GemLIBS™ (Photos by Somboon, GIT).

LA-ICP-MS capable of obtaining quantitative analysis for trace
elements in ppm levels. It is more expensive and good for research.
Pb-glass filled fractures in a ruby show hazy appearance (a) and
often contain flattened gas bubbles (amows in b and ¢). (Photos by
Leelawathanasuk GIT)

The light reflected from Pb-glass-filled fissures shows blue-flash
effect. (Photos by Leelawathanasuk GIT)

The cavity-filled Pb-glass (arrow) displays high luster but is poorly
polished on the surface. (Photos by Leelawathanasuk,GIT)

The presence of infilling Pb is readily detected by EDXRF

The presence of infilling Pb also appears in X-ray images (Photos by
Leelawathanasuk,GIT)
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Table 1.1

Table 1.2

Table 1.3

Table 1.4

Table LS

Table L6

Table1.7

Tahle 2.1

Table 2.2

CONTENTS (Tables)

Trace element contents of a flame-fusion-grown colourless sapphire
(PKSCS02) untreated with Be, obtained by LA-ICP-MS.

Trace element contents of a natural éolou:lcss sapphire (POMCS04)
untreated with Be, obtained by LA-ICP-MS.

Trace clement contents of the pale brown Be-treated flame-fusion-
grown sapphire (PK.SCS01) obtained by LA-ICP-MS.

Trace element contents of the pale brown Be-treated “watch glass™
sapphire (WGO1) obtained by LA-ICP-MS.

Trace element contents of the 0.80 ct Be-treated natural colourless
sapphire (POMCS03) which became yellow after the treatment,
ubtained by LA-ICP-MS.

Trace element contents of the yellow Be-treated sapphire (PPYS1)
showing rather high content of Be, Mg, Ti and Fe but low Cr content
across the profile. Results obtained from LA-ICP-MS. It appears
that the amount of Cr in this sample is insufficient to create pink hue
to the stone.

Trace element contents the orangey yellow Be-treated rough sapphire
(MadaRough01) showing moderate to high content of Be, Mg, Ti, Fe
and Cr across the profile. It appears that the amount of Cr in this
sample is sufficient to create pink hue, which turns the stone orangey.
Trace clement contents of the colourless sapphire disc (THSCSO0I)
obtained from LA-ICP-MS.., CH’s are points analyzed on the
colourless half (b) and BeH’s are those on the brown half (a).

Trace ¢lement contents along the traverse X1 of the Fe-doped

sapphire treated with Be, obtained by LA-ICP-MS.
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Table 3.1

Table 3.2

Table 33

Table 3.4

Table 3.5

Table 4.1

Table 4.2

Table 4.3

CONTENTS (Tabies)

Trace element contents of the blue sapphire (DIF1) showing high
contents of Tt and Fe but negligible content of Be, obtained by LA-
ICP-MS.

Trace element contents of the Australian sapphire (AUS1) showing
high contents of Ti and Fe but negligible contents of Be, obtained by
LA-ICP-MS.

Trace element content of the Be-treated blue sapphire (PPBS1)
showing rather high Fe contents, obtained by LA-ICP-MS.

Trace element content of the Be-treated blue-green sapphire (BG1)
analyzed across the cut surface showing rather high Fe contents,
obtained by LA-ICP-MS.

Trace element content of the Be-treated blue-green sapphire (BG1)
analyzed on the outer surface showing rather high contents of Be and
Fe, obtained by LA-ICP-MS.

Trace element content of the un-treated pink Madagascan sapphire
(GITMDP18) showing negligible Be but high Cr and Fe contents,
obtained by LA-ICP-MS.

Trace element content of the ‘classically’ heat-treated orange
sapphire (KN1) showing negligible Be but high Cr and Fe contents,
obtained by LA-ICP-MS.

Trace element contents of a Be-treated Mong Hsu ruby (CR0054)
showing rather high contents of Cr and Ti but low Mg, Fe and Be
across the profile except at the rims where there are extremely high
contents of Be and Fe suggesting a contamination from chrysoberyl.
Results obtained from LA-ICP-MS.
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Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9
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Trace element contents of 2 Be-treated Mong Hsu ruby (CR119)
showing rather high contents of Cr and T1 but low Mg, Fe and Be
across the profile except at the rims where there are extremely high
contents of Be and Fe suggesting a contamination from chrysoberyl
Results obtained from LA-ICP-MS,
Trace element contents of a Be-treated Vietnamese ruby (CRVN(2)
showing rather high contents of Cr and Ti but low Mg, Fe and Be
across the profile except at the rims where there are extremely high
contents of Be and Fe suggesting a contamination from chrysoberyl.
Results obtained from LA-ICP-MS.
Trace element content of a Be-treated Andila ruby (AR02) showing
rather high contents of Cr and Fe, obtained by LA-ICP-MS
Trace element contents of the rough Ilakaka violet sapphire
{THMPS04) obtained by LA-ICP-MS. CH’s are points analyzed on
the ‘classically’ heat-treated piece and BeH’s are those on the Be-
treated piece.
Trace clement content of the orange Songea sapphire (SGDH09)
showing high Cr and Fe contents, obtained by LA-ICP-MS,
Trace element contents of the rough Songea sapphire (THSRO!1)
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Chapter 1

Yellow and Brown coloratien in Beryllium-Treated Sapphires

Preamble

Majority of content in this chapter has been extracted, rewritten and published in
Journal of Gewwuology, V.2, No.2, p.77-103, 2004 (see Appendix A). However, this
chapter stifl contains more detailed discussion on the mechanism of yellow and brown

coloration than what appears in the Journal.

Introduction

Gemstone enhancement is traditional in the human history. Since several hundred
years rubies have been heated in fire of coal to reduce the blue hue (Nassau, 1984 and
1994: Hughes, 1997). The “classical” high temperature heat treatment of corundum is
known since thirty years (Tombs, 1980; Harder, 1980; Crowningshield and Nassau,
1981; Nassau, 1982). Today we understand the mechanisms and the causes of colour
much better than in the past. Nevertheless the gemstone industry of Thailand has
surprised us once again with a “new” corundum enhancement technique which shows
new and unexpected colour distribution and reactions. Examples have been presented
on a number of websites (AGTA, GRS) and from Hughes (2002) and McClure et al.
(2002). Typical examples of the product of this “new” heating process can be seen in
Figure 1.1. Many of those samples show surface-related yellow zones or if the stone
contains chromium an orange colour rim was observed (Figures 1.2 and 1.3). To geta
better inside view the stones were put into an immersion liquid (methylene iodide) and
to improve the contrast a blue glass filter was put between the light source and the

stones. The thickness of the surface-related colour zone is about 2.5 mm in Figure 1.2



and about 1.2 ram in Figure 1.3. However, colour rims up to 4 mm were also observed

in the lab.

The above presented surface-related colour zones suggest diffusion of a foreign

element or comabination of elements into the stone. Nevertheless diffusion of a colour
producing element into the gem lattice in the millimetre region has not been observed
before. The penetration depth of the “classical external”’ diffusion treatment shown in
Figure 1.4 is about 0.09 mm dccpz. Similar diffusion thickness (0.06 mm in Figure 1.5)
can be observed in the case of internal diffusion'}‘ where titanium diffuses from natural

rutife inclusions into the corundum lattice.

To understand this new enbancement technique and its mechanism in general, it is
necessary to understand the causes of colour of natural yellow sapphires in detail. Two
groups of natural yellow sapphires exist. The first group due its colour to spin

forbidden transitions of Fe' (Lehmann and Harder, 1969; Krebs aud Maisch, 1971;
Ferguson and Fielding, 1971, 1972; Nassau and Valente, 1987). However, the
probability of this transition is very low, therefore about approximately 1 weight %
Fe' is needed to create an intense yellow with this mechanism. Sappbires of these
groups oniginate for example from the metamorphic occurrence (Schwarz, 2000 ;per.
com.) in Urnba, Tanzania or from the basaltic type occurrences in Thailand, Australia
and North of Madagascar. Typical spectra of this kind of mechanism are shown in

Figure 1.6 with E parallel to c-axis (e-ray) and E perpendicular to c-axis (o-ray).

The second group is coloured by so-called colour centres. The UV-Vis-spectra of this

second group are characterized by an increase of the absorption to the UV-part of the

'External diffusion means the diffusion of a forcign element/s into the stone.

*The penetration depth may vary and depend on temperature and duration of the treatment.

'Intemnal diffusion means the diffusion of an etement/s from natural inclusions into/within the host
migeral,



spectrum (Figure 1.7). Sapphires of this group are for example originated from Sri
Lanka. The spectrum E parallel to c-axis is very similar to the spectrum E

pempendicular to c-axis. Those sapphires therefore show a week pleochroism.

Regarding the stability of the defect ceatres, it is possible to differentiate this group
into two sub-groups. The first sub-group is due to irradiation of natural sapphires
(Lehmann and Harder, 1970; Nikolskaya et al., 1978; Nassau and Valente, 1987). The
colour centres of this group are not stable to light and heat. The defect centres of the
second sub-group are stable to UV-light and heat up to about 500 or 600°C. It is not
possible to differentiate between these two sub-groups on the basis of UV-Vis-

spectroscopy. It is only possible on the basis of the fading test (Nassau and Valente

1987).

Toe defect centres of the second sub-group are stable with respect to ligbt and beat in
oxidizing atmospbere. Schmetzer et al. (1982, 1983) mentioned that the colour centres
may be stabilized by divalent cations like Fe'' or Mggh, by trivaleat cations like Cr’
orFe’’ or by several di- and tri-valent cations. Hager (1993) and Emmett and Douthit
(1993) pointed out the importance of Mg as a stabiliser of the colour centres io natural
sapphires and strongly indicated that Mg has to be in excess to intrinsic Ti. In addition
Hager (1996, 2001) has shown that Mg, Fe and oxidizing atmosphere are necessary to
develop the stable yellow colour centres. Interactions of trace elements io corundum

are briefly summanised here in the Box 1.

With the “ncw” beating technique, piok-orange or orange sapphires can be produced
out of original pink or reddish brown corundum and yellow out of colourless or white
sapphires by addition of yellow bue to the stones. Even sorue yellow sapphires can be
beat-treated from originally green or blue sapphires by the “new” techuique (Coldbam,

2002). Hence understanding the cause of added yellow bue by this technique is very



important. Following the press release by Chanthaburi Gem and Jewelry Association
(CGA) on February 20, 2003, they disclosed the “new” heating technique as “Be-

treatment or Be-heating” techoique.

Materials and Methods

In these study two flame-fusion-grown colourless sapphires, a disc of synthetic
colourless corundum or “watch glass”, and three natural colourless sapphires were
heat-treated woder unknown conditions by a heater in Thailand. Five additional
orangey yellow, yellow and blue sapphires reportedly heat-treated by the Be-technique
in Thaitand were also studied. A similar set of sample (two flame-fusion-grown
colourless and oine natural colorless sapphires) were also irradiated by soft X-rays (4

mA, 80 kV)

The heat trcatment experiments were also carried out by one of the autbor (TH) to
copfirm the result. A synthetic colorless (“watch glass™) and two natural colourless and
many natural pink sapphires mixed with ground chrysoberyl in the crucibles were
heated in a resistance furnace with Super Kanthal 1900 heating elements at 1,750°C in

air (oxidizing conditions) for 30 hours.

The samples were photographed and their UV-Vis spectra were recorded before and
after the heating and irradiation. Only if the spectrum was not recorded with E-ray
perpendicular to c-axis (o-ray), it is remarked. The Hitachi UV-VIS-NIR
Spectrophotomcter (model U4001) was used for most measurement with additional
measurement by a Leica/Leitz UV-Vis microscope attached with Perkin-Elmer Lamda

9 UV-Vis-NIR spectrometer.



The beat-treated and irradiated samples were subjected to a fading test. The samples
were put under a 100 light bulk with a distance of 4 cm to fade the unstable colour
centres, The samples were then photographed and UV-Vis spectra were recorded
agaio. An irradiated natural sarople was put on 2 heating stage. The heating stage was
combined with a Lcica microscope coupled with a spectrometer with a resolution of 1
oo, The samplc was heated up to 300°C and simultancously every 10°C a UV-Vis-

spectrum was recorded.

After UV-Vis measurement a set of representative samples were cut in half and lightly
polished the cut surface and subsequently analyzed for trace elements content by a
Laser Ablation Inductively-Coupled-Plasma Mass Spectrometry (LA-ICP-MS). This
set of sarnples includes three synthetic colourless sapphires (one Be-treated flame-
fusion-grown, onc original flame-fusion-grown cut from the sare boule and one disc
of synthctic corundum or “watch glass™), two natural colourless sapphires (one Be-
treated, one original sample obtained from the same gemstone dealer), two orangey
yellow Be-treated natural sapphires and one yellow Be-treated natural sapphire
obtained from diffcrent heaters. The 5-points profile analysis (Rim 1, Mid-Poiutl,
Core, Mid-Point2, Rim2) and 3-points profile analysis (Rim1, Core, Rim2) were

pecformed across the cut surface by this technique.

Detailed descriptions of LA-ICP-MS instrumentation, analytical and calibration
procedures are similar to those given by Normman et al. (1996). The UV laser ablation
microprobe (a New Wave Research 266 om Nd: YAG) is coupled to an Agilent 7500
ICP-MS. All analyscs were done with a pufse ratec of 5 Hz and a beamn energy of
approximately 0.5 mJ per pulse, producing a spatial resofution of 30-50 micrometers in
diameter on the samples. Quantitative results for 9 trace elements (Be, Na, Mg, Ti, V,
Cr, Mn, Fc and Ga) were obtained through calibration of refative element sensitivities

usiog the NIST-610 multi-element glass standard and pure Al,O, as internal standards.



The BCR2G basaltic glass standard was also used as an external standard. The
detection limits vary from analysis to analysis and are typically less thao | ppm for Be,
V, Ga; less than 4 ppro for Mg, Ti, Mn; less than 13 ppm for Cr; less than 40 ppro for
Na aad less than 80 ppm for Fe.

Result of the experiment

Irradiation

In the first series of test, the irradiation experiment was carried out on a flaroe-fusion-
grown colourlcss sapphire and a natural colourless sapphire. The synthetic sample is
celatively pure Al,O, in which most of the trace elements including Be are below the
detection limits (Table 1.1). The natural sample contains relatively higher trace
element content, m particular Mg, Ti and Fe, while the Be content is below the
detection limit (Table 1.2). After the irradiation the synthetic one tumed pale brown
(Figure 1.8) whereas the natural one became intense yellow (Figure 1.10). The UV-
Vis spectra of the synthetic sample (Figure 1.9) turned from a flat line before
imadiation (0 a broad absorption band at approximately 400 nra with only a weak
absorption to the UV-part of the spectrum after irradiation (similar spectra were
reported by Kvapil et al., 1972 and 1973; Govinda,1976; Lee et al., 1977; Lee and
Ceawford, 1977; also cited in Schmetzer and Schwarz, 2004). The UV-Vis spectra of
the patural sapphire (Figure 1.11) turned from a flat line before irradiation to a
pronounced increase of the absorption to the UV-part of the spectrum with a distinct
shoulder at approximately 470 nm after irradiation (2 resemble result has previously
been reported by Schmetzer et al., 1982 and 1983). Colors of all the irradiated samples
were not stable during the fading test and they have returned to their original “
colourless™ ones which can be seen as a flat line on the UV-Vis spectra after fading

test (Figures 1.8 and 1.10). The same results were also obtained from several repeated



runs on different flame fusion grown sapphires and natural colourless saroples. For
example afier irradiation of a natural sample in Figure 1.12 the spectra showed the
increase of the absorption to the UV-part of the spectrum. The sample was faded
during heating process especially in the temperature range between 50°C and 150°C

and has turned to its original colour.

Beryllium Heat-Treatment

In the second series of test, the Be-heat-treatment was carried out under unknown
condition by a heater in Bangkok on both synthetic and natural colourless sapphires.

Similar set of sample was also performed by our own heating experiment.

Be-treated synthetic colourless sapphires

A 3.85 ct cubic sample of colourless flame-fusion grown sapphire after heating under
uskoown condition by a heater in Bangkok, has turned pale browan at the rim and the
brown gradually decreases toward the colourless core (Figure 1.13). The pale brown
nm and colourless core are better seen in the immersion liquid (Figure 1.13). This
sample tumed cofourless after heating in reducing condition and returoed to pale

brown again after re-heating in ap oxidizing condition (Figure 1.13). Another 11.03 ct
square-cabochon replicate sample cut from the same boule and heat-treated under the
same condition also gave exactly the same result (not shown here). Similar brown
oolor was also observed by our own experiment on a colourless, “watch glass”, sample
mixed with ground chrysoberyl and heated at 1750°C in an oxidizing condition for 30
hours. Moreover, the same brownish coloration was also reported from the

experiments by Emmett and Douthit (2002), Ermett et al. (2003) and Themelis (2003)
oo colorless flame-fusion-grown, Chzochralski-grown (bigh purity) and heat-

exchanger-grown (ultra-high purity) sapphires.



The UV-Vis spectra of the flame-fusion one turned frora a flat fine before heating to a
broad absorption band at approximately 420 nm with only weak absorption in the UV-
part of the spectrum after heating (Figure 1.14). The sarme UV-Vis spectrum was also
obtained from our own run on the “watch glass” sample (Figure 1.14). A resemble
result was also found by Eramett et al. (2003). Brown color of all the samples

produced by the heater in Bangkok and our Be-treated sample was stable during the
fading test. Furthermore both colour and UV-Vis spectra produced by the Be-
treatment arc almost the same as those produced by irradiation, except that the ooes
produced by the Be-treatment are stable while those produced by irradiation are faded

under normal heat and light.

The LA-ICP-MS results of the five-point-profile analysis on the cut surface of the 3.85
¢t cubic sample are listed in Table 1.3. In order to compare among the trace elercot
content and understand their interaction, all cations are calculated as atom mole ppm
(or abbreviated as arop) and normalized into 40 atoms of cation which correspond to
60 atoms of oxygen in Al,O, structure. As shown in Table 1.3 and plotted in Figure
115, slightly elevated Be content appear at the rim as compared to those af the core
and commespond well with the brownish rim. The extremely low Be content at the
colourless core are also similar to those analyzed in the un-heated sample cut from the
same boule (Table 1.1). Other important trace elements, such as Mg, Ti, V, Cr, Fe and
Ga are extremely low in their content without noticeable variation from the core to the
rim. Their content are comparable to those in the un-heated sample (mostly below the
detection limits) suggesting rather pure Al,O, originally. Similar result is also obtained

from the three-point-profile analysis across the cut surface (not shown here).

As shown in Figure 1.15 and Table 1.3, the pale brown rims are dominated essentially
by Be. This data therefore suggest that the divalent Be (without Mg) should play an

important role in the creation of the brown coloration in this sample. This is because it



is ualikely to create colour in a pure Al,O, system by simple heating without the

inroduction of element from extemal source.

We were informed by the heater that the run was intentionally heated without addition
of any Be-containing substance, e.g., chrysoberyl. Nonetbeless the LA-ICP-MS

results bas proved without doubt that there are a few ppm of Be diffused into the
sample from external source. The Be might have come from the crucible and/or

fumace that previously bad been heat-treated with Be-containing substance. This could
explain why there are such low Be content in this batch of sarples (see also the next
two samples) as compared with ten of ppm in the other samples obtained fror other
heaters (see later section). It is also surprised to realize that only a few ppm of Be are

cnough to create brownish colour in this relatively pure Al,O, sample.

Another 13.51 ct disc of “watch glass™ colourless sapphire heat-treated under the same
unknown condition as that of the flamc-fusion grown ones also gave a similar result

(Figures 1.16 and 1. 17, Table 1.4).

Be-treated natural colourless sapphires

A 080 ct oval cut of natural colourless sapphire was heat-treated under the same
unkoown condition as that of the flame-fusion grown and the “watch glass™ ooes. The
whote sample has turned completely intense yellow without surface-related colour

after the treatraent (Figure 1.18). Other two replicated natural samaples (obtained from
the same gemstone dealer) from the same run, however, have tumed slightly yellow to
almost no colour change (not shown here). Similar yellow colour was also observed in
our own heating experiment on two natural colourless samples mixed with ground
chrysoberyl and heated at 1,750 °C in an oxidizing atmosphere (ia air) for 30 hours

(not shown here). The UV-Vis spectra of the intense yellow one turned from a flat line

before beating to a pronounced increasc of the absorption to the UV-part of the
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gpectrum with a shoulder at 470 nm after heating (Figure 1.19). The yellow colour was

stable under fading test.

The LA-ICP-MS results of the 5-poiat (aiso 3-point) profiles across the cut surface
(Table 1.5 and Figure 1.20) reveal a few ppm of Be (all values are above the detection
limits) without noticeablc variation from the rim to the core. These Be values arc
definitely higber than those of the un-heated one (all Be values are below the detection
limits; Table 1.2) obtained from the same gemstone dealer. These data therefore
suggest that small amount of Be has been diffused into the stone from extemal source
mimilar to what was found in the flame-fusion grown and the “watch glass™ ones, again

probably from the contaminated crucible and/or furnace.

All the points analyzed show rather high Mg content (Table 1.5, Figurc 1.20) as
compared with Ti ans Be content.No variation in the Mg and all other trace element
content are observed from the core to the rim. The Cr content are extremely low
(below detection limit). The sample has strong excess of Mg after calculation of
MgTiO, clusters (Mg-Ti content vary from 32 to 88 amp). Hence the cxcess Mg or
Mg+Be could lead to the formation of stable yellow coloration in tbis pasticular

sample.

Yellow and orangey-yellow Be-treated sapphires

All three yellow and orangcey yellow sapphires reportedly heat-treated with Be by
heaters in Thailand also gave similar results. The LA-ICP-MS results reveal rather
high Be content in the samples and the excess of Be+Mg to Ti content in all the poiots

analyzed (only two samples are shown here in Figures 1.21-24 and Tables 1.6-7).
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Discussion

Based on the above presented result, the samples can be divided into two groups on the
basis of their tracc clement contents. The first group is pure synthetic colourless

sapphires and thc sccond group is dominated by trace contents of iron.

First group: ‘pure’ colourless sapphires

The first group is synthetic sapphires with extremely low trace element content
originally. A few ppm of Be have been found to diffuse into the stones from external
source after the Be-trcatment as confirmed by LA-ICP-MS analyses and our own Be-
beating experiment. Be is the most dominant trace element in the Be-treated sarples
and directly retated to the brown coloration. No vadation in the Mg and all other trace
element content are obscrved from the core to the rim. The samples commonly show
similar brown colour after irradiation and after the Be-heating process and also similar
UV-Vis spectra. Both spectra are dominated by broad absorption bands between
approximatcly 400-420 nm and a weak absorption in the UV-part of the spectra

(Figure 1.25). Somewhat similar brownish violet and spectral patter, in which the
broad absorption band is clearly shift to approximately 500 nm (Figure 1.25), could be
observed in Mg-doped synthetic sapphires (Hager, 2001 and Wang et al., 1983).

The above experimental results lead us to believe that the unstable brown colour could
relate to a defect centre crcated by irradiation whereas the stable brown colour might
bave been created by a combination of divalent Be and a defect centre forrued during
the oxidized Be-heating. One probable lattice defect causing by irradiation of a pure
ALO, system was suggested to be trapped hole centres at oxygen site or O adjacent to
tluminum vacancy (Kvapil et al., 1972 and 1973; Govinda, 1976; Lee et al., 1977; Lec

and Crawford 1977 cited in Sehmetzer and Schwarz 2004) Hence. the irradiatian
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result reveals that O without charge compensation from divaleot Be or Be ** can cause
unstable brown colour absorption broad band maximum at about 400 nro which is
easily eliminated and decolored by the retum of free electrons when it is exposed to
normal light and hcat. Simslarly the O could also occur during Be-beating process and
was probably stabilized by charge compensation from Be ** which makes the brown
colour stable at normal light and heat condition. This stable brown colour absorption
band maximum however appears at 420 nm which might have beea influenced by
diffused Be and could be called Be-related colour centres (or Be- trapped hole centres).
This Be-related colour centres is created and stable only in oxidizing heating and is
easily eliminated in reducing heat. Similar phenomenon has previously been
documented in the Mg-doped synthetic corundum in which its stable brownish violet
colour afier annealing at high temperature in an oxidizing atmosphbere was due to O
compensated by divalent Mg or Mg & (Wang et al., 1983; Higer, 1992, 1996 and

2001; Emroett and Douthit, 1993). The stable brownish violet absorption band
maximura appears at 500 om which again might have been influenced by larger
divalent magaoesium and could be called Mg-related color centres (or Mg- trapped hole
centres). The Mg-related color centres is also created and stable only in oxidizing
heating and easily eliminated by reducing heat. Hence, based on this comparative
reasoning we believe that the Be * is able to act in a similar way as it was found earlier
for Mg | thatisasa charge compensator or stabilizer of the stable brown (Be-
refated) or browaish violet (Mg-related) colour centres in these synthetic sapphires. It
appears from our study that yellow coloration can not be produced by irradiation or
Be-beat treatment in purc AL, O, system. It seems that combination with other trace

element(s) is required to produce yellow colour centres.
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Second group: sapphires with significant Fe content

The natural sapphires belong to the second group. They cootain bigher trace element
content. The elevated Be content have been found in all the analyzed stones undergone
Be-treatment process by a number of heaters in Thailand. This again indicate the
diffusion of Be into the stones from extemnal source as also confirmed by our own Be-
heating experiment (see also Swarovski, 2002; Emmett and Douthit, 2002; Emmett et
al. (2003); McClure et al., 2002; Peretti and Giinther, 2002; Hanni, H.A., 2002; Hanni
and Pettke, 2002; Fritsch at al., 2003; Wang and Green, 2002). No variation in the Mg
and all other trace element content are observed from the core to the rim. This is
bowever in cootrast to the observation of Peretti and Giinther (2002). They found a
decrease in thosc trace elements towards the rim. This discrepancy might be due to
different kinds of flux material being used in those runs. The Be-treated samples
analyzed gencrally give intense yellow colour and show excess of Be+Mg countent after
ctlculation of MgTiO3 and/or BeTiO3 clusters. Some samples however show very

pale yellow to almost no colour change which may be due to the complcte formation
of MgTiO3 and/or BeTiO3 clusters. The irradiated ones also give intense yellow after
treatment. Both types of treatment have led to the same UV-Vis pattem, a pronounced
increase of the absorption to the UV-part of the spectra and a shoulder at about 470 nm
(Figure 1.26). Similar colour and spectra can be obscrved in natural unheated Sri
Lankan yellow sapphires and in a synthetic sapphire double-doping with Mg and Fe
(Figure 1.26). The colours of the Be-treated sapphires, the Mg + Fe doped synthetic
and the patural unheated ones are stable to normal light and heat, while the irradiated

oolour is not.

The above presented results lead us to believe similarly that the unstable yellow colour
produced by irradiation is probably caused by a combination of iron and a defect

centre whereas the stable yellow colour centre produced by the oxidized Be-heating is



probably caused by a coraplex combination of excess Be + Mg, Fe and a defect centre.
The preseace of Fe and Mg seerns to have a certain influeace to produce the strong
absorption io the UV part of spectrurn and 470 nm absorption shoulders in oatural
usheated Sri Lankan yellow sapphire and in natural irradiated sapphire. This has
previously been explained by the Mg + Fe doped synthetic sappbire in which the
stable yellow (or brown) colour centre after annealing at high terperature in an
oxidizing atmosphere can produce exactly the same type of absorption spectrum. This
was suggpested to be due to a complex combination of Mg and Fe in which Mg ¥ can
charge-compensate and hence stabilize the trapped hole centres (Wang at al., 1983;
Hager, 1996 and 2001). In the irradiated sample however the trapped bole centres
might bave not been compensated and hence are unstable. This type of absorption
spectrum could be called Fe-Mg-related color centres (or Fe-Mg trapped hole centres).
In the Be-treated orange sapphire samples, beside the typical chromium and iron

related absorption bands and lines, the production of the 470 nm absorption band was
found after subtraction by Hinni and Pettke (2002), and with additional UV absorption
at 380 am by Fritsch at al. (2003) and Emmett et al. (2003) and was attributed to (Mg-
Fe-Cr) trapped hole centres (Schmetzer and Schwarz, 2004). Those absorption spectra
are somewhat different from our Fe-Mg-related spectrum which may be due to the

influence of Cr.

The fact that the Be-treated sample can produce exactly the same spectral pattern as
the imadiatcd, the natural S Lankan, the synthetic Fe+Mg doped ones and that Be ”

is able to charge-compensate and hence stabilize the trapped hole centers as shown in
the synthetic samples. This has tead us to believe that the Be * could also act the same
way as it was found eariier for the Mg N (Higer, 2001) that is a stabilizer of yellow
colour centrc. The exact nature of how the Be, Mg, Fe and Ti {nteract is however still
pot clear at the present moment and need forther study. The Be * itself could stabilize

trapped hole centres (Fe-Be related colour centres or Fe-Be trapped hole centres) or



form BeTiO3 clusters which tben liberate Mg to stabilize trapped hole centres (Fe-Mg
trapped hole centres), (see more discussion in Schmetzer and Schwarz, 2004). We
nevertheless can say that the combination of excess Be + Mg, Fe and oxidaticn
condition are necessary to create stable yellow colour centres and Be has a possibility
10 charge-corapensate the trapped hole centres aad hence stabilize the yellow colour

centres in the Be-treated natural sapphires,

Conclusion

Based on the above experimental and analytical results the roles of the different
components which are necessary to create similar stable yellow colour centres as it has
been observed in natural yellow sapphires from Sri Lanka are better understood if
not yet all clear. It is likely that the combination of excess divalent Be and Mg, after
catculation of MgTiO3 and/or BeTiO3 clusters, with iron after annealing at high
temperature in oxidizing atmosphere could produce stable yellow colour centres of
similar UV-Vis pattern as that observed in the natural yellow sapphires from Sri

Lanka. In the synthetic samples without iron, however, the brownisb colour centres
could be created instcad. The divalent Be could act in the same way as it was found
eartier for Mg (Wang at al., 1983; Hager, 1992, 1993, 1996 and 2001, Emmett and

Douthit, 1993), i.c., as a stabilizer of the yellow or brown colour centres.
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BOX 1

Interaction of trace elements in corundum at high temperatures.

Based on several quantitative experiments it has been shown that not only the classical trace
elements like Fe and Ti influences the colour of blue sapphire. One element which is even more
important in this scenario is Mg. This element is able to form colourless MgTiOs-clusters. If Ti-
exceeds the Mg- content, the excess of Ti leads in combination with Fe to colour active FeTiO3-
clusters (Hager 1992). In the case of yellow sapphire, which is coloured by stable defect
centres, Mg Is in excess after the calculation of the colourless MgTiO3-clusters (Héger 1993).
This result was supported later by Emmett and Douthit (1993). But in contrast to Emmett and
Douthit, it was shown that the excess of Mg in combination with low Fe due to the stable
colour centres identical to those of natural yellow sapphires from Sri Lanka, while Mg by itself
stabilises another kind of colour centres (Hager 1996). If Ti-content exceeds the sum of Mg +
Fe, the excess of Ti will precipitate during heat treatment at 1850°C and oxidizing atmospheres.
To summarize the above presented results the following diagrams were developed (Higer 1996,
2001).

B
A
o
Fe.™ FeTi T
1 colour centre due to Mg 53 colour centre due to Mg and Fe
**¢  vellow due to Fe'’ wixk  Fe?'/Fe’'-charge transfer green due to Fe'*
e3¢ £e?*/Ti"-charge transfer *¥kkkk  precipitation of TiO;

Figure 1: Model representing the inferaction of trace elements in the system Mg, Fe, Al and Ti for samples

which were heat mreated in oxidising (A) and reducing atmospheres (B) at high temperatures.

The diagram in Figure 1 represents the system Al-Mg-Fe-Ti (tetrahedron). Out of this
tetrahedron a slice is cut. This slice represents sapphires with total trace element content in the
ppm region. The resulting diagram is a triangle. Sapphires of this composition were heat treated
at 1850°C and oxidising atmospheres (Figure 1A) and at 1750°C and reducing atmospheres
(Figure [B)). On the left triangle (Figure 1A), the most important line in this large triangle is the
connecting line between the Fe comer and Mgso-Tisg where the Mg to Ti ratio is always 1:1 and
therefore the samples do not show any kind of colour centres or Fe**/Ti* charge transfer band.
Above this line we observe the same stable yellow colour centres as the natural one from Sri
Lanka. In the Mg corner we also observe stable defect centres, but not with the same UV-Vis
spectral pattern as the samples containing both Fe and Mg. Below the line, where the Ti:Mg
retio is more than 1:1, we observe Fe?'/Ti*'-charge transfer bands. If the titanium content
exceeds the sum of Mg + Fe we observe the precipitation of a titanium containing phase. Those
samples represent in the lower triangle on the right side. If we change now to reducing
conditions, the colour centres are destroyed completely and we dissolve more titanium
precipitates (Figure IB). The amount of additionally dissolved precipitates depends now on the
kind of the reducing gases and the triangle with precipitates gets smaller.
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Figure 1.1: Pink-orange, orange, yellow sapphires and ruby treated with the new heating technique.
Treatment conditions are unknown (Photos by Somboon, GIT).

Figure 1.2: Surface-related colour zones in a yellow Figure 1.3: Surface-related colour zones in

sapphire. Size of the stone is 10.06 x a pink-orange sapphire. Size of the
11.57 mm. (Immersion. Photo by stone is 5.2 x 6.63 mm. (Immersion,
Leelawatanasuk. GIT). ¥hoto by Semboon, GIT).

Fiwe 1.4: An example showing a slice of a classical Figure 1.5; Internal diffusion of Ti from rutile inclusions
external Ti diffusion treated sapphire inta the corundum lattice showing the blue
causing the bloc coloured rim. Sample haloes (Photo by Higer).

size is 4x7 mun (Immersion, Photo by
Higen.
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Figure 1.6: UV-Vis Spectra of an un-treated yellow sapphire frona Thailand (Khao Phloi
Wean, Chanthaburi) with E perpendicular to ¢-axis (o-ray, black) and E parallel
1 c-axis (c-ray, red). The colour is due mainly to Fe™ forbidden transition.
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Figure 1.7: UV-Vis-spectra of a heat-treated natural yellow sapphire from Sri Lanka
with E perpendicular 1o c-axis (o-ray, black) and E paralle] to c-axis (e-ray, red).
The colour is duc to stable defect centres,
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Table 1.1: Trace element contents of a flame-fusion-grown colourless sapphure
(PKSCS02) untreated with Be, obtained by LA-ICP-MS.

Rim1 Mid-Point1 Core1 Core2 Mid-Point2 Rim2
RAW DATA (ppm by weight) - B -
Be9 <0.44 <1.63 <0.95 <0.90 <1.47 <0.55
' Na23 <20.36 <45.39 <40.97 <4458  <47.36 <29.61
[Mg24 <084 <139 5.50 197 <14 4.22
A7 529250.40 529250.40 529250.40 529250.40 529250.40 529250.40
[ Ti47 <210 <478 <3.74 <401 <4.83 3.04
V51 - <0.30 <0.66 <0.59 <0.59 <0.69 <0.38
Cr53 <8.28 <13.46 <1258 <13.03  <14.13 <8.77
[ Mn55 <1.43 <3.19 <2.85 <3.12 <3.23 <2.04
Fe57 <38.79 <87.17 <77.93  <84.32 <90.44 <55.53
Ga71 0.32 <0.56 | <0.55 <0.62 <0.65 <0.33
Total % 52.93 52.931 52.93 52.93 52.93 52.93
< =below (he detection limit
Table 1.2: Trace clement contents of a natural colourless sapphire (POMCS04)
unireated with Be, obtained by LA-ICP-MS.
Rim1 Mid-Point1 Core Mid-Point2 Rim2
RAW DATA (ppm by weight) _ -
Be9 <0.4 <0.74 <0.75 <0.95 <0.42
Na23 <16.47 69.54 57.55 <38.04 <15.86
Mg24 76.32 76.08 81.01 20.02 95.57
AI27 529250.40 529250.40; 529250.40 529250.40 529250.40
'_ﬁ47 101.81 125.65, 129.98 141.29 148.59
V51 16.07 16.25 17.44 18.99 17.29
[Cr53 25.24 18.87! 15.40 16.31 11.39]
Mn55 <1.16 <2.63 <2.26 <2.63 <1.11
[ Fe57 613.78 662.68 719.27 528.96 682.80
[Ga71 92.53,  85.22 89.82, 85.77 99.80
Total % 53.02 53.03 53.04 53.01 53.03

< =below the detection limis
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Figure 1.8: Photos of the 2.44 ct flame-fusion-grown colourless sapphire (PKSCS02) before
treatment (a), pale brown after X-ray irradiation treatment (b), and almost colourless
after a fading test (¢). Afterward the sample was cut in half and six-points on a
traverse (d) were analyzed across the cut surface using LA-ICP-MS (see also
Table 1.1 and Figure 1.9). (Photos by Somboon, GIT and Lomthong, KXU)

0.7
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Figure 1.9: UV-Vis spectra of the 2.44 ct cube of flame-fusion-grown colourless

sapphire (PKSCS02) before treatment (c¢), pale brown after X-ray
irradiation treatment (a), and afler a fading test (b).
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Figure 1.10: Pbotos of the 0.73 ct natural colourless sapphire (POMCS04) before
treatment (a), yellow aftcr X-ray irradiation treatment (b), and almost
colourless after a fading test (¢). A five-point-profile (d) was analyzed
across the cut surface afterward using LA-ICP-MS (see also Table 1.2
and Figure 11). (Photos by Somboon, GIT and Lomthong, KU)
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Figure 1.11: UV-Vis spectra of the 0.73 ct natural colourless sapphire (POMCS04)
before treatment (a), alier X-ray irradiation treatment (b), and after a

fading test ().
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Figure 1.12: UV-Vis spectra of an Irradiated natural sapphire heated up ata rate

of 2°C/min; spectra were recorded every 10°C (Spectrum at 110°C was
missing because of technical problems and wave-like pattern in the spectra
about 600 to 800 nm are due to experimental inconsistencies). The
irradiated yellow colour was gradually faded towards the high temperatures.
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Figure 1.13: Photos of a 3.85 ct flame-fusion-grown colourless sapphire (PKSCS0!1)
before treatment (a), and pale brown after Be-treatment under unknown condition (b),
The pale brown rim and colourless core are better seen under immersion (c).
Afer the treatment the sample was cut in half and a five-point profile (d) was
analyzed across the cut surface using LA-ICP-MS (see also Table 1.3,
Figures 1.14 and 1.15). The other hal{ was then cut into three pieces; one piece
was kept as the reference and the other two were heated n a pure nitrogen
atrosphere at 1,650°C for 3 hours which turns the stone colourless (2). Onc of
the colorless pieces was then re-heated in air (i.e. oxidation conditions) at 1,650°C
for | hour, which turned 1he sarple back o pale brownish (f). (Photos by Somboon,
31T and Lomthong, KU)
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Figure 1.14: UV-Vis Spectra of the {lame-fusion-grown sapphire (PKSCS0!) before treatment
(a) and aftcr Be-heat treatment (b) under unknown condition. Spectrum ¢ was recorded
from a “walch glass™ sapphire (WG02), which had been turned pale brown from
originally colourless material by our own heating experiment at 1750°C in an oxidising
amospheres with chrysoberyl in the crucible.
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Table 1.3: Trace clement contents of the pale brown Be-treated flame-fusion-grown
sapphire (PKSCS01) obtained by LA-ICP-MS.

Rim1 Mid-Point1 Core Mid-Point2 Rim2

RAW DATA {ppm by weight)

Be9 1.60 <1.02 <0.99 3.65 2.15
Na23 <17.83 <39.36 <38.43 <38.41 <16.54
Mg24 1 0.73 <1.23 <1.26 1.31 <0.51
Al27 529250.40  529250.40 529250.40 529250.40 529250.40
Tid7 <2.04 <4.42 <4.14 <3.99 <1.5
V51 <0.26 <0.56 <0.57 <0.53 <0.25
Cr53 <5.79 <12.7 <12.01 <12.11 <525
Mn55 <1.26 <2.78 <27 3.20 <1.17
Fe57 <35.74 <78.59 <77.61 <76.8 <33.21
Ga71 0.38 <0.53 <0.51 <0.47 0.29
Total % 52.93 52.93 52.93 52.93 52.93
Cations ( Atom Mole ppm)
Be9 3.62 0.00 0.00 8.26 4.86
Na23 0.00 0.00 0.00 0.00 0.00
Mg24 0.61 0.00 0.00 1.10 0.00
A27 399095.66  400000.00 400000.00 399989.45 399995.05
Ti47 0.00 0.00 0.00 0.00 0.00
V51 0.00 0.00 0.00 0.00 0.00
Cr53 0.00 0.00 0.00 0.00 0.00
Mn55 0.00 0.00 0.00 1.19 0.00
Fe57 0.00 0.00 0.00 0.00 0.00
GaT1 0.11 0.00 0.00 0.00 0.08
Tolal (Atom Mole) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 0.61 0.00 0.00 1.10 0.00
Be.Ti 3.62 0.00 0.00 8.26 4.86
(Be ¢Mg)-Ti 4.23 0.00 70.00 9.36 4.86

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm.
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Figure 1.15: Plots of trace element content variation across the cut surface of the pale browu

Be- treated flame-fusion-grown sapphire (PKSCS0)), see Figure 1.13d and text for



Figure 1.16: Photos of a 13.51 ct disc of colourless “watch glass” sapphire (WGO01) beforetreatment (a),
and pale brown throughout the entire disc after Be-treatment under unknown condition (b).
After the treatment, a five-point profile (¢) was analyzed across the 1.25-mm-thick cut
surface using LA-ICP-MS (see also Table 1.4 and Figure 1.17). The other half of the sample
was then cut into 3 pieces, one piece was kept as the reference whereas the other (wo pieces
were heated in a pure nitrogen atmosphere at 1650°C for 3 hours which turned the stone
colorless (d). One of the resulting colourless pieces was re-heated in air (in oxidation
conditions) at 1650°C for 1 hour which turned the sample back into pale brown again (e).
(Photos by Somboon, GIT and Lomthong, KU).
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Table 1.4: Trace element contents of the pale brown Be-treated “watch glass” sapphire
(WGO0)) obtained by LA-ICP-MS.

Rim1 Mid-Point1 Core Mid-Point2 Rim2
RAW DATA (ppm by welght)
Be9 1.53 3.02 1.29 1.33 1.65
Naz3 <26.41 <32.24 <22.57 <23.15 <17.25
Ma24 5.20 3.23 2.40 1.64 <0.58
A27 529250.40 529250.40 529250.40  529250.40  529250.40
T47 4.06 4.06 7.02 <2.52 511
V51 <0.38 <0.45 <0.31 <0.33 <0.25
Cr53 <7.97 <9.87 <6.69 <6.86 <5.16
‘Mn55 <1.84 <2.26 <1.56 <1.61 <1.20
Fas57 <51.43 64.50 <44.45 <43.98 <33.48
Gart 0.62 0.90 1.03 0.89 1.08
Total % 5293 52.94 52.93 52.93 52.93
‘Cations { Atom Mole ppm)
Be9 3.46 6.83 292 3.01 3.73
Na23 0.00 0.00 0.00 0.00 0.00
Mg24 4.36 2.71 2.01 1.38 0.00
27 399990.27 399964.92 399991.78 39999535  399993.78
™7 1.73 1.73 2.99 0.00 2.18
V51 0.00 0.00 0.00 0.00 0.00
Crs3 0.00 0.00 0.00 0.00 0.00
Mn55 0.00 0.00 0.00 0.00 0.00
Fe57 0.00 23.55 0.00 0.00 0.00
Gam 0.18 0.26 0.30 0.26 0.32
Tofal (Atom Mole) 40.00 40.00 40.00 40.00 30.00
Wg-Ti 2.63 0.98 20.97 1.38 2.18
Be-Ti 1.73 5.10 0.07 3.01 1.56
(Be+Mg)-Ti 6.10 7.81 1.94 4.39 1.56

< =below the detection limit of which 0.00 value is used for calculation of atom molc ppm
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Figure 1.17: Plots of trace element content variation across the 1.25-mm-thick cut surface of the
pale brown Be-treated “walch glass” sapphire disc (WGO1). The contents of Be are
dominant over those of Mg and Ti 1n almost all the points analysed, and (Be+Mg) > Ti
in zIl analyzed poiots (cf. Figure 1.16¢).



Fleure 1.13: Photos of a 0.80 ct natural colourless sapphire (POMCS03) before treatment (a),
yellow afier Be-heat treatment (b), and in the immersion liquid (c). A five-point profile
(d) was analyzed across the cut surface after the treatment using LA-ICP-MS {see also
Table V and Figure 1.20). The other half was heated in a reducing atmosphere at 1650°C

for 3 hours, which turned the stone colourless (¢). (Photos by Somboon, GIT and
Lomthong, KU)
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Figure 1.19: UV-Vis Spectra of the natural colourless sample (POMCS03) before
treatment (a) and after the Be-heat treatment (b) (see also Figure 1.18a, b).
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Table 1.5: Trace elernent contents of the 0.80 ct Be-treated natural colourless sapphire
(POMCS03) which became yellow after the treatment, obtained by LA-ICP-MS.,

[RAW DATA (ppm by weight)
B9

_ 1.23 4.68 2.52 2.79 2.90
Na23 <18.10 <33.67 <29.32 <29.56 <18.11
Wg24 95.38 144.81 71.52 67.48 80.15
A7 529250.40 52925040 529250.40 52925040  529250.40
47 74.48 78.19 65.95 58.30 51.33
V51 244 2.82 2.47 2.33 1.98
Cr53 <5.28 <9.51, <8.30 <8.73 <5.37
Mn85 <1.25 <2.32 <2.01 <2.05 <1.27
Fes7 347.76 402.65 348.55 325.47 342.53
Gal1 68.88 61.42 58.20 61.22 64.24
Total % 52.98 52.99 52.98 52.98 52.98
Latons { Atom Mole ppm)
Bed - 278 10.58 5.7 6.31 6.56
EN';zzs 0 0 0 0 0
4 79.97 121.39 59.97 56.58 67.20
A7 399737.57 399668.81 399761.10 399774.71  399750.85
W7 31.69 33.26 28.06 24.80 21.84
V51 0.98 1.13 0.99 0.93 0.79
Cr53 0.00 0.00 0.00 0.00 0.00
M55 0.00 0.00 0.00 0.00 0.00
Fe57 126.89 146.89 127.18 118.76 124.98
[Gm 20.13. 17.95 17.01 17.90 18.78
ofal {Afom Mole) 40.000 40.000 40.000 40.000 40.000
i 48.283 88.132 31.909 31.777 45.365
-28.904 -22.678 -22.360 -18.495 -15.280
+Mg)-Ti 51.064 98.713 37.607 38.086 51,923

< =below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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Figure 1.20; Plols of trace element coutent variation across the cut surface of the Be-treated
satural colourless sapphire (POMCSO03), which becaine yellow after the treatment,

cC Figure t.18d and sce text for discussion.




Figure 1.21: Photo of a yellow sapphirc (PPYS]) reportedly heat-treated with
Be under unknown condition by a Thai heater. The sample appears
yellow throughout the entire stone and lacks a surface-related colour
zon¢. A five- point profile was analyzed across its cut surface (see

also Table 1.6 and Figurel. 22), (Photo by Somboon, GIT and
Lomthong, KU).
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Table 1.6: Trace element contents of the yellow Be-treated sappliire (PPYS1) showing
rather high content of Be. Mg, T1 and Fe but low Cr content zcross Lhe profile,
Results obtained from LA-ICP-MS. It appears that the amount of Cr in this
sample is insufficient o create pink hue to the stone.
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I Rim1 Mid-Point1 Core ‘Mid-Point2 Rim2
DATA (ppm by weight)
Bed ' 9.14 10.02 10.29 11.27 8.86
Na23 <13.54 <11.63 <13.89 <11.89 <11.30
Mg24 48.01 43.39 42.03 43.44 39.61
Al27 529250.40 529250.40 529250.40 529250.40 529250.40
Tid? 75.47 65.06 71.09 68.82 58.36
V51 20.11 19.62 18.88 19.76 21.50
Cr53 32.58 35.65 35.68 32.94 34.43
MnS5 <0.67 <0.58 <0.72 <0.58 <0.55
FeS7 2237.19 2210.06  2119.11 237570  2424.42
£a71 73.94 74.56 73.07 76.35 81.14
Total % 53.17 53.17 53.16 53.1¢ 53.19
Cafions ( Atom Mole ppm)
Beg 20.63 22.62 23.23 25.44 20.00
Na23 0.00 0.00 0.00 0.00 0.00
Mg24 40.18 36.32 35.18 36.35 33.15
AL27 300049.91 399064.88 399096.62 399000.72 39899341
Tid7 32.05 27.63 30.19 29.22 24.78
V51 8.03 7.84 7.54 7.89 8.58
Cr53 12.75 13.95 13.96 12.89 13.47
Mn55 0.00 0.00 0.00 0.00 0.00
Fe57 814.87 805.02 771.95 865.21 882.94
GaTt 21.57 21.76 21.32 22.27 23.67
Jotal (Atom Mole) | 40.00] 40.00] 40.00] 40.00] 40.00
‘ 8.13 8.69 4.99 7.13 8.37
-11.42 5.01 -5.96 3.79 -4.78
(Be+Mg)-Ti 28.76 31.31 28.22 32.57 28.36
<=below the detection imit of which 0.00 vaiue is used for calenlation of atom mole ppm
Yellow Sapphire 'F:f:;a Yellow Sapphire '":” E‘Z‘:
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Figure 1.22: Plots of trace element content variation across the cut surface of the yellow Be-treated
sapphire (PPYS1). No sigoificant variation of Be, Mg and Ti content (also other trace
elements, sce Table 1.6) across the profile. All the points analysed (Figure 1.21)
however, show (Be+Mg) > Ti.




3?7

Figure 1.23: Photos of a 2.44 ¢t Madagascan orangey yellow rough sapphire (MadaRoughQl1)
reporicdly heat-treated with Be under unknown condition in Thailand (a).
The samplc appears orangey yellow throughout the entire stone and lacks
a surface-related colour zone, A five-point profile was analyzed across the cut
surface (b) on one half (see also Table 1.7 and Figure 1.24). The other half was
heated in 4 reducing atmosphere at 1650°C for 3 hours, which turned the stone
colourless (c). (Photos by Somboon, GIT and Lomthong, KU)
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Table 1.7: Trace element contents the orangey yetlow Be-treated rough sapphire (MadaRoughO})
showing moderate to high content of Be, Mg, Ti, Fe and Cr across the profile. It appears
that the amount of Cr in this saraplc is sufficient to create pink hue, which turns the stone

orangey.
Rim1 Mid-Pointi Core Mid-Point2 Rim2

RAW DATA (ppm by weight)
Bed 6.87 4.52 0.82 3.54 5.88
Na23 4525 06.93 <11.99 15.78 17.37
Mg24 71.34 95.96 85.65 110.10 85.21
A7 529250.50 529250.50° 529250.501 529250.50 529250.50
Tid7 113.57 125.74 131.06 122.41 126.47
V51 7.42 8.94 9.43 10.72 9.07
Cr53 74.00 90.48 90.78 100.04 92.79
Mn5$ <0.39 <0.67 <0.60 <0.69 <0.23
Fe57 3575.26 4009.17 4355.35 4697.28 3939.04
GaM 100.22 116.12 122.64. 142.13 124.44
Tolal % 53.32 53.39 53.40 53.45 53.37

Cations ( Atom Mole ppm)

Be9 15.49 10.18 1.85 7.97 13.25
Na23 39.98 85.59 0.00 13.91 15.34
Mg24 59.62 80.15 71.54 91.92 71.19
A27 30847531 398208.18 398213.11  398043.06 398338.32
7 48.16 53.29 55.54 51.86 53.61
V51 2.96 3.56 3.76 4.27 3.62
Cr83 28.91 35.32 35.44 39.04 36.24
Mn55 0.00 0.00 0.00 0.00 0.00
Fes7 1300.37 1489.92 1583.06 1706.61 1432.19
Ga71 29.20 33.81 35.71 41.37 36.24
otal {(Alom Mole) 40.00 40.00 20.00 30.00 40.00
WMg-Ti 11.46 26.86 15.99 40.06 17.58
Be-Ti -32.68 43.11 53.70 43.88 -40.37
[Be+Mg)-Ti 26.95 37.04 17.84 48.03 30.83

<=below the detection imit of which 0.00 value is used for calculation of atom mole ppm
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Figure 1.24: Plots of trace elemenl content variation across (be cut surface of the vrangey yellinw
Be-treated rough sapphire (MadaRoughO1, Figure 1.23b). The analyscs show higher
Be content at the rims and gradually decreaxing 1oward the core. The countents of

Mg and Ti and other trace elements (sec Table 1.7) hawever, show no consistent

vanation across the profile. At all (he points snilyzed (Be-+Mg) > Ti.
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Figure 1.28: Comparison of the UV-Vis spectra of synthetic samples: irradiated with X-rays (furned brown
after treatment, a), diffusion treated with Be (turned brown after trcatment, b), and doped with
Mg (brown to violet specimen was obtained, ¢).
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Chapter 2
Beryllium-Diffusion Experiments on Pure Synthetic and Fe-Doped

Synthetic Sapphires

Introduction

In the first chapter we have presented the UV-Vis-spectroscopic study and the Laser
Ablation Inductively-coupled-Plasma Mass Spectrometry (LA-ICP-MS) results of
imadiated and Be-treated synthetic and natural colourless sapphires, yellow and
orangey yellow Be-treated natural sapphires. We have found that majority of Be-
treated sapphires show indications of Be diffusion into the corundum lattice from an
extermal source. We always found that there were the excesses of (Be+Mg) over Ti
conteats in most of the yellow sapphires. We also found from our own oxidation and
reduction heating experiments that oxidizing condition was an important factor in the

formation of stable colour centres.

Hence up to the present knowledge we believe that the excess of the divalent elemeats
(BetMp), after calculation of colourless MgTiO, and/or BeTiO, clusters, in

combination with iron and the heat treatment in oxidising atmosphere can produce the
stable yellow colour centres in the yellow Be-treated natural sapphires. In the

synthetic colourless sapphires (without iron), however, the situation is somewhat
different. The divalent Be and the heat treatment in oxidising atmosphere could

produce stable brown colour centres in the same way as it was found earlier for Mg,

i.e. able to produce stable brownish violet colour centres. The result has been

presented in several meetings and published both in the national and international

Journals (Pisutha-Amond et al., 2002 and 2004; sce Appendices).

In the previous study we have made an assumption that the divalent Be acts in the

same way as that of Mg, i.e. as a stabiliser of brown or yellow colour centres.
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However to prove such an assumption we need to do more Be-diffusion experiments

with pure synthctic and Fe-doped synthetic corunduni.

‘Classical’ and Beryllium-Treated colourless Synthetic Sapphires

To orove that Be has indeed involved in brown coloration in pure synthetic sapphire, a
comparison experiment was performed on a piecc pure synthetic colourless ‘watch
glass’ sapphire that was cut in half. One half was heat-heated with ground chrysoberyt
ina crucible while the other half was heated in another crucible without chrysoberyl.
The heating condition for both crucibles was 1750°C for 30 bours in an oxidizing
stmosphere. After the treatment, the samples were lightly polished and the trace

dement contents were analyzed using LA-ICP-MS at the GEMOC Key Ceatre,
Department of Earth and Planctary Sciences, the Macquarie University, Sydoey,
Australia (Figurc 2.1). The analytical condition was the same as that in the first

chapter.

Result

The sapphire (THSCSO01) was still colourless after *classical’ heating but it turned
brown after Be-trcatment (Figure 2.2). Trace element analyses of the colourless haif
show that the material is rather pure originally and only traces of Ti and Na are present
(Table 2.1). The analyses of the brown half reveal that about 10 ppm by weight or 20
giom molc ppm of Be has diffused into the corundum lattice while the other trace
demeats are negligible (Figure 2.3 and Table 2.1). The UV-Vis spectrum of the Be-
treated brown half shows exactly the same pattern as that of the flame-fusion grown
mpphire (PKSCSO1) treated under unknown condition by a Thai heater (Figure 2.4).
The spectra show the broad absorption band centred at around 420 om. This

experiment has therefore proved that Be did take part in the brown coloration.
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Fe-doped synthetic sapphire treated with Be

In order to definitcly prove that Fe was indeed involved in yellow coloration in a Be-
treated sapphire with significant Fe, an Fe-doped sapphire was synthesized by a flame-
fusion techoique. The sample was tben irradiated with X-rays and sbortly after the
imadiation treatment sarople was subjected to a fading test. The fading was carnied out
for one hour at 3 cm distance from al00W light bulb. The sarnple was subsequently
heated in a crucible with ground chrysoberyl. The heating condition was at 1780°C for
S0 bours in an oxidizing atmosphere. The Be-treated sample was then subjected to the
fading test again. The sample was photographed and the UV-Vis spectrura was

recorded in each step of experiments. The above experiments were carried out by Dr.
T. Hager. The sample was then cut in half, lightly polished and analysed for trace

elemeot contents across the cut surface using LA-ICP-MS.

Result

The Fe-doped synthetic sapphire was colourless before treatment (Figure 2.52). The
sample contains abundant gas bubbles typical of a flame-fusion grown material (Figure
26b and ¢). The sample became yellow after iradiation treatment (Figure 2.5b) and
the absorption spectrum shows a continuous increase toward the UV region and a
stoulder at about 460 nm (Figure 2.7). The sample irradiated with X-rays became
colourless shortly after a fading test (Figure 2.5¢). The sample turned yellow again
after treatment with Be and the yellow colour was stable after a fading test (Figure
25d). The UV-Vis spectrum of the sample trcated with Be shows exactly the same
pattem as that of the sample irradiated with X-rays (Figure 2.7). These spectra are also
similar to those of a Sri Lankan yellow sapphire coloured by stable defect centres, an
FetMg doped synthetic sapphire (Figure 2.8) and a patural sapphire irradiated with X~
mys\see riguce 1.11). The trace clement analyses confirm that significant contents of

Be and Fe (about 25-30 atom mole ppm of Be and 50-60 atom mole ppm of Fe) are
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present in this synthetic sapphire after Be-treatment while the other trace element
contents are negligible. Hence we are certaio that it is a system dominated ooly by
BetFe without the influence of other trace elernents. These experiments have proved
without doubt that the Be+Fe system act exactly in the same way as the Mg+Fe
gystem. The spectrum produced by the Be+Fe or Mg+Fe might therefore be called
‘(Be+Fe) or (Mg+Fe)-related stable colour centres’ and the spectrum produced by
imadiation is called ‘Fe-related unstable colour centres’. The divalent Be is therefore
sble to produce the stable yellow colour centres and act exactly in the same way as it

was found earlier for Mg, i.c., as a stabilizer of yellow colour centres.
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Figure 2.1: Photos of the LA-ICP-MS unit used for trace clement analysis in this study,
located at the Macquaries University, Sydney, Australia.
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Figure 2.2: A colorless sapphire disc (THSCS01) was cut in half, one balf
was heat-treated with ground chrysoberyl in a crucible (a, brown) while the
other half was heat-treated in another crucible without chrysoberyl (b,
colourless). After the treatment five-points on a traverse were analyzed on
the polished surface of cach half. (Photo by Somboon, GIT)

Table 2.1: Trace element contents of the colourless sapphire disc (THSCSO01) obtained
from LA-ICP-MS.. CH's are points analyzed on the colourless half (b)
and BeH s are those on the brown half (a).

| o CH2 CHI] CHd oS BeH1 BeH? BeH? BeH4 BeH3)
Cationrt (ppm by weigfit)
Bed <178 <237 <150 <125 <0.78 8.16 8.05 10.21 11.10 100
an 143.46 13348 177.53 12679 o168 <3748 11394 122.62 12476|  161.72
g4 <273 <410 <341 <250 <1.94 <232 <344 <457 <337 <240
Az 526250.40| 520250.40( 620250.40| 520250.40| 520250.40| 529250 40| 529250.40| 529250.40| 529250.40| 528250.40)
[ 334 2.22 254 278 328 328 1.43 1.91 201 1.35)
vt <0.07 <010 <0.08 <0.07 D.OB| <006 <0.09 <0.08 <0 08 <0.06
&5 <1.80 <274 <216 <157 124 <156 2.49 <237 <21 <150
5 <0.16 <024 <020 <014 <012 <014 <019 <0.20 <019 <0.13
& a8 <14 01 <1140 <8 13 <660 13 48 <1070 <1137 <1054 <7.62
Gall <0.03 0.07 0.42 0.14 016 010 (.14 0.22 0.31 0.38
5204 52.04 52.94 5204 5283 52.93 52.94 5254 5244 5294
{ Mom Mole ppm)
0.00| 0.00 000 0.00! 0.00 18.46 18.21 2302 251 2314
127.20) 11838 157.40 112.43 813 000 10103 108.72 11062 14338
0.00] 4,00 0.00 0o 0.00 0.00 0.00 0.00 0.00 0.0,
20087130 399830.68| 309041.40| 39G886.35| 390017 23| 309975.19| 399870 14| 300867.31| 32086333| 300832 8D
1.44 0.64 107 1.18 1.40 1.40 061 0.81 086 057
0.00 0.00 0.00 0 002 0.00 0.00 0.00 000 0.00
0.00} 0.00 0,00 0.00 0.00 0.00 0.98 0.00} 0.00} 0.00f
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00}
D.00 0.00 0.00 0.00 0.00 49 6.00 0.00 0.00 0.00
0.00] 0.07 0.04 0.04 00 0.03 0.04 0.05 0.09 0.11
Wcle %) 40,008 40.00 40.00] 40.00) 40,00 40.00 40.00 40.00 40.00 40.00)
ENT] 054 .07 EXT 1.40 -1.40 0.61 2.8% -0.84 0.57
4.4 054 -1.07 1.8 -4.40 17.07 17.60 228 24.25 2256
141 054 -1.67 118 -1.40 17.07 17.60 22.28 24.25 zz§|
000 0.00 0.00 0.00 0.00 74.49 96.77 56.60 96.71 97.58
106.00 100,00|  100.00 100.00 100.00 5.63 n 3.40 3.29 242
0.00 0.00 0.00 0.00 0,00 19,87 0.00 0.00 0.00{ 0.00

<=below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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Figure 2.3: Plots of trace element contents analyzed on the surface of the sapphire

disc (THSCSO01), see text for discussion.
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Figure 2.4: UV-Vis spectra of the flame-fusion-grown sapphire (PKSCS01) before
treatment (a) and after Be- treatment under unknown condition by a
Thai heater (b) Spectrum ¢ was recorded from the brown half (THSCSO01)
treated with Be by our own experiment.
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Figure 2.5: Photos of a Fe-doped flame-fusion-grown colourless sapphire before

treatrment (a), ycitow after X-ray irradiation treatment (b), colourless after
a fading test ( ¢), yellow again after Be-treatment (d) and the colour was
stable under the fading test. (Photo by Hager)
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Figure 2.6: Photos of the Fe-doped sapphire treated with Be and cut in half (a), showing
abundant gas bubbles (b and c). Two traverses (X1 and X2) were analyzed across
the cut surface (d) using LA-ICP-MS (see also Table 2.2 and Figure 2.9).
(Photo by Somboon, GIT)
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Figure 2.7: UV-Vis spectra of the Fe-doped flame-fusion-grown sapphire before
treatment (a), after X-ray irradiation treatment (b), after a fading test (¢),
and after Be-treatment (d). The spectrum produced by Be-treatment is
exactly the same as that of the irradiation trecatment and similar to those
of the Mg+Fe doped flame-fusion-grown sapphire and a natural
Sri Lankan yellow sapphire coloured by stable defect centres (see Figure 2.8).
All spectra were measured with E perpeadicular to c-axis (o-ray).
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53

Table 2.2: Trace element contents along the traverse X1 of the Fe-doped sapphire treated
with Be, obtained by LA-ICP-MS.

Eﬁm | X1-1 X1-2 X1-3 X14 X156 X1-6 X1-7 X1-8 X1-9
(ppm by welght)
8l 12.81 13.69 13.05 12.74 12.74 11.57 11.41 13.01 13.14
74} 496 13.56 14.10 6.37 7.38 3.893 2.30 2.50 1.87
big2d <0.21 0.35 <0.20 <0.20 <0.21 <0.20 <0.19 <017 0.36
4] 529250.40|529250.40| 529250.40| 529250.40|529250.40] 529250.40| 529250.40| 529250.40| 529250.40
T <059 <0.49 <059 <0.52 <0.60 <0.54 0.54 <0.47 0.96
V51 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.04 <0.04
o <063 <055 <0.64 0.59 <0.60 <058 0.81 <0.48 <0.49
Mnbd <0.07 <0.06 <0.07 <0.07 <0.07 <0.06 <0.06 <0.05 0.08
Fe87 159.07 170.66 157.46 161.28 148.81 141.22 151.57 150.38 157.70
Ga7( <0.04 <0.03 <0.04 <0.04 0.04 <0.04 <0,04 <(.03 <0.03
Tolsl % 52.94 52.94 52.94 52.94 52.94 52.94 52.94 52.94 52.94
Catfons { Atom Mole ppm)
29.20 31.65 29.52 26.82 28.82 26,17 25.81 29.43 29.72
4.40 12.02 1250 5.65 6.54 3.49 2.04 2.22 1.66
0.00 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.30
399908.33| 369893.74| 395800.50| 399910.08) 399910.31| 399918.79| 399916.59| 399913.46| 399910.32
0.00 0.00 0.00 0.00 0.00 0.60 023 0.00 0.41
0.00 0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.23 0.00 0.00 0.00 0.00 0.00
0.co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
58.06 €2.29 57.48 55,22 5432 5155 5533 54.90 57.56
0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
40.00 40.00 40.00 40,00 40.00 40.00 40.00 40.00 40.00
0.00 0.29 0.00 0.00 0.00 0.00 0.23 0.00 0.1
28.20 31.66 29.62 28.82 28.82 26.17 26.68 29.43 29.32
28,20 31.94 29.62 28.82 28.82 26.17 26.68 28.43 28.62
33.48 33.90 33.93 34.28 34.86 33,68 31.72 34.90 34.12
0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.00 0.46
66.64 68.10 66.07 66.71 66.34 66.32 88.00 66.10 66.42

<=below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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Figure 2.9 Plots of the trace element content along the traverse X1 of the Fe-doped synthetic
sapphirc treated with Be. The Fe and Be contents are constantly high across
the cut surface while the other elements are extremely low.
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Chapter 3

‘Classical’ versus ‘Beryllium’ Heat-Treated Blue Sapphires

Introduction

In the first chapter (see also Pisutha-Amond et al., 2002 aed 2004) we have presented
trace element contents and interaction of Be-treated natural yellow sapphires. We
discovered that the Be-treated yellow sapphires showed indications of Be diffusion
into the corundum lattice from an external source. We have found (Be+Mg) > Ti in
most of the yellow sapphires. In the second chapter we prove that the interaction of
trace element in Be+Fe system acts exactly in the same way as that in the Mg+Fe
gystem. Hence up to the present knowledge we believe that in the Be+Mg+Ti+Fe
system the excess of the divalent elements, Be+Mg, after calculation of colourless
MgTiO, and/or BeTiO, clusters, in combination with iron and the hcat treatment io
oxidising atmosphere can produce the stable yellow colour centres. To further prove
this assuroption and understand trace element interaction in this system, additional
analyses on natural blue sapphires both untreated and treated with Be nced to be

cafried out.

Samples and method

Two ‘classically ™ heat-treated blue sapphires and two Be-treated blue sapphires
obtained from Thai burners were cut in half and lightly polished on the cut surfaces.
Five-point profiles were analyzed across the cut surfaces by LA-ICP-MS at the
GEMOC Key Centre, Departmeunt of Earth and Planetary Sciences, the Macquaric
UniversitySydney, Australia. The analytical condition was the same as that in the

previous chapters.
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Our own heating experiment was also carried out on a blue sapphire sampie cut in half.
One balf was mixed with ground chrysoberyl in double-crucibles packed with
slumina-powders whereas the other half was put in another crucible without

chrysoberyl. Both crucibles were heated in a resistance furmace with Super Kanthal
1900 heating clerents at 1,750°C in air (oxidizing conditions) for 30 hours to confirm

the result. The heating experiraent was done with the courtesy of Dr. T. Hiiger.

Result

‘C‘lassicallv > heat-treated blue sapphires

The analyses of the two ‘classically’ heat-treated blue sapphires, one from Australia
ad the other from unknown source, show no detectable Be (below | ppm detection
limit) across the profiles (Tables 3.2 and 3.2; Figures 3.1 to 3.4). The stones are
dominated by Fe and Ti with trace amounts of Mg. All the analyzed poipts show Ti
>Mg+Be. The excess Ti after calculation of MgTiO, and BeTiO, clusters could form
oolour active FeTiO, clusters or Fe-Ti intervalent charge transfer mechanisro causing

blue coloration of the stones.

Betreated natural blue sapphires

An oval cut blue sapphire (PPBS1) from an unknown source reportedly heat-treated
with Be under unknown conditions by a heater in Chanthaburi show a thin surface-
related yeltow zone surroundiog 2 blue core (Figures 3.5). High magnification shows
that the dlue core contains oriented blue dots probably resulting from partially
dissolution of rutile needles. The LA-ICP-MS data (Table 3.3; Figures 3.6) reveal the

elevated Be content (9 to 27 ppm) of the yellow rims and its absence at the blue core
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(below 1 ppm), again indicating Be diffusion into the corundum lattice from an

external source. All the analyzed points in the cores show an excess of Ti content

after calculation of colourless MgTiO, or BeTiO, clusters (i.e. Mg-Ti and Be-Ti
content show negative values). In the yellow rim there is an excess of Be+Mg over Ti
while in the blue core Be+Mg is lower than Ti. This data strongly suggest that a yellow
bue can only be formed if there is an excess of Be+Mg over Ti coatent in the

corundur lattice.

Another 2.28 ct rectangular cut of blue-green sapphire (BG 1) reportediy from Bang
Kacha was also heat-treated with Be under unknown condition by a heater in
Chanthaburi, After treatment the sample shows obviously thin surface-related yellow
fim surrounding complex-zoned blue core (Figure 3.7). The LA-ICP-MS profile
analysis across the cut surface reveals the clevated Be content at the rim (Table 3.4
and Figure 3.8) especially for all the points analyzed at the outer surface of the stone
(Table 3.5; Figures 3.9 and 3.10). The blue core shows extremely low Be content
(betow 1 ppm). All the analyzed points in the bluc core show an excess of Ti over
MgtBe conteot ( i.. after calculation of MgTiO, and BeTiO, clusters). At the points
oo both rims ,which show the elevated Be contents and arc at the boundary of the blue
core and the yellow rim, the Ti contents still exceed the sum of Be+Ti (Table 3.4 and
Figure 3.8). The excess Ti could therefore form colour active FeTiO, clusters which
cause blue coloration in the core area. On the contrary, all the points analyzed at the
outer surface of the stone which are definitely on the yellow rim (Figure 3.9) show an
excess of Be+Mg over Ti (Figure 3.10). It should be noted further that the blue
sapphires (PPBS 1 and BG1) shown in Figures 3.5 to 3.10 are the stones in which Ti
exceeds the Mg content 1o all analyzed points. This data bence suggest that with the
‘dassical’ heat-treatment it is unlikely to change these stones yellow. With diffusion
of Be into the corundum lattice it is now possible to change the balance of the

Ti(Be+Mg) ratio. In the yellow rim the sum of Bet+Mg exceeds the Ti content. Hence
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the yellow hue can only be forraed if there is an excess of Be+Mg over Ti contents in
the lattice. This can be confirmed by our own heating experiment of a blue stone in

Figure 3.11.

Conclusion

Tn conclusion for the Be-treated natural blue sapphires, we continued to discover that
the sapphires show an indication of Be diffusion into the corundum lattice fromw an
external source. We always found that there is an excess of Be+Mg over Ti contents
in the yellow rim in contrast to Ti > Mg+Bc in the blue core. These data in
combination of the result from the first and second chapters strongly suggest that the
excess of Be+Myg in combination with Fe and oxidizing atmosphere have led to the

fomsation of stable yellow colour centres.

Itis ow possible to change the triangular diagram model proposed by Higer (1996)
presented in BOX 1 in Chapter 1 in such a way that we can add Be into the Mg comer.
Ins0 doing we can plot the approximate compositions of some treated stones into both
diagrams as shown in Figures 3.12 and 3.13. The colours of those stones fit such the

modet picely.
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Figure 3.1: A natural blue sapphire (DIF1) reportedly underwent a “classical’
heat-treatment was cut in half. A five-point-profile was analyzed
across the cut surface using LA-ICP-MS. (Photo by Lomthong, KU)

Table 3.1: Trace element contents of the blue sapphire (DIF1) showing
high contents of Ti and Fec but negligible content of Be, obtained

by LA-ICP-MS.
Rim1 MidPoint1 Core Mid-Point? Rim2
Cations (ppm by weight)

Be8 0.28 <0.52 0.94 0.51 0.27
Na23 10.21 18.02 40.92 <15.36 <9.19
Mg24 5.85 7.03 7.03 467 5.94
Al27 520250.40 5209250.40 529250.40 529250.40 528250.40
Ti47 859.91  1064.63  1046.40 679.24 778.00
V51 1.12 1.06 1.12 1.60 1.67
Cr53 <1.84 <4.36 <6.13 <358 <2.18
Mn55 1.45 1.18 <1.20 <072 1.15
Fe57 764568 783633 7578.34 741666  8918.51
Ga71 362.14 368.10  328.05 352.87 425.15
Total % 53.81 53.86 53.33 53.77 53.94

Cations ( Atom Mole ppm)
Bed 0.62 <1.17 2.1 1.15 0.61
Na23 8.98 15.85 35.99 <13.52 <8.07
Mg24 4.87 5.85 5.85 3.89 4.94
AI27 396742.73 396581.88 396672.02 396902.94 396307.82
Ti47 367.31 44934 44175 286.91 327.30
V51 0.44 0.42 0.44 0.64 0.66
Cr53 <0.71 <1.70 <2.38 <1.39 <0.85
Mn55 0.53 0.43 <0.44 <0.26 0.42
Fe57 2768.74  2836.63 274387  2686.80  3226.13
Ga71 105.05 106.74 95.15 102.41 123.20
Total (Afom Mole %) 40.00 40.00 40.00 40.00 40.00
Ti 36244 44343 43590  -283.03  -322.36
Be-Ti -366.68  -448.18  439.64 28577  -326.69
(Be+Mg)-Ti 361.82 44233 43379  -281.88 32175
(Be+Nig) % 017 0.29 0.25 0.17 0.16
Ti % 11.69 13.65 13.83 9.83 9.20
Fe% 88.13 86.14 85.92 90.20 90.65

¢ =below the detection Limit of which the valuc is used for calculation of atom mole ppm
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Figure 3.2: Plots of the trace element content variation across the cut surface of
the blue sapphire (DIF1) treated with a ‘classical’ heating. The analyses
show negligible contents of Be and Ti >> Mg in all points analyzed.



Figure 3.3: An Australian blue sapphire (AUSI) reportedly underwent a ‘classical’
heat-trcatment was cut in half. A five-point-profile was analyzed across
the cut surface using LA-ICP-MS. (Photo by Lomthong, KU)

Table 3.2: Tracc element contents of the Australian sapphire (AUSI) showing
high contents of Ti and Fe but negligible contents of Be, obtained by

LA-ICP-MS.

Rim1 Mid-Point1 Core Mid-Point2 Rim2

RAW DATA (ppm by weight)
869 0.22 <0.46 <0.35 <0.56 <0.21
Na23 <8.18 17.38 <1681 <27.32 <935
Mg24 8.46 9.44 6.68 8.65 8.40
A7 520250.40 520250.40 520250.40 529250.40 529250.40
Ti47 79.93 71.91 58.88 60.15 66.24
V51 1222 12.21 12.01 11.45 12.29
Ccrs3 <1.94 <3.78 <4.09 <6.63 2.28
MnSS 0.81 089  <0.80 <1.33 0.85
FeS7 11663.83  9814.32 10158.12 10856.02 11517.28
| Ga71 250.81 206.43 20747 21040  251.23
Total % 5413 53,94 53.97 54.04 5411

Catlons ( Atom Mole ppm)

Bed 0.49 <1.03 <0.78 <1.25 <0.47
Na23 <7.18 1527 <1477 <2399 <8.20
Mg24 7.02 7.85 5.55 7.18 6.97
AI27 305660.88 396328.60 396213.73 395950.35 395717.71
Ti47 33.66 30.33 24.83 25,35 27.90
V51 484 484 4.76 454 487
153 <0.75 <147 <1.,59 <257 0.88
MnSS 0.30 033 <029 <0.49 0.31
Fe57 421232 3550.37 367367 392346  4160.00
Ga?1 72.56 59.82 60.02 60.83 72.68
Total (Atom Mole%) 40.00 40.00 40,00 40,00 40.00
. -26.64 2248  -19.28 18.16 -20.92
Be-Ti 33.16 2930  -24.04 -24.09 -27.43
(Be+Mg)-Ti .26.14 2145  -18.49 16,91 -20.45
(Be+Mg) % 0.18 0.26 017 0.21 0.18
Ti% 0.79 0.84 0.67 0.64 0.66
Fo% 99.03 93.91 39.16 99.15 99.16

< =below the detection limit of which the value is used for caleulation of atom mole ppm
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Figure 3.4: Plots of the trace element content variation across the cut surface of
the Australian blue sapphire (AUS1) treated with a ‘classical’ heating.
The analyses show negligible contents of Be and Ti > Mg in all points
analyzed.



Figure 3.5: A natural blue sapphirc (PPBS1) reportedly heat-treated with Be under
unknown condition by a Thai heater and cut in half. The sample shows
a thi surface-related yellow rim surrounding the blue core.
High magnification reveals that the blue core contains onented blue dots
probably resulting from partial dissolution of rutile needles. A five-point
profile was analyzed across the cut surface with two points in the
surface-related yellow zone (rims) and three points in the blue core.

(Photo by Lomthong, KU)

Table 3.3: Trace element content of the Be-treated blue sapphire (PPBS1)
showing rather high Fe contents, obtained by LA-ICP-MS.

Rim1 id-Poln ore Mid-Poin m

Cations (ppm by weight)

Bed 9.15 0.26 <017 <0.22 8.71
Na23 <10.82 <9.77 <10.63 <14.53 <12.40
Mg24 24.54 2714 25.86 25.66 26.55
A7 529250 40 529250.40 529250.40 52925040 529250.40
T47 60.45 B3.16 65.99 79.49 51.56
V59 12.83 12.87 12.47 12.53 12.23
Cr53 3634 37.86 32.32 31.33 38.61
MnS5 <0.53 <0.48 <0.53 <0.73 <0.62
Fe57 3013.78 4303.34 3015.91 3139.335 3182.56
Ga71 51.66 56.00 53.22 53.84 5413
Total % 53.25 53.38 9325 53.26 53.26
Cations ( Atom Mole ppm)
Be9 20.64 0.58 0.00 0.00 19.65
Na23 0.00 0.00 0.00 0.00 0.00
Mg24 20.53 22.68 21.63 21.46 2220
Al27 398801.73 398340.61 398819.35 398769.19 398742.1¢
Ti47 25.66 3525 28.01 33.73 21.88
V51 512 5.13 498 5.00 4.88
Cr53 14.21 14.78 12.64 12.25 15.09
Mn55 0.00 0.00 0.00 0.00 0.00
FeS7 1097.05 1564.65 1097.87 1142 66 1158.31
Ga7i 15.06 16.31 15.52 15.70 15.78

otal (Atom Mole%) 40.00 40.00 40.00 40.00 40.00
Mg-Ti -5.13 -12.58 £.38 -12.27 0.32
Be-Ti -5.02 -34.67 ~28.01 33.73 -2.24
(Ba+Mg)-Ti 15.51 -12.00 £.38 12.27 19.96
(Be+Mg) % 3.54 1.43 1.89 1.79 3.42
T % 2.20 217 2.44 282 1.79
Fa% 84.26 96.40 95.87 95.39 84.78

Bk the detection limit of which 0.00 value is used for calculation of atom mole ppm
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Figure 3.6: Plots of the trace element content variation across the cut surface of
the Be-trcated blue sapphire (PPBS1). The Be content are obviously
high at the yellow rims and are negligible in the blue core.
The content of Mg and Ti (also other trace elements) however show
no consistent vanation across the profile. The analyses also show
(Be+Mg) >Ti at the yellow rims in contrast to Ti >(Be+Mg) in the blue core,
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Figure 3.7: A rectangular block of a natural blue-green sapphire (BG1)
beat-treated with Be by a Thai heater showing a thin surface-related
yellow rim surrounding the complex-zoned blue core (a, in immersion
liquid). A fter the treatment the sample was cut in half (b, in immersion;
¢, in air) and a five-point profile was analyzed across the cut surface
using LA-ICP-MS. Two points on both rims are very close to the
yellow zone (rim) while three points in the middle are definitely in the
blue core. (Photo by Somboon. GIT)



Table 3.4: Tracc clement content of the Be-trcated blue-green sapphire (BG 1)
analyzed across the cut surface showing rather high Fe contents,
obtained by LA-ICP-MS.

Rim1_Mid-Point1 Core Mid-Point2 Rim2
Cations (ppm by weight)
Beg 5.50 0.77 <0.55 0.66 11.75
Na23 <4 .86 <13.20 <18.07 <20.98 3178
Mg24 5.23 4.93 3.98 2.28 7.08
Al27 52925050 529250.50 529250.50 529250.50 529250.50
Ti47 48.35 2517 25.85 33.72 131.51
V51 14.14 14.87 10.49 11.00 15.02
Cr53 <1.08 <3.06 <413 <4.83 477
Mn55 0.44 <062 <0.85 <1.00 1.02
Fe57 7907.39 0578.26 664471  6963.39  8971.28
Ga71 212.79 26998 179.11 17718 212.48
Total % 53,75 53.92 5361 53.65 53.86
Cations ( Atom Mole ppm)
Beg 12.35 1.73 0.00 1.48 26.36
Na23 0.00 0.00 0.00 0.00 27.95
[Mg24 4.36 4.10 3.32 1.90 5.89
Al27 397029.72 39643351 39751855 397400.65 396568.99
Ti47 2043 10.62 10.94 14.26 55.50
V51 5.62 5.90 417 4.37 5.96
ICr53 0.00 0.00 0.00 0.00 0.00
MnS§S 0.16 0.00 0.00 0.00 0.38
Fe57 2865.59 346589 241097  2525.85  3247.36
Galt 61.77 78.26 52.06 51.48 61.61
Total (Atom Male%) 40.00 40.00 40.00 40.00 40.00
gTi 16.07 6.52  -1.62 -12.36 49.61
Be-Ti -8.08 -8.89 -10.94 -12.78 -29.15
(Be+Mg)-Ti -3.72 -4.79 -7.62 -10.88 -23.26
(Be+Mg) % 0.58 0.17 0.14 0.13 0.97]
Ti % 0.70 0.30 0.45 0.56 1.66
Fe% 98.72 99.53 99.41 99.31 97.37

< =below the detection limit of which the 0.00 value 1s used for calculation of atom mole ppm
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Figure 3.8: Plots of the trace element content variation across the cut surface of
the Be-treated blue-green sapphire (BG1). The Be contents are
obviously high at the rims and decrease toward the core.

The analyses show Ti >(Be+Mg) in all the analyzed points which are
still within the blue area.
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This Side

Figure 3.9: (a) The rectanguiar block of the Be-treated natural blue-green sapphire (BG1)
in immersion liquid. (b) The photo of the right face of (a), which are definitely in
the yellow rim, showing seven analyzed points. (Photo by Somboon, GIT)
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fable 3.5: Trace element content of the Be-treated blue-green sapphire (BG1) analyzed on
the outer surface showing rather high contents of Be and Fe, obtained by

LA-ICP-MS.
BG1 BG2 BG3 BG4 BGb BG6 BG7
Cations (ppm by weight)

Beg 36.63 18.77 18.60 8.28 2.80 11.34 20.68
Na23 <18.7 <42.08 <41.64 <15,93 <3.85 <4.02 5.85
Mg24 1.83 3.12 3.27 2.57 1.84 1.87 6.40
Al27 §29250.50 529250.50 529250.50 529250.50 526250.50 529250.50 529250.50
Ti47 22.77 53.33 58.61 21.82 25.53 26.80 84.51
V51 12.94 12.31 14.04 12.88 10.65 10.74 13.73
Cra3 <5.96 <13.21 <12.95 <6.22 <4,78 <498 <4.75
Mn55 <1.29 6.36 <2.91 <1.14 <1.23 <1.29 <1.14
Fe5? 8637.73 814460 8566.50 B8999.09 704746 7033.16 8884.90
Ga7t 250.66 215.87 229.86 259.11 193.92 191.08 224.38
Tatal % 53.82 53.78 53.82 53.88 53.65 53,85 53.85

Cations ( Atom Mole ppm)
Bad 82.20 42.14 41.74 20.84 22.03 25.48 46.40
Na23 0.00 0.00 0.00 0.00 0.00 0.00 5.23
ng24 1.61 2.80 272 2.14 1.53 1.64 532
A127 396701.07 396912.18 396756.08 386629.63 39734906 387350.92 396620.34
Ti47 9.61 22.53 24.75 9.21 10.80 11.33 35.67
V31 5.14 4.89 5.57 511 423 427 5.45
1Y) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnSS 0.00 2.34 0.00 0.00 0.00 0.00 C.00
FeS7 3127.67 295068 310245 3257.93 2556.01 2550.83 3216.51
71 72.71 62.65 66.68 75.14 56.34 55.51 65.07
otal (Atom Mole%) 40.00 40.00 40.00 40.00 40.00 40.00 40.00
Mg-Ti -8.01 -19.93 -22.02 -7.07 -8.26 -9.69 30.36
Ti 72.68 19.61 16.99 11.63 11.23 14.16 10.72
BetMg)-Ti 74.19 22.21 19.72 13.77 12.76 16.80 16.06
(BetMg) % 2.60 1.48 140  0.70 0.91 1.06 1.67
% 0.30 0.76 0.78 0.28 0.42 0.44 1.08
Fe% 97.10 97.77 97.82 99.02 98.67 98.61 97.36

< = below the detection limit of which the 0.00 valuc is used for calculation of atom mole ppm
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Figure 3.10: Plots of the trace element contents analyzed on the outer surface of the
Be-treated bluc-green sapphire (BG1). The analyses show obviously high
Be contents and Ti > Mg in contrast to (Be+Mg) > Ti at all the analyzed points
which are dcfinitely in the yellow rim.



Figure 3.71:

A natural blue sapphire was cut in half: the left half was beat-treated

with ground chrysoberyl in a crucible while the right half was heated in
another crucibles without chrysoberyl. The heating condition for both
crucibles was 1,750°C for 30 hours in air. After heat treatment the left half
shows obviously surface-related yellow rim whereas the right half is blue
throughout the stone. (Photo by Hager)
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1850°C in an oxidizing atmosphere
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Figure 3.12: Approximate compositions of the stones plotted mn the
(oxidizing atmosphere) triangular diagram mode!
proposed by Héger (1996).
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Figure 3.13: Approximate compositions of the stones plotted in
the (reducing atmosphere) triangular diagram model

proposed by (Hager, 1996).
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Chapter 4
“Classical’ versus ‘Beryllium, Heat-Treated Ruby and Pink

Sapphires

Introduction

Inthe previous chapters we have presented the system dorninated by Be+Mg+Fe+Ti.
ln this chapter we will study the system dominated by Be+Mg+Fe+Ti+Cr. An

addition of Cr into the system creates pink or red hue to a stone. As a result the stonc
can be pink or red, pink-orange, orange, violet or purple depending upon trace elemeat
interaction and atmospheric condition at high temperature. In order to give a better
understanding of trace element interaction and the cause of colour, additional LA-ICP-
MS analyses were carried out on non-Be-treated and Be-treated natural and synthetic

ruby and pink sapphires from various sources.

Samples and Method

In the first group of samples, a series (11 faceted stones) of pink Madagascan

sapphires was experimentally heat-treated with Be by a Thai heater to preliminarily
verfy the technique and understand the coloration. The samples were photographed
and analyzed for trace clement contents by EDXRF and UV-Vis spectra were recorded

both before and after the beating experiment.

In the second group of samples, seven pink and orange sapphires and rubies (mostly
from Madagascar and some from Tanzania) that have not been heat-treated with Be
were analyzed by LA-ICP-MS. The purpose s to find out the background trace

element contents of natural corundum,

The third group of samples are patural rubics and sapphire having Ti > Mg contents.

These samples are three Mong Hsu (Myanmar), five Victnamese, one Adila
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(Madagascar) rubies and one rough violet Ilakaka (Madagascar) sapphire. Mong Hsu
ind Vietnamese rubies of metamorphic origin were reportedly treated unsuccessfully
by the Be-heating technique (Figure 4.8). The reason for such observation is still
wknown and has been speculated to be due their intrinsic chemical elements.

However no chemical data on those samples has yet to verify such speculation. In
order to understand such observation, nine rubies from Mong Hsu (3), Vietnamese (5)
and Adifa (1) were heat-treated with Be by a Thai beater under unknown cooditton.
After the treatment some selected stones were cut in half, lightly polished,
photographed and performed a profile analysis across the cut surface using LA-ICP-
MS. For the violet Ilakaka sapphire, the sample was cut into three pieces by which one
piece was kept as the reference. The other two pieces were heat-treated by Dr, T.
Higer. One of the two pieces was heat-treated with ground chrysoberyl in a crucible
while the other picce was heat-treated in another crucible without chrysoberyl. The
heating conditions for both crucibles were at 1,750°C for 30 hours in air, After heat
freatroent, the samples were photographed, lightly polished and performed a profile

analysis using LA-ICP-MS.

The fourth group of samples were natural ruby and pink sapphires baving Ti ~ or

<Mp. These samples are two Songea (Tanzania) sapphire (one is faceted and the other
is fough stone) and four Ilakaka pink sapphires (one is faceted and the other threc are
rough stones). The faceted samples were Be-treated stones obtained from Thai heater
ortreder. The samples were cut in half, lightly polished, photographed and analyzed

for trace element contents across the cut surface using LA-ICP-MS. The rough

sanoples were cut iato three pieces (or two pieces) of which two pieces were heat-
freated by Dr. T. Hager under the same procedure and condition as the violet sapphire.
The samples were then photographed, lightly polished and performed a profile analysis

using LA-ICP-MS.
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The fifth group of samples are two synthetic rubies heat-treated with Be. The first
sample was Be-treated by a Thai heater. The sample was cut ia half, lightly polished,
photographed and analyzed for trace element contents across the cut surface using LA-
ICP-MS. The second sample was cut into two pieces and heat-treated by Dr. T. Béger

under the same procedure and condition as the violet sapphire.

First group of samples: Before and After Be-heating experiment

After the Be-treatment the eleven pink Madagascan sapphires tumed orangey pink and
trange (Figure 4.1). Immersion of the stones in methylene iodide solution reveals
srface-related colour zone (Figure 4.2). The residual spectrum obtained by the
subtraction of a pale pink sapphire before treatment from that of the pink-orange
sapphire after Be-treatment (Figure 4.3) show an increase toward the UV region and a
should centred at around 460 nm. This spectral pattern is similar to that found in Sri
Laokan yellow sapphire coloured by defect centres (see Figure 1.7). This experiment
has proved that an orange sapphire is formed by addition of yellow hue to a pink stone

tad the yellow coloration is likely related to defect centres.

Second group of samples: Non-Be-treated pink and orange sapphires
Trace element contents of seven pink and orange sapphires (mostly from Madagascar
and some from Tanzania) that have not been heat-treated with Be are shown in Tables
41and 4.2, Figurcs 4.4 to 4.7 (seec also Tables 4.7,4.9,4.11,4.12, 4.13, Figures 4.20,
421,424,4.25,4.28 429,430,431, 432 and 4.33). It was found that Be has not
been detected in those stones. We found that sight excess of Mg over Ti contents
(below about 30 atom mole ppm) is not cnough 1o create orange coloration in

‘classical’ beat-treatment (Figures 4.4, 4.5, 4.20,4.21, 4.24, 4.25, 4.28, 4.29, 4.30,

431,432 and 4.33). The excess of Mg over Ti contents has to be more than
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wproximatclv 30 atom mole ppm before orange coloration can be developed in a stone

mderwent normal heat treatment (Figures 4.6 and 4.7).

Third group of samples: Be-treated rubies and sapphire with Ti>Mg

Benfllium-Treated Mong Hsu (Myanmar) and Vietnamese ruby rubies
4 ) 3

After the Be-trcatment three Mong Hsu rubies and five Vietnamese rubies grossly
raaio red, purplish red or pink ( Figures 4.9 and 4.10, as compared with strong
orange of the Songea samples under the same run Figure 4.11). Close examination of
the stones vader immersion liquid reveals very thin sometime patchy surface-related
vellow or orange rims (Figures 4.12, 4.13 and 4.14). Close space analyses started from
the very rim of one side of the cut surface to the other side (Figures 4.15, 4.16 and

417, Tables 4.3, 4.4 and 4.5) reveal extremely high content of Be and Fe at the very
rims of the samples in which (Be+Mg) >> Ti and correspond fairly well with very thio
yelow or orange cim. The analyzed points within the stone except those closer to the
fims show relatively high content of Ti and Cr , and moderate to strong excess of Ti
over Mg content (Ti > Mg), but rather low concentration of Fe. Minor amount of Be
was found to diffuse into the stones from an external source at very shallow depth.

Majority of the analyzed points within the stones still have Ti > (Bet+Mg).

lnthese high Ti-containing Mong Hsu and Vietnamese stones in which Ti > (Mg+Be),
most of the intrinsic Mg and the diffused Be might have been tied up with the

formation of colourless MgTiO, and BeTiO, clusters. As a result there is no excess Be
and/or Mg to stabilize the yellow or orange colour centers or trapped hole centers (see

o Kvapil er al., 1972, 1973; Andreev et al., 1976, Wang et al., 1983; Hager, 1992,

1993, 1996 and 2001; Emmett and Douthit, 1993; Emmett ef al., 2003; Pisutha-Arnond
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dal, 2002 and 2004; Schmetzer and Schwarz, 2004). Hence no substantial yellow
bue was added 1o these red or pink stones that could tum them orange. More heating
time aod/or bigher teruperature are required to increase the Be diffusion into the stones
inorder to achicve a desired colour. It might therefore not be economically feasible to

treat this type of stone by the Be-heating technique.

ABerpllium-Treated Adila Ruby

After the Be-treatment the Adila ruby shows obviously a surface-related yellow or
orange rim and a blue core or zone under immersion liquid (Figure 4.18). The blue
20pe onginates from blue halo causing by internal diffusion of Tt from Ti-bearing
welusions. A five point profile analysis across the cut surface shows three middle
points located within the blue zone and other two points at the orange rim (Figure

4.18). The analyses show Ti > or ~Mg contents in all points analyzed (Table 4.6,
Figure 4.19). Two points on the rims (Figure 4.19) show excess of Be+Mg over Ti
tontents which correspond quite well with the orange rim. Three points in the middle
show the excess of Ti over Be+Mg contents which correspond well with the blue zone
(Pigure 4.19). This data’strongly suggest that an orange hue cap only be formed where
BetMg > Ti occurs in the lattice. With the “classical” heat treatment, it was not

possible to turn such the stone orange. With the diffusion of Be into the lattice it is

now posstble to change the balance of the Ti/(Be+Mg) ratios.
A ‘Classical’ and Be-Treated violet Ilakaka sapphire

After the treatment, the samples still remain violet and no significant colour change
under both ‘classical’ and Be heat-treatments (Figure 4.20). A profile analysis on the
‘classically’ heat-treatcd piece shows no detectable Be and excess of Ti over Mg
contents 1o atl the analyzed points (Table 4.7, Figure 4.21). However in the Be-trcated

piece small amount of Be was found to diffuse into the corundum lattice. Nonetheless,
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Ti contents are still in excess or slightly less than Be+Mg contents in all the analyzed
points (Table 4.7, Figure 4.21). This could explain why this sample still remains violet

under both ‘classical’ and Be-treatroents.

The Fourth group of samples: Be-treated rubies and pink Sapphires with

Ti~or <Mg
‘Classical’ and Be-Treated Songea sapphires

The Songea sapphires are obviously orange after the Be-treatment (Figures 4.22 and
424) but are brownish red after the ‘classical’ heat-treatment (Figure 4.24). [n the
‘classically” heat-treated piece, the analyses show no detectable Be and equal
moportion of Ti and Mg in all the analyzed points (Figure 4.25, Table 4.9). This data
hence explains why orange coloration can not be formed in this ‘classically” heat-
meated sample. In the Be-treated samples the analyses shows approximately 1:1 of
Mg:Ti ratios or slightly excess of Mg over Ti contents (Figures 4.23 and 4.25, Tables
488nd 4.9). Furthermore significant amount of Be was found to diffuse ioto the
torundurn lattice, especially near the rim of the stones, by which Be+Mg always
exceed Ti in al) the analyzed points (Figures 4.20 and 4.21). This data therefore can

explaip why orange coloration can easily be developed in these Be-treated samples.

Hlassical’ and Be-Treated pink llakaka (Madagascar) sapphires

Stmilarly the Ilakaka sapphires are obviously orange after the Be treatment but arc

purer pink (trom originally violetish pink) after the ‘classical’ beat-treatment (Figures
426,4.28. 4.30 and 4.32). In the ‘classically’ heat-treated samples, the analyses show
00 detectable Be and slight excess of Mg over Ti contents 1o all the points analyzed
(Figures 4.29, 4.31 and 4.33, Tables 4.11, 4.12 and 4.13). This data suggest that orange

coloration still can not be formed in this ‘classically’ heat-treated sampies if there are
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less than about 30 atom mole ppm of excess Mg over Ti contents in the corundum
littice. In the Be-treated samples the analyses atso show slightly excess of Mg over Ti
tontents and significant amount of Be diffused into the corundum lattice, especially
near rim of the stones, by which Be+Mg always exceed Ti contents in all the analyzed
points (Figures 4.27,4.29,4.31 and 4.33, Tables 4.19, 4.11, 4.12 and 4.13). This data
again can explain why orange coloration can be easily developed in these Be-treated

samples.

The Fifth group of samples: Be-Treated Synthetic Rubies

Berylium-Treated Synthetic Rubies

Asvnthetic ruby (PPSR 1) reportedly heat-treated with Be by a Thai heater appears
orengey red (Fipure 4.34). The five-point profile analyses (Table 4.14) show high Cr
contents while other trace elements are extremely low, in particular Ga, confiroing
thatit is 2 synthctic ruby. The analyses also show Be diffusion into the corundum
laitice from an cxtemal source (Figure 4.35). This synthetic ruby contains negligible
Fecontent and turns orange by the diffusion of Be. This data therefore suggest that
tombination of Cr and Be (without Fe) could also produce orange coloration. Sirmilar
rsult bas also becn found by Peretti et al. (2003). With a “classical” beat-treatment
(without additional of Be) it is likely that this sample is still red as it contains only Cr
without other important trace elements such as Mg, Ti and Fe. This statement can be

clearly contirmed by our own heating experiment on a synthetic ruby (Figure 4.36).



Conclusion

The approximate corapositions of some treated stones can be plotted in the trizogular
disgram model proposed by Hager (1996) as shown in Figure 4.37. The colours of

frose stones fit such the model nicely.
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First group of samples:
before and after
Be-heating experiment
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above, pink) and after Be-treatment under unknown condition by a

Thai heater (helow aransev nink and orange). (Photo bv Somboon. GIT)



87

: (continued)



GITMDP 03 GITMDP 04
GITMDP (19 GITMDP 10

Figure 4.2: Surface related orange zone can be seen when the stones are immersed
in methylene isdide solution. {Photo by Somboon, GET



L

i . .
388
Before Adfter { q

450
/ ® Before

2 ik

L L]

306,00 d00 .00 m..il &a0.00 700,100

;@_;_,ﬂ_ .00

)

GIT MDP 09 (D)

400 00 500,00 800,00 Ten. M

200, 04
=n

Fgare £.3: UV-Vis spectra of a pale pink Madagascan sapphire before treatmen
and the pink-orange sapphire after reamment with Be da). Residual spectrum
after the subtraction of the one before eatment from the other after
Be-treatment (h)



Second group of samples:
non-Be-treated
pink and orange sapphires
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Figure 4.4: An un-treated pink Madagascan sapphire (GITMDP18) was cut in half
and a six-point profile was analyzed across the cut surface using LA-ICP-MS.
(Photo by Lomthong, KU)

\Table 4.1: Trace clerent content of the un-treated pink Madagascan sapphire (GITMDP1
showing negligible Be but high Cr and Fe contents, obtained by LA-ICP-MS,

Rim1 Mid-Pointi Corel Core2z Mid-Point2 Rim2
Cations (ppm by weight)
Be9 <0.24 <0.18 <0.21 <0.18 <0.16 <013
Na23 <11.87 <9.84 <10.34 <9.86 <7.62 <795
Mg24 3569 4213 41.94 47.08 72.32 51.11
AR7 529250.40 529250.40 529250.40 529250.40 52925040 529250.40
Ti47 5207 58.07 56.95 60.66 68.44 67.62
V51 32.09 38.91 36.80 38.77 53.76 4651
Cr53 428.38 50657 53517  516.73 75663 67280
Mn55 <0.58 <0.49 <0.51 <0.50 <0.38 <0.40
Fe57 1504.84  1864.87 194927 206230 300253 241583
Ga71 74.53 107.78 10438 10142 16627 13643
Total % 5315 5319 53.20 53.21 53.34 53.26
Cations ( Atom Mole ppm)
Be9 0.54 0.41 0.47 0.41 0.36 0.29
Na23 10.51 871 9.15 8.72 6.73 7.03
Mg24 29.88 35.26 35.10 39.39 60.44 4274
A27 399153.48 399006.46 398965.59 398927.44 39844588 398720.55
Ti47 212 24.66 2418 2575 29.02 2869
V51 1282 15.54 14.69 15.48 21.44 18.56
Cr53 167.64 188.17  209.33 20210 20557  263.01
Mn55 0.21 0.18 0.19 0.19 0.14 0.15
Fe57 581.05 67018 70985 75094 1091.98  879.21
Ga71 2175 31.44 30.45 29.58 48.44 39.77
[ Total (Atom Mole%) 30.00 20.00 20.00 30.00 20.00 40.00)
h\ig-Ti 7.76 10.60 10.91 13.64 31.42 14.05)
Be-Ti -21.58 2425 -23.71 -25.35 -28.66 -28.40
(Be+Mg)-Ti 8.30 11.01 11.39 14.05 31.78 14.34|
(Be+Ma) % 4.80 .52 462 4.87 514 4.53
Ti % 3.49 3.33 3.14 315 2.46 3.02
Fe% 91.71 91.84 92.24 91.97 92.40 92.46

<=below the detection limit of which the value is used for calculation of atom mole ppm
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Figure 4.5: Plot of trace element content variation across the cut surface of the un-treated
pink Madagascan sapphire (GITMDP 18, Figure 4.4) showing Mg > Ti
(<~ 30 atom mole ppm which is not enough to create orange coloration)
and negligible Be contents in all points analyzed.



Wi

Feure 4.6, A “classically’ heat-treated orange sapphire (KN 1) was cut in half and
a five-point profile was analvzed acress the cut surface using LA-ICP-MS.
(Photo by Lomthong, KLU

Tence element content of the classically ' heat-treated orange sapphire (KN1)
showing negligible Be but high Cr and Fe contents, obtuned by LA-ICP-MS

lae 4. 2x

Rim1_Mid-Pointi Corm MidPoiniz____Rim2
{ppm by weight)

B9 <012 <02 <028 <028 <024
N2 <554 <1074 <1280 ToE2 2354
Mg s632 5835 10154 10173 7563
AT 52925040 52025040 52025040 52625040 52025040
Tt 726 3801 5358 5270 4403
V1 5,36 1540 2685 2650 1751
ol 76343 121242 4812 TET.D
M <050 <062 096 <038
Fa57 SI5772 BAS330 78004 SEM.2
B1B4 12155 10073 7808
5358 53 82 5184 Laa2
058 08l 083 0.54
7 N3} B8 2074
4867  B4A4D B462 B34
197655 58 DI0E03 I0BS4ES 0741869
1608 2280 224 1862
813 1065 1012 .95
9764 47108 3BA04 20689
a1a a0 035 01l
184468 3057 B4 2B.26 85 2149.01
1798 /2 021 2%

W00 40004000 |
5288 G180 §238 W43
4S50 2197 2162 -18.08
31T B2.43 6101 44.08
745 768 FEY P 1
0.80 Ch e 0.76 0.83
9675  96.80 96.34  96.12

Eehelow the detection limit of which the value 5 used for calculabion of atom mole ppm
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Third group of samples:
Be-treated rubies and

sapphire with
Ti >Mg



Mong Hsu (Myanmar) rubies

Before Aftel

Vietnamese Rubies

Before After

Fioure 4.8: Mong Hsu (Myanmar) and Vietnamese rubies of metamorphic origin
reportedly treated unsuccessfully by a Be-heating technique
(Themelis, 2003).
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Blaure 4.9:  Three Mong Hsu rubies still appear red, purplish red or pink after
a Be-treatment by a Thai heater. (Photo by Somboon, GIT)
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Immersion

wre 4.10:  Five Vietnamese rubies still appear red, purplish or bluish red or
pink after the same Be-treatment as in Figure 4.9. (Photo by Somboon,

GIT)
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Immersion

[Fgure 4.11:  Three orange Songea (Tanzania) sapphires were treated trom originaity
brownish red stones under the same Be-heating run as in Figures 4.9 and
4.10. Note the surface-related colour zones are clearly seen in immersion
(Photo by Somboon, GIT)
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Immersion

Figure 4.12: Closc examination of a Be-treated Mong Hsu Ruby (CR0U54) shows
very thin surface-related yellow or orange rim in immersion liquid.

Top photo, before cutting; Bottom photo, after cutting in half. Close-
space points on a traverse were analyzed across the cut surface using
LA-ICP-MS. (Photo by Somboon, GIT)
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[mmersion

Fieure 4.13: Anpother Be-treated Mong Hsu Ruby (CR11Y) shows very thin
surface-related yellow or orange rim in immersion liquid. Top photo

before cutting; Bottom photo, after cutting in half. Close-space points

on a traverse were analyzed across the cut surface using LA-ICP-MS.
(Photo by Somboon, GIT)
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Immersion

{14: A Be-treated Vietnamese Ruby (CRVNO02) shows thin patchy
surface-related yellow or orange rim in immersion liquid. Top photo,
before cutting; Bottom photo, after cutting in half. Close-space
points on a traverse were analyzed across the cut surface using
LA-ICP-MS. (Photo by Somboon, GIT)




Table 4.3: Trace element contents of a Be-treated Mong Hsu ruby (CR0054) showing rather high contents of Cr and

T

but fow Mg, Fe and Be across the profile except at the rims where there are extremely high contents of Be and Fe

suggesting a contamination from chrysoberyl. Results obtained from LA-ICP-MS.

Rimi 52 53 ] 55 56 ] 58 ] 510 51 3F 513 514 £16 16 17 518 519 RimZ
Caticns {ppm by weight}
Bed 132838 17 762 469 5.87 3.18 463 195 163 114 <09 084 <ifs AN @84 AB D075 <77 <08 8956.48
Na23 18120 10188 BBT TR 8185 7RS4 10R48  O7ST {0538 13657 12235 11438 2089 2655  M257 1505 19203 0483 9856 12494
Mo24 10259 2043 2704 3636 3735 M8 247 2072 066 1980 M5 1892 445 2638 043 1091 M2 M8 46 12187
AR7 52925040 529250.40 520250.4C 529250.40 52925040 52025040 529250.40 529250 40 529750 40 529250.40 5207250.40 529750.40 528250 40 529250.40 529250.40 52925040 52025040 529250.40 52925040 529250.40
Tig? 54405 68167 69119 55348 44672 2896 10442 6077 6706 TAT1 16709 37565 76663 129748 128497 104701 139837 170085 151267 94451
V51 10333 11035 14208 15248 16255  147.35 14708 10344 11904 10138 9550 5510 5430 7858  7B00 7015 6978 6962 8844 4585
€153 79792 87405 34186 82680 86224 104843 Ti20¢ 178656 266016 370446 426337 221200 1820.82 210221 201237 183081 7248 175575 165075 1478.02
W35 188 041 <040 <046 <00 <012 <Bi2 <Off 02 <0t <0l 01f <012 <014 <012 <013 <013 <042 <01 757
Fe57 3255 5788 4176 4100 4324 4047 4355 3799 3873 4048 3905 3062 84 4267 4276 4536 /85 4300 4448 {70993
GaT! 6211 6218 60F6 6348 63U 6869 72B0 6188 B3G9 SBSB 5450 4298 4426 5255 5280 %71 5330 5396 4901 10219
Total % 537 542 5311 5300 5310 5509 5305 5304 5323 5354 5340 5321 5321 5350 5329 5324 5327 5330 5327 5407
Calions { Alom Mols ppm})
Beg 7505 15160 1585 1059 136 T4 1046 44D 366 251 218 18 250 246 212 L7 .69 174 205 1920283
NaZ3 15913 9044 7804 6394 7246 6954 9609 8629 9347 12062 10800 10150 10690 (148 9947 (1054 Q00 9261 6798 10SDM
Mg2d Bx  ME 2539 043 M2 033 1883 1731 1885 1845 1891 1415 1208 2038 1682 942 024 029 0B 9680
Al27 396048.01 39901647 30918197 390241.60 399248.69 399300.00 309455.18 30900355 30873552 29831068 39806992 3081195 308797.46 39843136 393480.15 39865320 398527.94 39841914 398546.39 37902537
Ti4? 2863 28945 29364 23547 18981 10055 4426 2581 2846 3082 7079 15844 32537 58017 54485 44421 59310 AR 64156 381.00
V51 4095 4446 4477 6087 6485 5888 5016 4131 47S0 40T 3820 2189 267 MW WM N WK AW UWH 1YW
i3 B3 3183 32040 32355 34534 39870 27885 69004 103083 144663 166388  BES2S  TI1G2 2118 7EE20 TG0 70054 68583 64502 54024
MnS5 0.8¢ 015 004 0.04 006 0.04 0.04 0.04 0.04 0.04 004 004 004 005 004 0.05 0.05 004 0.04 266
Fe57 306 200 1572 1494 1576 1475 1588 1384 1440 1472 498 1405 904 1552 1555 1650 1406 1564 1508 59130
Gari 1943 1844 9773 1853 1842 2006 2106 9806 1866 1706 3589 1253 429t 1531 1538 {653 556 572 1428 2832
Toli{Alom Mole%)  #0.00 4000 4000 4000 4000 4000 4000 2000 4000 4000 4000 4600 4000 4000 4000 4000 4000 4000 000 4040
Mg-Ti 14447 6487  -035 0414 15854 8121 2544 AT 951 437 5388 14529 313.29 L2978 52812 43509 57286 70095 %2.88 28411
Be-Ti M4628  ATH4  2TI79 22458 ATES6 9441 2380 2141 2478 2825 6B60  BTEd  3227R  SATH 54283 44144 G141 G50 63851 1682083
(Be+Mg)-T WIE0 132 26439 18415 14528 408 1438 407 583 1180 5170 44339 34069 52693 51600 43232 STLAT 49921 5197 9R9I8T2
{Be+Mg) % 8546 3621 12T 1408 (781 1811 3215 3542 W11 2946 1835 860 471 Y 349 78 38 BN
Ti% 871 5947 8438 80T TS89 7063 4950 4204 4386 4774 8802 8543 9320 9342 W05 238 M 950 9448 158
Fel 183 431 43 643 830 1026 1776 250 HE 280 18 587 259 263 268 3.48 283 208 222 2.9

<= below the detection limit of which the value is used fur calculation of atom mole ppm

o1
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figure 4.15a: Plots of trace clement content variation across the cut surface of
the Be-treated Mong Hsu ruby (CR0054). The lower diagram is an
enlargement of the upper diagram. Note the extremely high contents
of Be and Fe at the rims.
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fiwure 4.15h: Plots of trace clement content variation across the cut surface of
the Be-treated Mong Hsu ruby (CR0054). The lower diagram is
an enlargement of the upper diagram. The analyses show (Be+Mg) >> Ti
which corresponds fairly well with very thin yellow or orange rims

in contrast to (Be+Mg) < Ti in the red corc arca.



Table 4.4: Trace element contents of a Be-treated Mong Hsu ruby (CR119) showing rather high contents of Cr and Ti
but low Mg, Fe and Be across the profile except at the rims where there are extremely high contents of Be and Fe
suggesting a contamination from chrysoberyl. Results obtained from LA-ICP-MS.

Rim1 §2 s3 s4 S5 S6 §7 ] ) 510 1 512 §13 514 §15  Rim?]
Cattons {ppm by weight)
Bed 7981 35 4655 326 185 109 0.90 <0.58 <0.62 <074 <0.69 <0.68 <076 <0.67 <0.88 <085  6864.75
Na23 <26.45 55.67 8582 79.33 75.07 52.45 90.02 89.37 <2459 7756 12346 10931 12040 11149 {0B.88 99.01
Mg24 167.53 39.22 24.04 19.81 1832 11.28 10.75 13.69 8.70 9.13 13.89 15.12 25.70 26.84 2256 13220
ARY 52025040 52025040 52925040 529250.40 52925040 529250.40 52925040 529250.40 529250.40 529250.40 528250.40 52925040 52925040 529250.40 528250.40 528250.40
Tid7 25423 143.10 86.85 29256 41245 123325 61.31 65.45 6557 69.02 7239 59.87 58024 96973 102832 46512
V51 105.09 18082 18530 231,55 22660 14410 12036 12326 11488 11958  129.70 12158 18648 21087 204,81 159.71
Crs3 200144 115374 81456 999.33 95702 65704 216561 2338.83 212016 215582 226601 198175 249922 258058 2504.19  2468.82
Mn55 2471 041 <008 <0.06 <0.06 <0.07 <007 <0.09 <p.11 <0.09 <0.10 <0.41 <0.11 <011 <011 739
Fe57 1630.71 41.28 19.08 12.93 15.22 16.26 14.77 15.80 21,38 19.51 2519 17.87 17.81 15.60 1317 151775
Ga?l 153.73 10575 10453 107.00 10564 10397 10430  108.86 10485 10722 11530 11245 11423 11514 112.11 15340
Total % 54.16 53.10 53.06 53.10 53.11 53.04 53.18 53.20 5317 53.18 53.20 53.17 5328 5333 53.32 54.11
Cations { Atom Mole ppm)
Bed 17207.01 105.11 7.37 418 246 2m 1.31 1.40 1.67 1.56 153 1.72 1.51 1.98 192 1487928
Na23 22.35 4928 76.01 70.23 6.46 46.47 79.64 79.05 21.76 8861  100.18 96.71 10640 98.21 96.17 84.12
Mg24 133.92 32.84 20.14 1658 16.18 8 45 9.00 11.45 8.12 7.64 1155 12.65 2148 2242 18.85 10625
Al27 38112678 359182.12 39942899 360265.01 399238.12 399538 32 30895300 398878.94 39902333 39896343 308860.43 398983.49 308531.81 39833120 398349.97 38317553
Tid7 103.12 60.79 3692 124.31 175.25 52.41 26.03 27.78 2785 29.31 30.73 4241 24510 41108 43595 18967
V51 40.08 72.27 74.07 92.52 90,53 57.62 4805 49.20 4591 47.74 4858 48.54 74.37 84.06 81.65 6124
Cr53 747 86 45153 31899 39118 37460 25737 84706 91484  B3295 84329 88644 77520 97652 104170 978.01 927 47
Mn55 8.74 0.15 0.03 0.02 0.02 0.03 0.03 0.03 0.04 0.03 0.04 0.04 0.04 0.04 0.04 253
Fe57 567.29 15.04 5.96 47 555 593 538 575 7.79 7.10 9.17 6.44 548 557 479 53083
Garl 42.84 30.87 3053 31.24 30.84 30.37 30.42 31.75 30.59 31.28 3363 32.80 33.28 3353 32.65 4298
Total (Aom Mole) 40.00 40.00 10,00 40.00 3000 40.00 40.00 40.00 30,00 40.00 40,00 0.0 40.00 30.00 30.00 30.00
Mg-Ti 30.80 -21.96 1678 -107.72  -159.07 4295  -17.04 16.33 19.73  -21.67  -18.1B  -29.75 -224.62 -388.67  417.10 8343
Be-Ti 17103.89 4432 2955 12014 17278 5037 2472 -26.39 2617 2175 2920 4069 24459 40941  434.04 1488961
{Be+Mg)-Ti 17237.81 71.18 841 40355  -156.61 4092  -15.73 -14.93 1806  -20.11 4764 2804 22311  .3B6.89 41519 14795.88
{Be*Mig) % 56.28 54.53 3853 13.86 9.35 16.45 24.70 27.71 2155 2017 24.70 22.13 B34 5,63 4.50 8541
Ti% 0.57 28.44 51.72 82.98 87.87 75.08 82.40 59.89 61.30 64.26 57.99 67.09 89,34 93.18 94,48 1.24
Fe% 3.15 7.04 9.75 3.15 2.78 8.49 12.89 12.40 1745 15.58 17.31 10.18 2.35 129 1.04 338

< =below the detection limil of which the value is used for calculation of atom mole ppm

901
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Figure 4.16a: Plots of trace element content variation across the cut surface of
the Be-treated Mong Hsu ruby (CR119). The lower diagram is an

enlargement of the upper diagram. Note the extremely high conteats
of Be and Fe at the rims.
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Figure 4.16b: Plots of trace clement content variation across the cut surface of
the Be-treated Mong Hsu ruby (CR119). The lower diagram is an
enlargement of the upper diagram. The analyses show (Be+Mg) >> Ti
which corresponds fairly well with very thin yellow or orange rims
in contrast to (Be+Mg) < Ti in the red core area.



Table 4.5: Trace element contents of a Be-treated Vietnamese ruby (CRVINO02) showing rather high contents of Cr and Ti
but low Mg, Fe and Be across the profile except at the rims where there are extremely high contents of Be and Fe
suggesting a contamination from chrysoberyl. Results obtained from LA-ICP-MS.

RIm1 82 83 54 86 S6 S7 S8 89 810 S11 S12 Rim2
Cations (ppm by weight}
Beg 13441.18 52.15 84.89 6.83 274 1.87 4.50 <1.08 <1.1 <0.78 1.26 <0.71 6.53
Naz23 77.52 52.67 43.37 75.81 50.27 38.07 102.47 66.21 64.12 105.06 88.15 74.08 52.84
Mg24 31412 3879 38.39 1982 40.02 40.66 40 48 3453 34,82 34.11 28.70 40.70 13.78
Al27 529250.40 52925040 52925040 529250.40 52825040 52925040 52925040 52525040 52925040 529250.40 520250.40 529250.40 529250.40
Ti47 23353 217 .80 24065 331.68 782.36 762.82 696.64 642.74 611.98 426,27 488 09 645,31 2418
V51 18.54 75.02 88 27 81.37 89.44 92.04 87.72 87 .54 91.41 81.90 85.47 93.73 5.36
Cr33 1283.70 217218  2602.05 1477 98 1144.85 1326.00 1453.11 1581.76 1721.91 187625 168420 150290 310.83
MnaS 41.80 4.97 1.95 0.30 <0.12 <0.11 <0, 14 <0.17 <0.13 0.37 <0.15 <013 <0.10
Fe57 2637 53 182.82 231.86 147 .37 150.69 162.18 152 44 141.58 160.51 192.03 146.50 158.92 128.85
Ga71 14283 65.23 75.29 59.98 61.76 62.30 62.42 654.65 65.42 63.53 652.42 65.52 33.78
Total % 54 74 53.21 53.27 53.15 53.16 53.17 53.19 53.19 53.20 53.18 53.18 53.18 52.98
Cations ( Atom Mole ppm}
Bed 2813557 117.63 181.35 15.42 6.18 4,22 10.15 <2.44 <2 48 <1.76 2.84 <1.60 14,77
Na23 63.61 5541 3832 67.09 44.48 33.68 90.64 58.57 58.71 82483 78.86 8553 46,84
Mg24 243.80 3077 30 41 16.42 3349 34.02 33.87 28.89 2813 28.54 24.85 34.05 11.55
Al27 370048.59 398737.35 398479 14 39907814 390027.06 3938971 48 398892 54 358813.19 398864 49 308918.92 398921.79 39892260 39873567
Tid7 81.97 92.43 102.08 14087 332.24 323.90 295.74 272 87 25978 180.97 207 22 273.97 10.29
V51 6.87 29.94 3520 32 50 3572 3675 3502 34,95 36,42 3270 3412 37.42 214
Cr53 465.73 B49.17  1016.56 57827 447 88 518 68 568 28 618.63 673.36 85559 658.71 587.80 121.82
Mn35 14.35 1.84 072 011 <0.05 <0.04 <0.05 <0.06 (.05 0.14 <0.08 <0.05 <0 04
Fe57 890.87 66.46 84.33 53868 54 88 58.06 55.50 51.55 58.44 69,92 53.34 57.87 47 .01
Ga71 38.65 19.02 21.91 17.50 18.02 18.17 18.21 18.86 19.08 18.53 18.21 18.11 9. 87
Total (Atom Mole%) 40.00 4000 40.00 40.00 40,00 40,00 40,09 40.00 40.00 40.00 40.00 40,00 40.00
Mg-T} 161.83 -61.66 -71.64 -124.46 -298.756 -289.87 -261.87 -243.98 -230.65 -152.43 -182.37 -239.92 1.27
Be-Ti 28043.60 26.20 89.29 -125.45 -326.06 -319.68 -2B86.59 -270.43 -257.30 ~179.21 -204.38 -272.37 4,48
(Be+Mg)-Ti 2B287.40 56.97 199.71 -109.03 -292.56 -286.86 -261.72 -241.64 -228.17 -160.67 -179.63 -238.31 16.03
{Bet+Mg) % 96.66 48.29 54.33 14.08 9.30 9.08 11.14 8.81 8.04 10.78 9.61 9.70 31.47
Ti % 0.31 30.08 26.00 8§2.22 77.84 76.90 74.82 76.70 74.26 684.36 71.88 74.66 12.30
Fe% 3.03 21,63 20.66 23,71 12.86 14.02 14.04 14.49 16,70 24.87 18.61 16,75 68,22

< = below the detection limil of which the value is used for calculation of atom mole ppm
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Uigure 4.17a: Plots of trace element content variation across the cut surface of
the Be-treated Vietnamese ruby (CRV N02). The lower diagram is an
enlargement of the upper diagram. Note the extremely high contents
of Be and Fe at the rim.
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Wigure 4.17b: Plots of trace element content variation across the cut surface of
the Be-treated Vietnamese ruby (CR0054). The lower diagram is an
enlargement of the upper diagram. The analyses show (Be+Mg) >> Ti
which corresponds fairly well with very thin yellow or orange rims
in contrast to (Be+Mg) < Ti in the red core area.
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figure 4.18: An Andila ruby (AR02) reportedly heat-treated with Be. Top, before
;utting in immersion liquid showing obviously a surface related yellow or
yrange rim and a blue core; Bottom, a half-cut piece showing a five-point
wcross the cut surface using LA-ICP-MS. Three points in the middle are
vithin the blue zone while the other two points are at the yellow or orange
iro. The blue zone is caused by internal diffusion of Ti-bearing inclusions.

Photo by Somboon, GIT and Lomthong, KU)
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Table 4.6: Trace element content of a Be-treated Andila ruby (AR02)
showing rather high contents of Cr and Fe_ obtained by LA-ICP-MS.

Rim1 Mid-Point1 Core Mid-Point2 Rim2

Cations (ppm by weight)

Be9 25.11 <0.73 <0.68 <0.84 8.25
Na23 56.50 68.59 25.40 <26.32 7.95
Mg24 80.64 88.80 151.96 101.14 64.49
Al27 529250.40 529250.40 529250.40 529250.40 529250.40
Ti47 155.98 199.53 342.25 282.97 124.00
V51 74.03 69.20 82.21 76.78 65.04
Cr53 2157.38 229594  3443.06 1891.24 1860.46
Mn55 0.64 <1.19 <1.21 <1.28 <0.28
Fe57 4473.79 3558.40 4219.37 3663.90 3223.15
Ga71 85.38 76.57 84.95 72.85 75.53

Total % 53.64 53.56 53.76 53.55 53.47
Cations { Atom Mole ppm)

Be9 56.42 <1.64 <1.53 <1.89 18.57
Na23 49.77 60.46 22.35 <23.21 7.01
Mg24 67.19 74.04 126.46 84.35 53.82
Al27 397243.84 397543.14 396779.91 397612.65 397923.60
Tid7 65.94 84.42 144 .52 119.74 52.51
V51 29.43 27.53 32.64 30.55 25.90
Cr53 840.22 89486  1339.38 776.24 725.82
IMn85 0.24 <0.44 <0.45 <0.48 <0.10
Fe57 1622.15 1291.21 1528.11 1329.72 1170.68
Ga71 24.80 22.26 2465 21.18 241.98
Total (Atom Mole%) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 1.24 -10.38 -18.06 -35.40 1.31
Be-Ti -9.52 -82.78 -143.00 -117.85 -33.94
(Be+Mg)-Ti 57.67 -8.73 -16.53 -33.51 19.88
(Be+Mg) % 6.82 5.21 741 562 5.59
Ti % 3.64 5.82 8.03 7.80 4.05
Fe% 89.54 88.97 84.87 86.59 90.36

<=below the detection limit of which the value is used for calculation of atora mole ppm
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Plot of trace element content variation across the cut surface of

the Be-treated Andila Ruby (ARO02, Figure 4.15) showing Ti > or ~Mg
contents in all points analyzed. The Bc conteats are obviously high at
the orange rims and arc negligible in the blue zone. Two points at both
rims show Be+Mg > Ti whereas three points in the blue zone show

Ti > Be+Mg
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\figure 4.20: A rough Ilakaka violet sapphire (THMPS04) was cut into three pieces.
One piece was kept as the reference (a, violet) while the second piece was
heat-treated with ground chrysoberyl in a crucible (b, darker violet) and
picce was heat-treated in another crucible without chrysoberyl (c, still violet).
The heating condition for both crucibles was 1750°C for 30 hours in air.
After the treatment the sample b and ¢ were lightly polished and five-points
on a traverse were analyzed on the polished surface of each piece using
LA-ICP-MS. (Photo by Somboon, GIT)

T2 £7: Trace element contents of the rough Takaka violet sappbire (THMPS04)
obtained by LA-ICP-MS. CH’s are points analyzed on the ‘classically’
heat-treated piece and BeH’s are those on the Be-treated piece.

CH1 CH2 CH3 CH4 CH5 BeH2 BeH3 BeH4 BeHS
s (ppm by weight)

<1.55 <229 <1.97 <1.24 <1.44 21,40 18.83 1.93 40.31

173.27 135.52 180.69 113.17 132.78 123.23 89.91 110.70 101.01

50.45 39.98 4392 54.93 55.49 56.66 5329 67.10 72.01

520250.40 529250.40 529250.40 529250.40 529250.40] 529250.40 529825040 529250.40 529250.40

14587 12117 103.02 179.40 195.89 212.19 186.05 307.59 29851

55.18 53.10 56.57 58.34 55.82 5425 61.10 63.38 62.10

619.63 514.90 554.29 643.96 629.64 568.56 625.45 615.46 493.23

<0.13 <0.25 <0.27 0.22 0.25 <0.17 <0.14 <0.15 <0.16

121347 1133.70 1253.00 1378.31 1322.62 1215.63 1354.69 1342.50 1345.67
132.80 136.19 142.59 147.88 140.77 130.62 153.50 144.05 144.39
olal % 53.16 53.14 53.16 53.18 53.18 53.16 53.18 53.19 53.18

Cations { Atom Mole ppm)

0.00 0.00 0.00 0.00 0.00 0.00 42.49 4.36 90.95|

153.30 119.94 159.87 100.12 117.47 109.03 79.54 97.92 89.34

42.22 33.47 36.76 45.96 46.43 47.42 4459 56.14 60.25|

38899758 389119.68 39902223 398957.04 398961.56| 399028.48 398947.28 398914.15 398883.07

61.86 5147 43.75 76.17 83.17 20.11 78.99 130.59 126.72

22.03 21.21 22.59 23.69 22.29 21.66 24.39 25.30 24,79

242.39 201.48 216.84 251.88 246.28 222.43 244.64 240.71 192.8¢

0.00 0.00 0.00 0.08 0.09 0.00 0.00 0.00 0.00

441.93 413.01 456.36 501.92 481.64 442.75 493.30 488.82 489 .94

e 38.68 39.74 41.60 43.14 41.06 38.11 44.78 42.02 4211
|Tatal (Atom Mole%) 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00
g -19.64 ~18.00 £.99 -30.21 -36.74 42.69 -34.40 -74.44 -66.48
£1.86 $1.47 4375 -76.17 -83.17 -90.11 -36.50 126.28 =35.77

-19.64 -18.00 -£.99 -30.24 -36.74 -42.69 8.09 -70.09 24 .48

773 6.72 6.85 7.37 7.60 8.17 1321 8.90 19.69

11.33 10.34 815 1221 13.61 15.53 11.98 19.21 16.50

80.94 82.94 85.00 80.43 78.80 76.30 74.81 71.90 83.81

<=below the detection limit of which 0.00 value 1s used for calculation of atom mole ppm
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Plot of trace element content variation across lightly polished surfaces of

the rough llakaka violet sapphire (THMPSO04, Figure 4.20). The analyses on the
‘classically’ heat-treated piece (¢) show no detectable Be and Ti > Mg in all
points analyzed . The analyses oo the Be-treated piece (b) show a diffusion

of Be into the corundum lattice but Ti contents are still in excess or slightly

less than Be+Mg in all points analyzed.



Fourth group of samples:
Be-treated rubies and pink
sapphires with
Ti ~or <Mg



Figure 4.22:  An orange Songea sapphire (SGDHO09) reportedly underwent
a Be-treatment was cut in half and a five-point profile was analyzed
across the cut surface using LA-ICP-MS. (Pboto by Lomthong, KU)

Table 4.8: Trace element content of the orange Songea sapphire (SGDHOY)
showing high Cr and Fe contents, obtained by LA-ICP-MS.

Rim1 Mid-Point1 Core Mid-Point2 Rim2
[Cations (ppm by weight)
Be9 17.83 <0.22 <0.22 <0.23 12.89
Na23 <10.54 <11.51 <12.32 <10.39 <9.04
Mg24 39.23 44 57 33.52 37.36 41.31
Al27 528250.31 529250.31 529250.31 529250.31 529250.31
Ti47 66.51 64.09 53.24 60.48 65.44
V51 20.22 19.19 19.53 20.03 19.27
Cr53 425.09 424 .96 393.95 404.49 412.94
Mn55 <0.51 <0.55 <0.59 <0.50 <0.43
Fe57 2204 .61 2218.11 2283.63 2234.70 2356.86
Ga71 76.34 77.72 74.42 75.66 85.88
Total % 53.21 53.21 53.21 53.21 53.23
Cations ( Atom Mole ppm)
Bed 40.23 <0.49 <0.49 <0.52 29.08
Na23 <9.32 <10.18 <10.89 <9.18 <7.99
Mg24 32.82 37.29 28.05 31.26 34,56
Al27 398889.94 398920.42 398822.64 398931.18 398848.19
Tid7 28,23 27.21 22.60 2568 27.78
V51 8.07 7.66 7.80 8.00 7.69
Cr53 166.24 166.21 154.08 168.20 161.48
IMn55 <0.18 <0.20 <0.22 <0.18 <0.16
Fe57 802.68 807.66 831.52 813.72 858.02
Ga71 22.27 2267 21.71 22.07 25.05
Total (Atom Mole%) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 4.59 10.08 5.44 5.58 6.78|
Be-Ti 12.00 -26.71 -22.11 -25.16 1.30
(Be+Mg)-Ti 44.82 10.58 5.94 6.10 35.86
[(Be+Mg) % 8.08 4.33 3.23 3.65 6.70]
Ti % 3.12 3.12 2.56 2.95 2.93
{Fe% 88.80 92.55 94.21 93.40 90.37

<=below the detection limit of which the value s used tor calculation ot atom moie ppra
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Fioure 4.23:

Plot of trace element content variation across the cut surface of
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the Be-treated orange Songea sapphire (SGDHO09, Figure 4.22) showing

slight Mg > Ti contents in all analyzed points. The Be contents are
obviously high at the rims and are negligible in the core. The Be+Mg

contents therefore exceed Ti contents especially at the rims.



flere 4.24: A rough Songea sapphire (THSRO1) was cut into two pieces, one
piece was heat-treated with ground chrysoberyl in a crucible (a, orange)
while the other piece was heat-treated in another crucible without chrysoberyl
(b, brownish red). The heating condition for both crucibles was 1750°C
for 30 hours in air. A fter the treatment both samples were lightly
polished and five-points on a traverse were analyzed on the polished
surface of cach piece using LA-ICP-MS. (Photo by Somboon, GIT)
Wible4.9:  Trace element contents of the rough Songea sapphire (THSRO1)
obtained by LA-ICP-MS. CH's are points analyzed on the ‘classically’
heat-treated piece (b) and BeH'’s are those on the Be-treated piece (a).
{f CH1 CH2 CH3 CH4 CHS, BeH1 BeH2 BeH3 BeH4 BeH& BeHl6
o1 (ppm by weight)
<1.39 <1.53 <128 <1.29 <128 23.66 10.06 12.75 14.15 11.43 16.47
60.64 49.76 <38.49 56.86 47 56 <3525 <65.38 <4895 <54.65 <48.11 44,72
24.04 22.56 26.08 2227 2538 17.85 17.44 25.32 19.40 21.70 27.84
529250.40 520250.40 529250.4C 529250.40 529250.40|529250.40 529250.40 529250.40 529250.40 529250.40 528250.40
45.41 58.23 56.24 4355 48.14 40.72 40.76 46.52 41.88 39.89 51.70
49.31 53.27 51.16 44.73 44.80 32.93 34.14 32.24 32.03 29.50 2
1422.22 167288 1370.92 807.68 834.04f 227290 1268.17 790.96 821.56 126597 2106.82
<0.14 <0.15 <0.16 <0.16 <0.13 <0.15 028 <0.20 <0.22 <0.19 <0.08
6557.04 7255.88 7040.93 6586.28 6751.93] 741992 739225 690166 676232 6873.54 672975
48.05 54.75 53.51 49.61 43.22 54.29 51.85 47.55 46.93 46.14 56.84
5375 5384 5378 __ 5360 5371 5391 5381 _ 5371 5370 __ 5375 5383
%  Atom Mole ppm)
0.00 0.00 0.00 0.00 0.00 53.04 22.58 28.64 31.79 25.66 36.95
53.37 43.76 0.00 50,08 41.88 0.00 0.00 0.00 0.00 0.00 38.33
20.01 18.77 21.72 18.55 21.14 14.54 14.51 21.08 16.16 18.07 2316
396944.69 396598.74 396834.98 39717854 397112.45|396318.86 396746.72 397094.53 307136.83 39693134 39659454
19.18 2458 23.75 18.41 20.35 1718 17.21 19.66 17.70 16.85 21.82
19.59 21.14 20.32 17.78 17.80 13.06 13.55 12.81 12.73 1.72 12,39
553.48 650.51 533.38 31451 324.72 883.15 493.29 307.94 319.88 492.66 819.18
0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00
237572 262663  2550.34 2387.72 2447.37| 268412 2676.99 250153 2451.28  2480.31 2436.15
13.95 15.88 15.53 14.41 14.28 15.73 15.04 13.81 13.63 13.39 16.48
{Alom Mole %) 40.00 40.00 40.00 40.00 40.00 40,00 40.00 40.00 40.00 40.00 40.00
(R S5.81 -2.04 0.14 0.79 -2.34 -2.70 1.43 -1.55 1.21 1.4
-19.18 -24.68 -6 -18.41 -20.35 35.87 537 8.98 14.08 8.81 1513
0.83 -5.81 -2.04 0.14 0.79] 50.70 19.88 30.07 3024 26.88 38.29
0.683 0.70 0.84 0.77 0.85 245 1.36 1.93 1.90 1.7 2.39
0.79 0.92 0.92 0.76 0.82 0.62 0.63 0.76 0.70 0.6 0.87
98.38 $8.38 98.26 98.48 §8.33 96,93 98.01 97.30 97.33 97.63 96.76

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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FEre 4.25.  Plot of trace element content variation across lightly polished surfaces of
the rough Songea sapphire (THSRO1, Figure 4.24). The analyses on the “classically’
heat-treated piece (b) show no detectable Be and about equal proportion of Ti and Mg
in all points analyzed . The analyses on the Be-treated piece (a) also show Ti ~ Mg
and significant amount of Be diffused into the corundum lattice by which
Be+Mg > Ti in all points analyzed.
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Wire4.26: Ap orangey pink Madagascan sapphire (WSMDIF7) reportedly
underwent a Be-treatment was cut in half and a five-point profile was
analyzed across the cut surface using LA-ICP-MS. (Photo by Lomthong, KU}

Wled10: Trace clement content of the orangey pink Madagascan sapphire
(WSMDIF7) showing high Cr and Fe contents, obtained by LA-ICP-MS.

Rimi1 Mid-Point1 Core Mid-Point2 Rim2
Cations (ppm by weight)
Be9 20.54 8.41 0.90 <0.23 15.60
Na23 <965 <9.10 <10.79 <10.62 <9.76
Mg24 64.50 75.97 75.64 68.66 69.14
Al27 52925031 529250.31 529250.31 529250.31 529250.31
Ti47 97.90 93.72 98.80 95.78 94 B9
V51 35.54 42.71 41.96 38.94 41.41
Cr53 421.29 526.82 540.55 478.91 477.82
Mn55 <0.47 <0.44 <0.53 <0.52 <0.48
Fe57 1549.04  1972.74 211926  1751.86  1962.37
Ga71 83.00 108.23 117.36 102.37 107.12
Total % 5315 5321 53.23 5318 53.20
[Cations ( Atom Mole ppm)
Be9 46.37 18.98 2.03 <0.52 35.20
Na23 <8.54 <8.05 <9.54 <9.39 <8.63
Mg24 53.99 63.56 63.28 57.46 57.85
Al27 30908183 398896.55 398849.14 399020.94 398308.77
Tid7 4158 39.79 41.94 40.67 40.20
V51 14.19 17.05 16.75 15.55 16.53
Cr53 184.84 206.03 211.38 187.35 186.87
[Mns5 <017 <0.16 <0.20 <0.19 <018
Fe57 564.26 718.27 771.53 638.05 714.52
Ga7t 2422 31.57 3423 29.87 31.24
40.00 40.00 40.00 40.00 40.00
12.41 23.77 21.34 16.79 17.65
4.79 -20.81 -39.91 -40.15 5,00
58.78 42.75 23.37 17.31 52.85
14.21 9.82 7.43 7.87 10.98
5.89 4.73 4.77 5.52 4.74
79.90 85.45 87.80 86.61 84.28

Z=below the detection limit of which the value is used for calculation ot atom mole ppm
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Wure 4.27:  Plot of trace element content variation across the cut surface of
the orangey pink Madagascan sapphire (WSMDIF7, Figure 4.26) showing
Be diffusion into the corundum lattice from an external source and slight
excess of Mg over Ti contents in all the analyzed points. The Be+Mg contents
therefore exceed Ti content especially at the rims.



Fure 4.28: A rough llakaka (Madagasca) pink sapphire (THMPSO05) was cut into

three pieces. One picce was kept as the reference (a, violctish pink) while

the second piece was heat-treated with ground chrysoberyl in a crucible

(b, orange) and the third piece was heat-treated in another crucible without

124

chrysoberyl (c, pink). The heating condition for both crucibles was 1750°C
for 30 bours in air. After the treatment the sample b and ¢ were lightly
polished and five-points on a traverse were analyzed on the polished
snrface of each niece using LA-ICP-MS. (Photo by Somboon, GIT)

Tible4.11:  Trace element contents of the rough Ilakaka pink sapphire (1 HMPS05)
obtained by LA-ICP-MS. CH's are points analyzed on the ‘classically’

heat-treated niece and BeH's are those on the Be-treated piece.

CH1 CH2 CH3 CH4 CHB BeH2 BeH2 BeH4 BeH§
{ppm by weight)

<2.00 <1.23 <1.77 <2.18 <1.21 18.36 14.55 11.77 14.50
<5124 <38.62 <50.55 <4929 101.72 93.76 55.64 98.55 97.61
6462 76.25 69.01 81.77 7422 76.19 72.46 76.91 72.80
52025040 529250.40 52925040 529250.40 529250.40| 529250.40 529250.40 52925040  529250.40
115.00 122.08 123.59 130.46 127 .42 123.62 121.80 117.25 119.81
41.79 4480 4184 4418 4198 42.86 41.29 4234 41,62
524.59 554.65 523.98 546.24 521.98 525.01 517.14 518.34 508.49
<0.20 <0.14 <0.19 0.19 0.16 <0.21 <0.21 <0.24 0.39
e 97792  1054.28 942.96 962.99 964.95 938,29 909.13 934,64 949.00
2 91.15 91.37 84.61 86.78 82.67 88.13 83.35 84.83 81.25
| Tolal % 53.11 53.12 53.10 53.11 53.12 53.12 53.41 5311 53.11

{Cations { Atom Mole ppm)
5. 0.00 0.00 0.00 0.00 0.00 41.46 32.86 2658 32.74
a3 0.00 0.00 0.00 0.00 90.04 82.99 49.26 87.23 86.40
1L 54.12 63.85 57.80 £8.48 62.14 63.79 60.67 64.39 60.95
30929193 39923842 39920946 399268.25 399196.83| 399160.08 399230.83 39918690  399183.74
4887 51.87 5252 55.44 5413 52.52 51.75 49.81 50.80
16.70 17.90 16.72 17.65 16.77 17.12 16.50 16.91 16.63
205.36 217.10 20513 213.83 204.29 205.46 202.42 202.86 183.01
0.00 0.00 0.00 0.07 0.06 0.00 0.00 0.00 0.14
356.41 384.19 343.68 350.95 351.60 341.86 331.20 340.55 34578
i 26.61 26.67 24.70 25.33 24.13 25.72 24.33 24.76 23.71
Toi2! (Atom Mole %) 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00
; 6.26 11.98 6.28 13.04 8.01 11.27 8.92 14.68 10.06
48.87 £1.87 52.62 56.44 £4.13 -41.06 -18.89 23.23 -18.16
6.26 11.98 6.28 13.04 8.01 62.73 41.78 4116 42,79
11.78 12.77 12.73 14.42 13.28 21.08 19.63 18.80 19.11
10.64 10.28 11.87 11.87 11.67 10.61 10.86 10.36 10.38
77.68 76.86 76.70 73.91 76.16 68.42 698.61 70.76 70.61

< =below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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Plot of trace element content variation across lightly polished surtaces or

the rough Ilakaka pink sapphire (THMPSOS, Figure 4.28). The analyses on the
‘classically’ heat-treated piece (¢) show no detectable Be and slight Mg > Ti in
all points analyzed. The analyses on the Be-treated piece (b) also show slight
Ti > Mg and significant amount of Be diffused into the corundum lattice by
which Be+Mg >> Ti in all points analyzed.



fioure 4.30: A rough Ilakaka (Madagasca) pink sapphire (THMPS01) was cut into
three pieces. One piece was kept as the reference (a, violetish pink) while
the sccond picce was heat-treated with ground chrysoberyl in a crucible
(b, orange) and the third picce was heat-treated in another crucible without
chrysoberyl (c. pink). The heating condition for both crucibles was 1750°C
for 30 hours in air. After the treatment the sample b and ¢ were lightly
polished and five-points on a traverse were analyzed on the polished
surface of each piece using LA-ICP-MS. (Photo by Somboon, GIT)

Table 4.12:  Trace element contents of the rough Ilakaka pink sapphire (THMPSO01)
obtained by LA-ICP-MS. CH's are points analyzed on the “classically’
heat-treated picce (c) and BeH’s are those on the Be-treated piece (b).

E CH1 CH2 CH3 CH4 CH5 BeH1 BeH2 BeH3 BeH4 BeH§

(ppm by weight)

%) 1589 <141 <150 <084 <102 11,67 8.76 9.66 9.41 13.10

N3 9359 13480 12418 11003 7198 <3564 12811 15125 15976  94.96

Moz 6022 7128 6029 6521 6737 4301 3650 3363 2853 3202

a7 529250,40 529250 40 529250.40 52925040 529250.40| 52925040 529250.40 52925040 52925040 529250.40

T 10283  101.84 9912 10097 10979 6563 56.31 5679 5090  54.90

V1 3245 3801 3562 3455 3473 2376 2325 2438 2451 2447

08 49556 55149 53717 54581  537.02| 30501 33284 40362 39270  409.10

Nos5 <010  <0.15 0.21 012 <010 <013 ©21 <017 <018 <01

Fes7 2850.94 316050 303718 292480 2932.17| 99675 77405 74841 71416  707.40

Gat 10560 11544 12050 11282 11276] 7428 7383 7192 7082 6950

Total % 5330 5334 5333 5331 5331 53.08 5307 5308 5307 53.07

Cations ( Atom Mole ppm)

358 0.00 0.00 0.00 000] 2637 1979 2182 2126 2960

8271 11907 10971 9722 6361 000 11345 13393 14147  84.10

5034 5956 5038 5450 5631 36.03 3065 2817 2390  26.82

30854530 398364.83 39843411 39848172 398510.43| 39939572 399368.84 389330.39 399347.20 399388.00

4362 4318 4203 4282  4656| 2790 2393 2414 2163 2334

1294 1515 1420 1378 1385 9.50 9.29 9.74 9.80 9.78

19364 21533 20984 21324 20082 11943 13032 15802 15375  160.19

0.00 0.00 0.08 0.04 0.00 0.00 0.00 0.00 0.00 0.00

1037.11 114920 110455 106381 106656| 36337 28216 27279 26032  257.88|

30.77 3362 3510 3287 3286 2169 2156 2100 2068 20.30

4l (Alom Mole%) 2000 4000 4000 4000  4000] 4000 _ 4000 4000 4000 __ 40.00
i 6.72  16.38 836 11.68 375 813 6.72 303 2.26 3.49
4003 4318 4203 4282  -4656 -1.53 414 231 0,38 6.26

10,31 16.38 835  11.68 975  34.50 26.51 2585 2352  33.08

475 2.76 7.21 1.69 a82] 1376 1415 1441 1380  16.71

3.84 3.45 3.51 3.69 3.98 6.16 6.7 6.96 6.61 6.91

. 9140 9179 9228 9162 9120  80.10 7914 7863 7958  76.38

<=below the detection limit of which 0,00 value is used for calculation of atom mole ppm
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Plot of trace clement content variation across lightly polished surtaces or

the rough Ilakaka pink sapphire (THMPSO01, Figure 4.30). The analyses

on the “classically’ heat-treated piece (¢) show no detectable Be and slight
Mg > Ti in all points analyzed. The analyses on the Be-treated piece (b) also
show slight Ti > Mg and significant amount of Be diffused into the corundum
lattice by which Be+Mg >> Ti in all points analyzed.
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PYgure«f.S’Z: A tough Tlakaka (Madagasca) pink sapphire (THMPS02) was cut into

| three pieces. One picce was kept as the reference (a, pink) while the second
piece was heat-treated with ground chrysoberyl in a crucible (b, orange)
and the third picce was heat-treated in another crucible without chrysoberyl
(c, pink). The heating condition for both crucibles was 1750°C for 30 hours
the treatment the sample b and ¢ were lightly polished and five-points on
a traverse were analyzed on the polished surface of each piece using
LA-ICP-MS. (Photo by Somboon, GIT)

Table 4.13:  Trace element contents of the rough Ilakaka pink sapphire (THMPS02)
obtained by LA-ICP-MS. CH’s are points analyzed on the “classically’
heat-treated piece (c) and BeH's arc those on the Be-treated picce (b).

3 CH1 CH2 CH3 CH4 CHb BeH1 BeH2 BeH3 BeH4
5 (ppm by weight)

<1.42 <1.56 <1.60 <162 <0.81 14.07 12.35 12.15 10.43

151.45 164.58 138.56 110.05 77.04 73.29 87.25 100.85 9532

32.04 30.01 40.11 4570 51.18 51.36 48.93 4379 29.80

52825040 529250.40 52925040 529250.40 529250.40| 529250 40 529250 40 52925040 52925040

54,12 47.79 53.66 76.68 75.74 78.30 85.01 70.75 52.00

28.56 26.46 26.29 25.07 25.52 2493 25.78 25.09 2571

371.39 364.25 332.84 321.06 338.48 350.39 313147 316.68 336.87

017 <0.18 <0.18 018 012 <0.12 <0.20 <018 <0.18

456.45 436.52 422.53 433.44 458.99 448 .94 44178 406.91 415.75

65.40 62.74 60.98 61.20 59.49 58.74 59.97 57.38 60.81

53.25 53.25 53.25 53.25 53.25 53.25 53.25 53.25 53.25

{ Atom Mole ppm)

0.00 0.00 0.00 0.00 0.00 31.80 2791 27.46 2357

134.15 145.79 122.75 97.49 68.25 64.92 77.29 89.34 84 45

26.85 25.14 33.61 3829 42 89 43.04 41.00 36.69 24.97

39947352 1399478.02 399507.98 399519.82 399529.06| 399498.52 399506.07 399517.20 399533.34

23.01 20.32 22.82 32.60 32.20 33.29 36.14 30.08 2211

11.42 10.58 10.51 10.02 10.20 9.97 10.31 10.03 10.28

145.46 142.66 130.37 125.78 13258 137.24 122.66 124.04 131.96

0.06 0.00 0.08 0.07 0.05 0.00 0.00 0.00 0.00

166.43 169.17 154.08 158.06 167.38 164.07 161.10 148.39 161.62

Al 19.10 18.33 17.81 17.88 17.38 17.16 17.52 16.76 17.71
W0l (Atm Mole%) 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00
3.84 483 10.79 5.69 10.68 9.74 4.88 6.61 2.86

-23.01 -20.32 -22.82 32.60 32.20 -1.48 8.23 -2.62 1.46

3.84 4.83 10.79 6.69 10.68 41.54 32.77 34.07 26.43

12.41 12.29 16.97 16.73 17.69 27.45 25.89 26.44 21,84

10.64 9.93 10.84 14.24 13.28 12.23 13.58 12.40 9.96

76.96 77.78 73.20 §9.03 69.03 60.28 §0.53 81.16 88.21

< =below the detection limit of which 0.00 value is used for caleulation of atom mole ppm
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ﬁze--’il?: Plot of trace element content variation across lightly polished surfaces of
the rough Ilakaka pink sapphire (THMPS02, Figure 4.32). The analyses
on the ‘classically’ heat-treated piece (¢) show no detectable Be and slight
Mg > Ti in all points analyzed. The analyses on the Be-treated piece (b)
also show slight Ti > Mg and significant amount of Be diffused into the
corundum lattice by which Be+Mg >> Ti in all points analyzed.



Fifth group of samples:
Be-treated synthetic Rubies
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| Figure 4.34: A synthetic ruby (PPSR 1) reportedly treated with Be shows orangey
red color. The stone was cut in half and a five-point profile was analyzed
across the cut surface using LA-ICP-MS. (Photo by Lomthong, KU)

I Tuble 4.14:  Trace clement contents of the Be-treated synthetic uby (PPSR ]
showing high content of Cr but low contents of other elements,
obtained by LA-ICP-MS.

~Rim1 Mid-Pointi Core Mid-Point2 RImZ
Cations (ppm by weight)
Bed 548 298 0.18 <0.17 7.08
Naz23 <10.97 <12.30 <10.51 <12.24 <8.81
Mg24 <0.65 <(0.74 <0.83 <Q0.77 1.54
AI27 529250.31 52925031 529250.31 529250.31 529250.31
Ti47 <0 81 <269 <0.84 0.83 437
V51 0.18 <0.12 <0.10 012 0.24
Cr53 2722.37 2685.94 3054.39 2752.87 3241.84
Mn55 <0.55 <0.61 <0.53 <0.60 <0.44
Fe57 <18.50 <21.32 <18.31 <21.40 <16.15
Gar1 0.18 0.13 0.16 0.12 017
Total % 53.20 53.20 53.23 53.20 53.25
Cations ( Atom Mole ppm)
Be9 12.37 6.72 0.41 <0.38 15.97
‘Na23 <9.70 <10.88 <9.29 <10.83 <7.79
Mg24 <Q.54 <0.62 <0.53 <0.64 1.29
Al27 398305.28 398922.06 398788.27 398903.08 398700.07
Ti47 <0.34 <1.14 <0.36 0.35 1.85
V51 0.07 <0.05 <0.04 0.05 0.10
Cra3 1064.70 1050.50 1194.20 1076.62 1267.21
Mn55 <0.20 <0.23 <0.20 <0.22 <0.16
Fe57 <6.74 <7.76 <6.66 <7.79 <5.51
Ga71 0.05 0.04 0.05 0.03 0.05
Total (Atom Male%) ~40.00 40.00 40.00 40.00 40.00
Mg-Ti 0.20 0,52 0.17 0.29 0.67
Be-Ti 12.02 5.58 0.05 0.03 14.11
(Be+Mg)-Ti 12.57 6.20 0.58 0.68 15.40
(Be+Mg) % 84.58 4520 11.73 11.21 70.08
Ti % 1.72 7.03 4.48 3,34 7.53
Fe% 33.70 47.78 83.78 84.95 22.39

ﬁebw the detection limit of which the value is used for calculation of atom nscle ppm
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Pfigure 4.35:  Plot of trace element content variation across the cut surface of

the Be-treated synthetic ruby (PPSR 1), Figure 4.34). The Be contents are

obviously high at the rims and decrease toward the core indicating
Be diffusion into the corundum lattice from an external source.
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Pieire 4.36: A synthetic ruby was cut in half; the left half was heat-treated with
round chrysoberyl in a crucible while the right half was heated in another
rucible without chrysoberyl. The heating condition for both crucibles was
,750°C for 30 hours in air. After the treatment the left half shows surface-

related orange rim while the right half is still red. (Photo by Somboon,GIT)
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1850°C in an oxidizing atmosphere

Be?t +
Synthetic

- ALO.
e,

Fisure 4.37. Approximate compositions of the stones plottea in the trian

diagram model proposed by Hager (1996).
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Chapter 5
Characteristics of llakaka Pink sapphires before and after

Heat-Treatment Experiment

Introduction

Some selected samples of pink, purple and violet sapphires (16 samples) from Ilakaka-
Sakaraha area were used for heat-treatment experiment. These stones represent
sappbires from metamorphic origin. The samples were heated cach time at 5 different
maximur temperatures (800°C, 1000°C, 1200°C, 1400°C and 1600°C) for a period of
one hour soaking time in an oxidizing atmosphere. These beating conditions were
selected because in our carlier heating experiments, we found out that 1000°C for 3
hours soaking time was the heating condition that could cause some change in the
interna} characteristics and color, such as development of tension disc (discoid), slight
alteration of fingerprints and reduction of blue overcast color in pink sapphire. Hence
in order to find out a lowest possible heating effect, 800°C heating condition was also
selected for the minimum temperature used for this study. Previous heating
experiments also revealed that three hours soaking time was sufficient to observe the
difference in color transparency and internal characteristics. So in order to examine a
shortest possible heating time, one hour soaking time was chosen for this study. Io
order to avoid contamination, for example iron stains or secondary silicate minerals
which may have coated the sample surface or stuck within the cracks, the samples
were soaked in hydrofluoric acid (HF) for one day and then washed thoroughly with
water. The samples after cleaning were placed in an alumina crucible for heating in
the determined conditions. The furnace and beating cycle used for heating experiment

are outlined in the following paragraphs.
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Furnace

The furnace used in this experiment was a Lindberg electric furnace Model 59256-E6
(Fieure 5.1). This electric furnace could produce an oxidizing atmosphere at
temperatures uo to 1700°C. The furnace consists of a heating chamber and a coatrol
section. The heating chamber is heated using U-shaped molybdenum disilicides
(MoSi,) elerents suspended from the roof freely along the side walls. The chamber 1s
insulated with a special high temperature refractory fiber broad. 1he sappuires were
put in a small size (4 centimeters in diameter) alumina crucible which was placed in

heating chamber

neating/chamber

crucible

“heating elements

Figure5 .1 Lindberg electric furnace (Model 59256-E6) and accessory.

Heating Cycle

Everv heating process is characterized by successive segments: heat-up, processing
(soaking), and cool-down. The ternperature in an electnc turnace was cootrolled 1o all
segments of the heating process, using the temperature coutroller. The heat-up 1s a
heatine sesment from 75°C (beginning controllable temperature) to the maximum
temperature. The rate of temperature increase was controlled at about 4 C/minute for

all heating conditions.
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The processing or soaking segment means the period which the maximum temperature
is sustained. In each condition, the soaking time was one hour. The cool-down
segment js initiated from the temperature starting to decrease from thbe processing
segment until it eventually reaches a determined temperature, normally at about 600°C
before taking sapphires out the furnace. The cool-down rate depends on the
conductivity of the furnace. In this study, the cool-down rate was sclected at

ISOC/minute.

The effect of heat treatment on the internal characteristics

The result of this study revealed that when the sapphires were heated at 800°C for one
hour, most of the internal teatures were still unchanged. However, a few
characteristics can be observed at this temperawure. When the same sapphires were re-
beated at 1000°C, 1200°C, 1400°C and 1600°C for a period of one hour soaking time,
many internal characteristics were obviously changed. Ihe changes of the internal

characteristics can be described as follows:

1. Zircon inclusions usually occur both as clear individual crystal and crystal
clusters. Some single crystals and crystal clusters show minor tension cracks or
discoids even before heating. After step-heating from 800°C to 1600°C, many zircon
crystals were still unchanged (Figures 5.2 to 5.7). Generally, the single crystal bas a
tendencv to change at higher temperature than those of the zircon clusters. Some
crystals showed slight development of tension cracks after heated at 1000°C. At higher
temoeratures some crystals were altered and became turbid due to thermal
decornposition and the tension cracks were expanded due to the different degree of
thermal expansion of the zircon and the host sapphire (Figures 5.8 to 5.11). Some
crystals became turbid without tension crack when heated at 1600°C (Figures 5.12 to

5.15). Io tbe zircon clusters with minor tension cracks before heating, these tension
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cracks were obviously expanded after heated at higher temperatures. Some crystals in

the cluster were decomposed when re—heated at 1200°C (Figures 5.16 to 5.20).

Rokin and Edwards (2003) reported the mottied (turbid) appearance and darkening of
ziccon inclusion in heat-treated corundum from Chimwadzulu Hill, Malawi. They
believed that such feature was due to melting and interaction of zircon with host
corundum at high temperatures. They have documented that an originally clear zircon
at high temperatures was partially or completely replaced by an intergrowth of
monoclinic m-Zr0O, (baddeleyite) and a glass-like phase which was interpreted as
quench melt texture in the Al,0,-ZrO,-Si0, system. Such system was inferred to bave
occurred above the eutectic temperature of approximately 1750°C. However, we have
observed the alteration ot some zircon inclusions at much lower temperature in this
study. It is possible that such alteration may occur in an intermediate or low
(metamict) zircon grain which was more susceptible to a thermal breakdown than a
high zircon. This could explain why many zircon grains were still unchanged while
the others became turbid when heated at 1600°C. It should also be noted that the
recognition of the phase change (turbid appearance) in a zircon inclusion can provide a
useful criterion for detecting heat-trcatment of a host sapphire as most zircon crystals
are usually clear in an unheated stone. The tension disc around a zircop inclusion is
however not a good criterion of heat-treatment as it can also be observed in an

unheated stone.

2. A monazite inclusion was slightly decomposed after a step-heating up to
1600°C (Figure 5.18). Another crystal, however, was still unchanged after the step-

heating from 800 °C to 1600°C (Figure 5.21).

3. Mica inclusions were partially altered or appeared slightly turbid with mioor
development of tension crack after the stones were heated at 1000°C. The
decomposition and tension disc became distinct when re—-heated at 1400° and 1600°C

(Figures 5.22 and 5.23).
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4. Rutile inclusions occur as black to dark brown crystals and as thin and long
needles, known as rutile silks or needles. The black to dark brown crystals were
changed to red with minor development of tension crack after the stones were heated at
800°C. When re-heated at higher temperatures they became obviously red with
pronounced development of tension cracks and also with melted crystal boundary

(Figures 5.24 and 5.25).

Rutile silks or needles are long and short tubes which oriented in 3 directions
approximately 60°/120° angles. The needles can fully dissolved in a bost corundum,
when heated at about its melting point (1825°C) and cooled rapidly (Themelis, 1992).
Before the dissolution is complete, it passes through several transforruation stage,
starting at about 1600°C (lowest dissociation point of the rutile). In this study wheo
the stones were heated at 800°C to 14OOOC, the needles were still unchanged. After
heated at 1600°C an incomplete or partial dissolution of the needles can be observed in
the bost corundum creating a dot-like pattern, known as resorbed rutile silks (Figures
5.26). However the needles in some sapphires were dissolved completely in the host

sanohires at 1600 °C (Figure 5.27).

S. Milkv or dust zone became clearer when heated at 1600 °C (Figure 5.28).
6. Fingerorints are healed fractures or cracks. In some samples, fingemprints

were expanded at higher temperatures (Figures 5.29 and 5.30).

References

Rankin, A.H., and Edwards, W., 2003. Some effects of extreme heat treatment on
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Fg‘urc 5.2: Most zircon inclusions in these two sapphire samples were clear and

appear unchanged after a step-heating from 800°C to 1600°C.
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Heat 1000°C Heat 1200°C

=

Figure 5.3: A zircon inclusion with minor tension crack was still unchanged after

the step-beating from 800°C to 1600°C (sample no. PK 15, 70X).

Heat 1600°C

-

Figure 5.4: A cluster of zircon incjusions was still unchanged after the step-heating
froro 800°C to 1600°C (sample no. PP6, 140X).



Figure 5.5:

Heat 1200°C

Unheat

Heat 14000'@

Heat 1600°@

Another cluster of zircon inclusions with minor tension disc (in circle)
was still unchanged after the step-heating from 800°C to 1600°C
(sample no. PK3, 70X).
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PK3 Unheat
70X

PK8 Unhealll - PK8 Heat 1400°C

PK8 Heat 800°C o PK8 Heat 1600°C
70X

Figure 5.6:  Many zircon clusters with tension cracks (in circle) were still

unchanged after the step-heating from 800°C to 1600°C.
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figure 5.7:  Most of individual zircon inclusions were still unchanged after the step-
heating from 800"C-1600°C whereas the zircon cluster (i circle)
showed minor tension crack at 1000°C. At 1400°C and 1600°C. this
tension crack became more obvious (sample no. P6. 70X).

Unheat Heat 1000°C

Heat 800°C _ - Heat 1600°C

P
|

Figure 5.8: A zircon inclusion with slight teosion crack was still unchanged at
R00°C. At 1000°C-1600°C, this tension crack was obviously expanded
(samople no. P5, 140X).
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Unheat
&

Figure 5.9: A relatively large and clear zircon inclusion (in circle) was still
uncbanged at 800°C. However, at 1000°C, the crystal began to alter
into whitisb. cloudy appearance (turbid) with minor tensioo crack. 1he
tension crack became more obvious at 1400°C. The crystal was

partially decomposed at 1600°C (sample no. P6, 70X).
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Figure 5.10: Zircon inclusions (in circle) showed tension crack at 1200°C. At
16000C, they began to decompose into whitish, cloudy appearance
(turbid) with obvious tension crack (sample no. PG, 70X).

Unheat Heat 1400°C

0

Heat 800°C

Figure 5.11:  Most zircon inclusions were still unchanged after the step-heating from
800° to 1600°C except the crystal in circle began to alter with minor tension
crack at 1400°C. At 1600°C, it was obviously altered into whitish, cloudy
appearance (turbid) with well developed tension crack (sample no. LP9,
140X).
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Figure 5.12: Most of the zircon inclusions were still unchanged after the step-heating
from 800°C to 1600°C except some crystals in circle became turbid at
1600°C (sample no. PP6, 140X).

’.“ Unheat

¥ Heat 800°C g yHeat 166€'JC

% =
Figure 5.13: Most of the zircon inclusions were still unchanged after the step-heating
from 800°C to 1600°C except some crystals in circle became turbid at

1600°C (sample o. LP3, 140X).
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LP3 Unheat

LP3 Heat 800°C : LP3 Heat 1600°C

70X !

LPS Unheat

- 140X7Y

o

LP9 Heat 800°C * LP9 Heat 1600°C

14(]).
v

Fieure 5.14: Most of the zircon inclusions were still unchanged after the step-heating
frorn 800" to 16007°C except some crystals in circle became turbid at

1600°C.
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LP9 Unheat

70X

LP9 Heat 800°@ LPg Heat 1600°C

, -
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. ¢p P5 Unheat P5 Heat 1000°C
By TOX 4 70X
o 7

e

T

e

Figure 5.15: Most zircon inclusions were still unchanged after the step-heating from
800° to 1600°C except some crystals in circle became turbid at 1600°C.
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Heat 1200°G

Heat 800°C

Heat 1000°C Heat 1600°C

-
‘. r

Figure 5.16: 7ircon clusters with minor tension discs before heating. The tension
discs were noticeably expanded at 800°C and became more obvious at
higher temperatures. It should also be noted that some crystals in
zircon clusters appear turbid at 1200°C. The decoraposition of those
zircon crystals became more pronounced at higher temperatures

(sample no. PK8, 70X).
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Unheat Heat 1400°C

Fioure 5.17:

Figure 5.18:

Heat 1000°C Heat 1600°C

A zircon clusters was still unchanged at 800°C. The tension discs
began to develop at 1000°C. At 1400°C to 1600°C. these tepsion discs
became more obvious (sample no. PP4, 140X).

Heat 1400°C

Heat 1000°C Heat 1600°C

/monazite

A zircon cluster was still unchanged at 800°C but showed an obvious
development of tension discs at lOOOOC to 16000C. Furthermore, most
crystals in the cluster became turbid at 1400°C while a monazite
inclusion was altered at IGOOOC (sample no. PP4, 140X).



Figure 5.19:
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(A)

Showing zircon clusters with slight tension crack before beating. ‘they were
still unchanged at 800° to 1200°C (sample no. PP6, 140X). (A) At
1400°C. some zircon crystals in the clusters began to decompose into
whitish cloudy appearance and were obviously decomposed at 1600°C. (B)
At 1400°C, tension crack was expanded and some zircon crystals in the
clusters begap to decompose. These crystals were obviously decomposed
2t 1600°C.
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Figure 5.20: Showing zircon clusters with minor tension crack before heating. They
were still unchanged at 300” to 12000(3,. At 1400°C, some zircon
crystals in the clusters began to decompose into whitish cloudy
appearance and the tension crack was expanded. At léOOOC, the crack
expanded morc and the crystals clearly became turbid (sample no. LP3,

70X).



Unheat

Heat 800°C Heat 1600°C

Figure 5.21: A monazite inclusion was still unchanged after a step-heating from

800°C to 1600°C (sample no. PK3, 70X).

154
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$ical 1400 C
e
"

Figure 5.22: A mica inclusion was still the same at 800°C. At 1000°C, the crystal
began to alter and was altered more at higher termperatures. The tension
crack start to form around the inclusion at 1200°C and it became more

and more obvious at 1400° and 1600°C (sample no. P6, 70X).
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Unheat

-

Figure 5.23: Another mica inclusion was still unchanged at 800°C. At 1000°C, the
inclusion was partially altered or appeared slightly turbid with minor
tension crack. The alteration and tension crack became more and raore

obvious at 1200°, 1400° and 1600°C (sample no. LP3, 70X).



Figure 5.24:

Colour of some rutile inclusions was changed from dark brown-black to
red with minor tension crack at 800°C. At higher temperatures (1400 °c
-1600 oC) red colour was more intense and the tension crack became
raore obvjous (sarople no. PP3).
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Figure 5.25: Black rutile inclusions was slightly red at 800 °C. The red colour was more
obvious and the inclusions showed melted boundary at higher temperatures
(saraple no. PP3, 70X).

Unheat (50X) Heat 1600°C (50X

(0]

1600 C (70X)

Figure 5.26: Rutile needles intersecting each other at 60°7120° angles were still
unchanged at 800 -1400°C but partially dissolved into the host sapphire
creating a dot-like pattern at 1600°C (sarople no. MV2).
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Figure 5.27: Rutile silks were still unchanged when heated at lower temperatures but

completely dissolved in the host sapphire at 1600 °c



Figure 5.28: Milky and dust zones became clearer at 1600°C.
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Heat 1600°Q

Figure 5.29: A sapphire showed a faint fingerprint at 800'C and it was more and more
obvious at 1000° and 1600°C (sample no. P6, 70X).

Fisure 5.30: Fingerprints in an unheated sapphire were expanded at 1200” and
1600°C (sample no. PP6, 50X).



Chapter 6
Characteristics of Diego Blue Sapphires before and after

Heat Treatment Experiment

Thermal enhancement process

Some sclected samples of sapphire from Diego Suarez area, northern Madagascar werce
wed for heating experiment. These stones represent sapphires from basaltic origin.

The samples were heated at two different conditions, 1,350 and 1,650°C, cach for 3

bour soaking time in an electric furnace (Model Linn High Therm HT-1800-PLUS)
urder pure nitrogen atmosphere which commonly produced neutral to slightly reducing
condion. Neutral to reducing condition is usually selected for increase blue hue of
sspphire. The heating experiment was carried out at the Department of Geology,

Faculty of Science, Chulalongkorn University.

These conditions were selected because from the previous study the heat treatments at
800" and 1,000°C were normally not effect much of the internal characteristics. Hence
heating at 1,350° and 1,650°C was chosen in this study. Previous works revealed that
thiree hours soaking time was suitablc to observe the difference in colour transparency
and intemal characteristics, The heating rate was controllcd at about 4.5°C/minite and
2C/minite for heating at 1350 and 1,650°C, respectively. The cool-down rate was

approximately 3.5°C/minute.
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The effect of heat treatment on internal characteristics

When sapphire samples were heated at 1,350°C for 3 hours and re-heated up to
1650°C for another 3 hours, some changes did occur and can be documented as

follows:

1) Growth pattern commonty presents in Diego sapphires and often associates with
milky colour zones (Figures 6.1A to 6.6A). At 1,350°C the milky characteristic was
partially disappeared and colour zones become more obvious (Figures 6.1B to
6.6B). At 1,650°C colour zones were even more intense (Figures 6.1C to 6.6C).

) Milky or cloudy appearance became less pronounced after heating at 1,350°C for 3
hours (Figures 6.7B and 6.8B) and almost disappeared after heating at 1,650°C for
3 hours (Figures 6.7C and 6.8C). The stones become clear and color is more
intense.

3 Reddish brown to pale yellowish brown materials filling in fractures were
disappeared after reduction heating at 1350° (Figures 6.9B to 6.11B) and [,650°C
(Figures 6.9C t0 6.11C). Healed fractures show somewhat altered.

& Tension cracks or discoids surrounding solid inclusions were progressively
developed at 1,350°C (Figures 6.12B to 6.14B) and 1,650°C (Figure 6.12C to

6.14C).

§) Clear zircon inclusions (Figure 6.14A) were slightly decomposed and became
somewhat turbid at 1,350°C (Figure 6.14B). They were even more decomposed and
turbid at 1,650°C (Figure 6.14C). The decomposition of zircon can also be detected

by a change in Raman spectra shown in Figure 6.15.



Figure 6.1:

Growth pattern of a Diego sapphire before treatment (A). At 1,350°C

(B) and 1.650°C (C) the colour zones became more and more intense

and the milky characteristic was progressively disappeared.



Fioure 6.2: A similar feature to Figure 6.1
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Figure 6.3: Ditto.
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fioure 6.4:  Ditto.



Figure 6.5: Ditto.
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Figure 6.6:  Ditto
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Fioure 6.7:  Milky appearance of a sapphire before treatment (A). At 1.350°C (B)

and 1,650°C (C), the milky appearance was progressively reduced.
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figure 6.8:  Ditto



Figure 6.9:  Fracture-filled yellow materials in a sappbire before treatment (A).

At 1.350° (B) and 1,650°C (C), the materials were progressively clear.
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Figure 6.10: Fracture-filled orange materials in a sapphire before treatment (A). At

1.350° (B) and 1.650°C (C). the materials were progressively clear.
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Vimre 6.71; Ditto.
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Figure 6.12:  Solid inclusions before treatment (A) , the formation of tension cracks or

discoids surrounding the inclusions at 1.350°C (B) and 1,650°C (C).
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Figure 6.13: Small tension disc was already formed around a ferrocolumbite
inclusion before treatment. It was obviously expanded at 1,350°C (B)

and 1,650°C (C).
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Figure 6.14: A cluster of zircon inclusions before ireatment (A). The inclusions

became turbid with tension discs at 1.350°C (B) and 1.650°C (C).
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m6.15: Changes of Raman spectra of a zircon inclusion in a violet sapphire after heat treatment.
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Chapter 7
Some Characteristics of Un-Heated and Heated Natural Sapphires

from the Trades

Introduction

I this chapter some internal characteristics as well as FTIR and UV-Vis-NIR results
otnaturally un-neated and heated blue sapphires from reliable trades will be given
iepresenting the real stones in the gem market. The purpose of this study 1s to cross-

check the result and conclusion of our earlier heat treatment experiment with those of

the stones available in the gem market.

Samples and Procedure

Altogether 37 stones were borrowed with the courtesy of Wortd Sapphires Co., Ltd.

wd Beauty Gems Co., Ltd. They are essentially blue sapphires from Ilakaka,
Madagascar ( 15 samples from World Sapphires Co., Ltd. and 16 samples from Beauty
Gems Co., Ltd.) and Mokok, Myanmar (6 samples from World Sapphires Co., Ltd.).
The samples were examined and photographed under a gemmological microscope.

The FTIR and UV-Vis-NIR spectra were also measured by Nicolet FTIR
spectrophotometer (Model Nexus 670) and Hitachi UV-Vis-NIR spectrophotometer

{Model U4001) at the Gem and Jewelry Institute of Thailand (GIT).
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Result

Un-heated Madagascar blue sapphire

The following internal characteristics and spectra are observed in the 29 up-heated

amples, some of which are indicative of natural un-heated features whereas the others

are pot.

).1 The un-heated stones usually show overall hazy or cloudy appearance resulting
from the presence of very fine dust particles along the growth zones and
occasionally in combination with rutile silks or needles intersecting in three
directions at 60/120° (Figures 7.1 to 7.29).

1.2 The rutile silks or needles are very fine, long, continuous and sharp indicating
of naturally slow cooling condition without subsequent thermal treatment
(Figures 7.3, 7.8, 7.15, 7.22, 7.23, 7.24, 7.25). This feature is a good indication
of un-heating condition.

1.3 Most healed fractures or fingerprints show well-formed, fine and sharp
boundary paniern suggesting of naturally slow healing without evidence of
subsequent heat treatment (Figures 7.4, 7.6, 7.9, 7.10, 7.11, 7.12).

14 Most of mineral inclusions as well as negative (fluid) inclusions arc clear, well
intacted with sharp crystal boundary contact and without tension disc
suggesting of naturally occurring condition without evidence of subsequent
heat treatment (7.11, 7.18, 7.19, 7.20, 7.21, 7.26, 7.27).

1.5 Some tension disc may develop in some mineral inclusions (most likely
radioactive minerals) as shown in Figure 7.16.

1.6 Yellowish orange or red impurity materials of probably iron-bearing substances
in healed fractures or hollow tubes may suggest an un-heat condition (Figures
7.12 and 7.29).

1.7 All the 29 un-heated Madagascar blue sarples show the absence or a very

weak OH-stretching peak at 3309 cm’ which is consistent with our previous
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heating experiment (see an example in Figure 7.36). Hence the absence or
weakly presence of the OH-stretching peak at 3309 cm” may be used as
another suggestive evidence to indicate the un-heated blue Madagascar
(llakaka) sapphire.

1.8 About half (14) out of the 29 un-heated Madagascar blue sapphires give the
extinction edges between 330-350 nm on the UV-Vis-NIR spectra whereas the
remaining 15 stones show the extinction edges below that range (Table 7.1).
These data suggest that extinction edge can not be used as a positive indication

of un-heat condition.

Heated Madagascar blue sapphires
Two heated Madagascar (Ilakaka) blue sapphires from the trade show the following
fesults:

2.1 The two heated stones usually show overall clear appearance (Figures 7.30 to
7.33). However, some stones may show milky or cloudy zones alternating with
clear zones which suggest that the stone might be heavily loaded with fine dust
particles originally (Figures 7.34 and 7.35). Hence the milky zones still remain
after heating which might be mistaken as an un-heated stone.

2.2 The most obvious indication of heating is shiny thin-film tension discs or
discoids surrounding an inclusion (Figures 7.32 and 7.33). Sometimes, the
inclnsion itcelf mav show turbid appearance (Figure 7.33).

2.3 Fingerprints may show somewhat altered (Figure 7.35).

2.4 These two heated stones show very strong OH-stretching peak at 3309 cm’”
and otber side peaks which are consistent with our previous heating experiment
(see an example in Figure 7.36). Hence the presence of strong OH-stretching
peak at 3309 cm” may be used as another suggestive evidence to indicate the

beated blue Madagascar (Ilakaka) sappbire.
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2.5 These two heated Madagascar blue sapphires give the extinction edges between
275-310 nm range on the UV-Vis-NIR spectra which are consisteat with our
previous heating experiment (Table 7.2). These data however still can not be
used as an indication of heating because those of the un-heated stones can also

fall in this range (see Table 7.1).

Un-heated Myanmar (Mokok) blue sapphires
Two un-heated Myanmar blue sapphires show the following results:

3.1 The un-heated stones usually show overall hazy or cloudy appearance resulting
from the presence of very fine dust particles along the growth zones and
occasionally in combination with rutile silks or needles intersecting in three
directions at 60/120° (Figures 7.37 to 7.42).

3.2 The rutile silks or needles are patchy (Figures 7.38, 7.41). The silks are very
fine, long, continuous and sharp with arrow or knife shape indicating of
naturally slow cooling condition without subsequent thermal treatment (Figures
7.38 to 7.42). This feature is a good indication of un-heating condition.

3.3 Healed fractures or fingerprints show well-formed, fine and sharp boundary
pattern suggesting of naturally slow healing without evidence of subsequent
heat treatment (Figures 7.39 and 7.40).

3.4 These two un-heated Myanmar blue samples show a very small OH-stretching
peak at 3309 cm” (Figure 7.55). Hence the absence or weakly presence of the
OH-stretching peak at 3309 cm’ may be used as another suggestive evidence
to indicate the un-heated blue Myanmar (Mokok) sapphire similar to those
found in the Madagascar (Ilakaka) blue sapphire.

3.5 These two un-heated Myanmar blue sapphires, however, give the extinction
edges below tbe 330-350 um range on the UV-Vis-NIR spectra (Table 7.3).
These data seem to sugeest that extiction edge can pot be used as a positive

indication of un-heating condition.
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fested Myanmar (Mokok) blue sapphires
for heated Myanmar blue sapphires reveal the following results;

4.1 The four heated stones show overall slightly hazy to cicar appearance ((Figures
14310 /.54).

4.2 Oue of the important indication of heating is the resorbed rutile silks in the
form of oriented dotted pattern intersecting in three directions at 60/ 120°
(Figures 7.44).

43 The most obvious indication of heating is shiny thin-film tension discs or
discoids surrounding an inclusion (Figures 7.45, 7.46, 7.48, 7.49, 7.50, 7.51,
7.52 and 7.53).

4.4 Healed fractures or fingerprints may show somewhat altered (Figure 7.54).

45 These four heated stones show very strong OH-stretching peak at 3309 crn”
and other side peaks (see some examples in Figure 7.56). Hence the presence
of strong OH-stretching peak at 3309 cm’ may be used as another suggestive
evidence to indicate the heated blue Myanmar (Mokok) sapphire similar to
those found in the Madagascar (llakaka) blue sapphire.

16 These four blue sapphires give the extinction edges betweeo 275-310 nm range
on the UV-Vis-NIR spectra (‘1able /.4). These data however still can not be
used as an indication of heating because those of the un-heated stones can also

fall within this range (sec Table 7.3).
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Figure 7.1:  Series of un-heated Ilakaka blue sapphires (13 samples) varying from pale to very dark blue
(with the courtesy of World Sapphires Co. Ltd.)

Figure 7.2: The 4.18 ¢t un-heated [lakaka blue sapphires with hazy appearance.



Figure 7.3:  Fine long rutile silks associated with very fine particles which make the stone
appear hazy typical of un-heated sample.

Figure 7.4: Rather sharp edge dark fingerprint.
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Figure 7.5: This 1.83 ct un-heated [lakaka blue sapphires commonly shows hazy appearance.

Figure 7.6:  The hazy appearance with well-formed fingerprints or healed fractures of the un-heated stone.
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fgure 7.7: This 3.25 ct uo-heated Ilakaka blue sapphires with hazy appearance.

figure 7.8 The well-formed continuous long and sharp rutile silks and zones of dust parlicles

of the un-heaied stone.
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Figure 7.9: Well-formed fingerprints or healed fractures with sharp boundary in un-heated
3.43 ct blue sapphire.

fiwre 7.10:  Close-up of parallel long fluid mclusion {ingerprint with sharp boundary.
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figure 7./1:  Sharp boundary and well formed negative (CO,) inclusions in un-heated stone.

fure 7.12: Yellowish orange colour impurity in healed fractres is also suggesting un-heated feanw
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Figure 7.13:  Senies of 16 un-heated blue sapphires ranging {rom pale to dark blue from Madagascar (with the

courtesv from the Beauty Gems Co. Lid.).
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Figure 7.14: This 0.55 ct un-heated Mada sapphire showing bands of rutile dusts.

Figure 7.15: Within the bands of fioe dust there are rutile weedles cross-cufting in three
directions at 60/120 angles.
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figure 7.16:  An orangey brown inclusion (probably radiocative mineral) with tension cracks alsc

found 1n un-heated sample.

figure 7.17:  Another view of dark brown inclusions (rutile?) with negative crystal mclusions.



Figure 7.18:  Another up-heated 0.74 ¢t Mada blue sapphire loaded with inclusions.

Figure 7.19:  The colourless sillimanite inclusions (confirmed Raman) still well intacted.
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Figure 7.20: Another view of clusters of sillimanite inclusions .

Figure 7.21: The dark red inclusions of unknown mineral (cannot be confirmed

by Raman) still well intacted.
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Figure 7.22: Silky appearance in the 0.38 ct un-heated Mada blue sapphire.

Figure 7.23: Long and continuous silks is a good indication of un-heated stone.
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Figure 7.25: Close-up of continuous needles (more than three parallel sets) indicating of un-heating

condition.



figure 7.26: This 0.46 ct Mada blue sapphire contains many negative crystal inclusions or fluid

inclusions in overall hazy or cloudy body.

Figure 7.27: Negative crystal inclusions containing CO, (confumed by Raman) with nawally

healed discoids still well intacted 1o un-heated sample.
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Figure 7.28: Another 1.06 ¢t Mada blue sapphire contains many long hollow tubes filled with smpurity

and we)) intacted rutile silks.

Figure 7.29: The hollow tube filled with dark red impurity is a good indication of un-heated stone .
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Figure 7.30: Overview of two heated Mada blue sapphires (4.84 ct left, 4.69 ct right).

Figure 7.31: Magpification of the one on the right (4.69 ct) showing rather clear stone.



figure 7.32: The stone shows obvious thin-film tension disc due to heating.

Figure 7.33:  The shiny thin-film discoids surrounding altered turbid wclusions.



leure 7.34:  This heated Mada blue sapphires (4.84 ¢t) showing altemating nulky and clear zones

indicating that the strong milky zone still remain after heating.

figure 7.35:  Showing altered fingerprints.
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Figure 7.36: FTIR spectra of 4.18 ¢t un-heated (above) and 4.69 ct heated (below) blue sapphires
from Madagascar. The un-heated ouve shows vary weak OH-sweaching peak at 3309 cm’
whereas the heated one shows very strong OH-streaching peak at 3309 ¢m™ and other

side peaks.
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Figure 7.37: Series of un-heated and heated Myanmar blue sapphires ranging from medium to

dark blue (with the courtesy of World Sapphires Co. Ltd.).

Figure 7.38: This 4.32 ¢t Myanmar blue sappbires showing long aud sharp rutile silks with hazy

appearance characteristic of natural un-heated stone.
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Figure 7.39: The rutile silks or needles are long, well-formed and sharp with clear fingerprints.

Figure 7.40: Fingerprints or healed fractures are not uncommon in un-heated sample
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Figure7.41: Patchy long and sham rutile silks are typical of un-heated Burmese 2.77 ct stone.

Figure 7.42: The rutile silks are long and sharp with arrow or knife-shape typical of

up-beated stouve.



Figure 7.43: This 21.89 ¢t Myanmar heated blue sapphire showing hazy appearance which might

be mistaken as natural un-heating stone.

Figure 7.44: However when look closer the very fine rutile silks appear as dotted lines which
would suggest the heated stone. The very fine milky growth bands may still

remain after heat treatment.
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Figure 7.45: The inclusion also show shiny tension disc indicating the heated stone.

Figure 7.46: Another inclusion witb thin-film tension disc indicating the heated stone.



Figure 7.47: This 5.99 ct Myanmar heated blue sapphires showing slight hazy appearance.

Figure 7.48: strong thin-film discoids surrounding inclusion is a good indication of heating,
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Figure 7.49: Altered fingerprints due to heating.

Figure 7.50: Sbipy tension disc and dotled needles are obvious of heating.



Figure 7.52: Thin-film tension disc is obvious of heating.




211

Figure 7.53:  Shiny thin-film tension disc is obvious indication of heating.

Figure 7.54: Obviously altered fingerprints due to heating
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Table 7.7: Extinction edee of un-heated Madagascar (Ilakaka) blue sapphires

Sample Number O-ray (nm) E-ray (nm) Note
Wbsmal 328 333 OK
Whsma2 345 336 OK
Wbsma3 312 312 ?
Wbsma4 354 346 OK
Wbsma$ 337 338 OK
Wbsmab 327 327 OK
Wbsma? 321 330 OK
Wbsma8 340 340 OK
Wbsma9 339 333 OK
Wbsmal0 333 339 OK
Wbsmall 327 310 2
Wbsmal2 310 324 ?
Wbsmal3 315 315 ?
1-2-1 312 312 ?
1-2-2 309 319 ?
1-2-3 319 321 ?
1-3- 298 300 ?
1-3-2 312 303 ?
1-3-3 303 303 ?
1-34 312 - ?
1-3-5 307 307 ?
2-1-1 333 334 OK
2-1-2 306 306 ?
2-1-3 340 340 OK
2-2-1 336 339 OK
2-22 318 322 ?




Sample Number

O-ray (nm) E-ray (nm) Note
2-2-3 330 324 OK
2-3-1 313 312 ?
2-3-2 331 334 OK
Table 7.2: Extinction edge of heated Madagascar (Ilakaka) blue sapphires
Sample Number O-ray (nm) E-ray (nm) Note
Wbsmal4 294 289 OK
Wbsmal5 312 294 OK
Table 7.3: Extincuon edge of un-heated Myanmar (Mokok) blue sapphires
Sample Number O-ray (nm) E-ray (nm) Note
Wsbmg4 283 298 ?
Wsbmg5 286 298 ?
Table 7.4: Extinction edge of heated Myanmar (Mokok) blue sapphires
Sample Number O-ray (nm) E-ray (nm) Note
Wsbmgl 303 297 OK
Wsbmg2 300 300 OK
Wsbmg3 300 297 OK
Wsbmgé 292 300 OK




Chapter 8
Ruby and Sapphire Treatments and Theijr Identification:

A Summary of This Study and Other Recent Advancements

Introduction

Because of the scarcity of natural gem-quality ruby and sapphire, many treatment
techniques have been practiced to improve inferior quality corundum for many centuries
(Hughes, 1997). Among those treatments, ‘classical” heating, flux-enhanced heating,
shallow diffusion heating, deep diffusion heating and the most recent one Pb-glass

filling are more common in the gem market whereas irradiation, dyeing, surface coating
and composites are rarcly encountered. Emphasis therefore will be given to the first

categories.

‘Classical’ heating

The ‘classical’ heating has been widely used for enhancement of corundum to improve
ils color and clarity for some times (Figures 8.1a and b). The stones were heated in
different types of high temperature (up to ~1850°C) furnaces to control the atmosphere
without addition of any chemical element. Various types of home-made furmace such as
coke fumace. oil furnace, gas furnace and electric furnace, were invented and constantly
modified, by trial and error, for treatment of corundum from many sources (Figure 8.2).
Such furnaces are eventually proved to be practically low cost and economically suitable
for heat treatment of corundum from various sources. This has been an appropriate
proprietary among Thai heaters. The detection of heating in corundum is routinely
sccomplished with magnification by the presence of thermally altered inclusions, such
as partially dissolved rutile~-peedles often with color bleeding, melted crystals, tension-
giscs surrounding inclusions, blue-halos surrounding Ti-bearing inclusions (Figures 8.3
10 8.10; see also Hughes, 1997:; Themelis, 1992; Smitb and McClure, 2002). These
features are clearly different from those of un-heated stones (Figures 8.11 to 8.15).
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Flux-enhanced heating

The flux-enhanced heating is a modification of the classical heating with addition of flux
materials such as borax and/or silica to heal fissures or to fill open fractures or cavities.
The purpose of the addition of the flux is to prevent a stone from fracturing during high
lemperature heating and to disguise fissures or fractures by infilling with higher

refractive substances. thereby enbancing its clarity. This technique was firstly applied to
Mong Hsu ruby which by its nature contained many fractures. Later this technique has
also been used for stones from other sources. The treatment is routinely detected with
magpification by the presence of flux materials in healed fissures and cavities as well as
the presence of thermally altered inclusions as previously outlined (Figures 8.16 and

§.17; see also Hughes, 1997; Themelis, 1992; Themelis, 2004; Smith and McClure,

2002). Atternpt has been made to quantify the amount of flux materials in a stone and
notify in a gem identification report (see LMHC Information Sheet No.1, 2004: Figure
8.13).

Shallow diffusion heating

The shallow diffusion heating is also a modification of the ‘classical’ heat-treatment by
heating an untreatable (by normal heating) colourless sapphire with color-causing
compounds in a crucible. Titanium and iron compounds are commonly used for
poducing btue sapphires whereas chromium compound is for ruby. These transition
¢lements can only diffuse into the stone and produce colors at very shallow depth
{higure ¥.19). Hence the treatment is readily detected with immersion and
magnification, by the presence of shallow color concentration at faceted junction, as
well as with EDXRF, by the elevated content of those elements (Figures 8.20 to 8.22).

Deep diffusion heating

The deep diffusion beating involves a diffusion of light element, such as
berylliurm (Be), into a corundum lattice from an external source and is able to produce
muititude of colours as shown in Figure 8.23. Be has been proved to take part in the
color-causing mechanism in the treated stone, i.e., as a stabilizer of yellow color center
(Pisutha-Amond et al., 2002, 2003, 20042, 2004b) (Figures 8.24). Because of its smal)
size, Be is able to permeate into the corundurm lattice much deeper than Ti and Cr do.
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As a result, deeper color penetration or even throughout the entire stone has been

noticed. Therefore the detection of Be-treated corundum is readily done, with

immersion and maguoification, by the presence of surface-related color or relict blue zone
surounding by a white rim, occasionally with severely altered inclusions (Figures 8.25
10 8.30; see also Eramett et al., 2003; Peretti and Giinther, 2002; Pcrctti ¢t al..2003:
Themelis, 2003; Schmetzer and Schwartz, 2004, Atichat et al., 2004). However in a

stone in which no diagnostic features are present, the treatment can be proved with the
detection of elevated Be concentration in the level of ppm value in the stone by using
laser induced breakdown spectroscopy (LIBS) —which becomes available in gemological
laboratory recently (Figures 8.31 to 8.34; see Hanni et al., 2004)- or by using more
sophisticate equipment such as laser ablation-inductively coupled plasma-mass
spectroretry (LA-ICP-MS; Figures 8.35 and 8.36) or secondary ion mass spectrometry
(STMS).

Lead-glass filling

Lead-glass filling in ruby —the latest treatment for improvement of 1ts clarity— appears 1n
the gemn market in the mid-2004 (Figure 8.37). This technique is similar to previously
known fracture-filled treatment in diamond. The treatment involves filling fissures or
open fractures with highly refractive glass, known as lead glass. The stones show

minor effect from heating suggested very low temperature treatment. The light reflected
from Pb-glass-healed fissures show blue-colored reflection, called flash effect (Figure
8.38). The presence of lead in the infilling glass is readily seen on surface or detected
by EDXRF or seen in X-ray images (Figures 8.39 to 8.41; see also Kitawaki, 2004,
Rockwell and Breeding, 2004, GIT Lab Notes, 2004).
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Figure 8.1a: Heat treatment of Madagascan sapphires to improve their color and

clarity. (Photos by Somboon, GIT)
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Figure 8.1b: Continued (Photos by Somboon, GIT).
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Electric Furnace Gas Furnace

Oil Furnace

Coke Furnace

Figure 8.2:  Different types of bigh temperature (up to ~1850°C) furnaces coromonly

used by Thai heaters. (Photos by Singbamrooung, GIT)



Unheat Heat 1400 °C

Heat 800°C

Figure 8.3: A clear zircon inclusion before treatment (in circle) became turbid with
well developed tension crack after a stone was heated at 1600°C.
(Sample no. LP9, 140X, Photos by Pattamalai, DMR)
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Figure 8.4: A mica inclusion was obviously altered with tensjon cracks at 1600°(
(Photos by Pattamalai, DMR)
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Unheat (50%) Heat 1600”C (50X

1600°C (70X)

Figure 8.5: Needle inclusions were partially dissolved in the host sapphire creating
dot-like pattern after a stone was heated at 1600°C.
(Photos by Pattamalai, DMR)
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Figure 8.6:  Partially dissolved rutile-needles witb color bleeding.
(Photos by Somboon, GIT)
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Figure 8.7:  Milky and dust zones becarne clearer when a stone was heated at 1600°C.
(Photos by Pattamalai, DMR)



Figure 8.8:
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This 5.99 ct Myanmar heated blue sapphires showing slightly

hazy appearance (a), strong thin-film discoid surrounding an inclusion
is a good indication of beating (b), altered fingerprints are due to
heating (c), a shiny tension disc and dotted needles are obvious
indication of heating (d). (Photos by Somboon, GIT)
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Figure 8.9: A 4.69 ct Mada sapphire showing rather clear stone. The stone shows
obvious thin-film tension disc due to heating. (Pbotos by Somboon, GIT)
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Figure 8.10: Internal diffusion of Ti from rutile inclusions into the corundum
lattice showing the blue haloes (~ 0.06 mm) is 2 good indication of
heating. (Photo by Hager).



Figure 8.11: Patchy long and sharp rutile silks in un-heated Burmese2.77 ct stone.
The rutile silks are long and sharp with arrow or knife-shape typical of
un-heated stone. (Photos by Sombooa, GIT)



Un-heated stones

Figure 8.12: This 3.25 ct un-heated Ilakaka sapphire shows hazy appearance.
The well-formed continuous long and sharp rutile silks and zones of
dust particles are typical of the un-heated stone. (Photos by Somboon, GIT)



Un-heated stones

Figure 8.13: This 0.46 ct Madagascan blue sapphire contains negative crystal inclusions
filled with CO2 (confirmed by Raman spectroscopy). The undisturbed
fluid inclusions are a good indication of un-heated stone.

(Photos by Sornboon, GIT)
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Un-heated stones

Figure 8.14: A 0.39 ct. Madagascan blue sapphire showing long and short but
continuous needles. Continuous needles (more than three parallel sets)
indicates an un-heating condition. (Photos by Somboon, GIT)



Figure 8.15:

Un-heated stones

An un-heated 0.74 ct Madagascan blue Sapphire contains numerous
inclusions (a). Tbe colourless sillimanite inclusions (confirmed Raman
spectroscopy) still well intacted (b). The dark red inclusions of unknown
mineral (cannot be confirmed by Raman spectroscopy) still well intacted
(c). (Photos by Somboon, GIT)



Figure 8.16: The presence of flux residues in healed fissures is a good indication of
a flux-enhanced heating. (Photos by Leelawathanasuk GIT)
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(Hughes, 1997)

(Photos by Leelawathanasuk,GIT)

Figure 8.17: Cavity-filling flux-residues appear lower luster reflection on

polished surface.



£ 2004. The Laboratory Manual Harmomzation Committee

I M H i nformation S heet # 1

Standaerdised Gemmologlical Report Wording (Implementation beginning February, 2004)
Corunduin with residues from the heatlng process present in healed fissures and/o)r cavites
Members ¢f the Laboratory Manual Harmonizaton Committee (LMHC) have standardized tne nomenciature that they use

Io descnbe heat reatment in corundum and the degree to which fissure “healing” has occurred, and the residues that
remain within the healea fissures and cavities, following the heating of corundum

Healed fissures:

Any conundum tnat shows indicatons of heal freatment and a gegree of healing along (prevous) fracires - see Figure 1 -
which also contan residue from the heabng process, shall be described as « species » ‘natural corundum’, « varely «
'ruby’ or ‘sapphire’ « comments » ‘indications of heating’ (1o momfy the colour of transparency of the stone), plus the
aporoprate residue quantification termineiogy - alpha numeric andior text description™ . See Table 1 and examples in
figures 23, 2b. 2cand 3

Nole 1 As an ootion. eg., for “simplfiea reporting” situations, the quantification of residues in nealed fissures may be
replaced by the statement “residues In healed fissures”

Nole 2: woraing in parenthests s optional

Note 3: This dause may include the presence of small filled cavives
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Figure 8.18a: A quantification of the amount of flux materials in a stone
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Figure 8.18b: Continued
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9

(Hughes, 1997)

Immersion (Photo by Hiiger).

Figure 8.19: Blue-diffused sapphires showing slices of colourless intertor with
blue rim (~ 0.09 mm) caused by extemal diffusion of Ti into the stones.



Figure 8.20:

Immersion

A parcel of blue-diffused sapphires (a). The presence of

uneven shatlow color concentration at different facets and faceted
junctions of a blue-diffused sapphire in immersion,

(Photos by Somboon, GIT)

[{8)
(8]
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A blue-diffused sapphire

D:\WKPHYSIC\2544\CUSTOMER\CORUNDUM\SAPPHIRE\TREAT\DIFFUSE\G450517.5PC-/-D:\|
A : G450517 Dark blue diffused sapphire oval cab 10.8Bct-GEIBSY GNeatk KL SARPHF

kv:35.0 uA:450 Det Type Res:167.49 Te:40
FS : 1834 Lsec : 200 3-Dec- 1 10:05:33
AlK
Element Intensity Concentrations
AlK 150.460 —_-
= Tix 8.925 0.222
Vv K 0.400 0.015
CrK 0.450 0.000
Fek 36.755 0.364
Gak 0.555 0.003
Total : 0.604

2.10 4.10 6.10 8.10 10.10 12,10 14.10 16..10

Element Intensity Concentrations

AlK 158.265 ~0.000
’ TiK 0.280 0.013
in un-treated sample v K 0.000 0.005
CrK 0.175 0.000
FekK 3.405 0.092
GakK 2.330 0.010
Total : 0.120

Figure 8.2]1: An ¢levated concentration of diffused Ti can be detected using EDXRF
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Figure 8.22: A parcel of diffused rubies showing uneven shallow color
concentration at different facets . (immersion: Huebes. 1997)
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Figure 8.23: Multitude of colours in Be diffusion-treated sapphires such as
pink-orange, orange, yellow and orangey red. (Photos by Somboon, GIT
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Before treatment

‘classical’ heat-treatment Be-treatment

Before treatment After Be-treatment

Before treatment After Be-treatment

Fioure 8.24: Stones before treatment and after treatment with Be
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Figure 8.25: Surface-related colour zone is a diagnostic features of yellow
Be-diffusion treated sappbires. (Immersion: Photos bv Leelawatanasuk. GIT).



48

Figure 8.26: Surface-related colour zones in pink-orange sapphires.

(Immersion; Photos by Somboon, GIT)
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daylight Immersion (with blue filter)

A brownish vellow sapphire from Diego

A vellow sapphire from Songea

Figure 8.27: Blue-green patch surrounding by a white zone is a good indication
of vellow Be-diffusion treated sapphires. (Photos by Puttharat, DMR)
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Figure 8.28a: Recrystallization on surface before repolishing is an indicative
feature of Be-diffusion treated sapphire. (2) transmitted light, (b)
reflected light (Photos by Somboon,GIT)
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Transmitted light Reflected light

Figure 8.28b: Recrystallization on surface after repolishing is an indicative
feature of Be-diffusion treated sappbire. (Photos by Somboon,GIT)



‘gure 8.29: Highly altered inclusions are commonly found in Be diffusion-treated
sapphires (Photos by Somboon,GIT)
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Figure 8.30: Highly altered zircon inclusions in Be diffusion-treated sapphires
probably due to rather extreme heating condition.
(Photos by Singbamroong, GIT)
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A laser induced breakdown spectroscopy (LIBS)

Laser control
laser  gaer cemups & power supply

computer
Sample

chamber _spectrometers

Figure 8.31: The GemLIBS system at the SSEF (courtesy of Prof. Dr. H.A. Hanni and
Dr. M.S. Krzemnicki from SSEF)



Figure 8.32: The Laser beam produces a tiny pit which does not affect the colour,
purity and brilliance of a stone. In transmitted light laser pit is
difficult to see (healing fissure was present before analysis) in
reflected light (a), laser pit is detectable with 80-100um in diameter,
picture width 2.9 mm (b).
(Courtesy of Prof. Dr. H.A. Hanni and Dr. M.S. Krzemnicki from SSEF)
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beryllium diffusion treated orange sapphire

A SSEF GemLIBS analysis 15 June 2004

Be peak at 313.048 nm

)\ |

5” ‘W_A/\./J\F/\MJ UIU \\f\/\f\/\wv

304 305

Figure 8.33:

306 307 308 309 310 n 312 313 314 315

wavelength (nm)

SSEF GemLIBS capable of detecting Be qualitatively down to ~ 3 ppm.

It is less expensive and good for routine gem identification. A small Be peak
is detected (5 ppm detected with LA-ICP-MS).

(Courtesy of Prof. Dr. H.A. Haoni & Dr. M.S. Krzemnicki of SSEF)
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SSEF Swiss Gemmoloaical Institute SSEF GemLIBS
400 -
| —GIT7_b
380 1 Al | date: 24 June 2004
Al
300 - i
/0 |
& |
250 \ﬂJ A | |
t |
200 -
i |
Il |
150 - 1 '.
I : [ I!.
100 - [ 1 i no Be peak
| |I | .',
50 JI I‘- il
\/\/v—x,\/_/-’\\,_/\ _/\_,__/" \ ,_/-/\/ \\ . W S W BN,
0 T T T r T O
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Figure 8.34: LIBS Analysis of a ‘classical’ heat treated yellow sapphire.

No Be peak is detected.
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Figure 8.35: LA-ICP-MS produces similar pits (100 pm) as does the SSEF GemLIBS™
(Photos by Somboon, GIT).



Rim1 Mid-Point1 Core Mid-Point2 Rim2
Cations (ppm by weight)
BeS 9.15 0.26 <0.17 <0.22 8.71
Na23 <10.82 <9.77 <10.63 <14.53 <12.40
Mg24 2454 27.14 25.86 25.66 26.55
Al27 529250.40 529250.40 52925040 529250.40 529250.40
Ti47 60.45 83.16 65.99 79.49 51.58
V51 12.83 12.87 12.47 12.53 12.23
Cr53 36.34 37.86 32.32 31.33 38.61
Mn55 <0.53 <0.48 <0.53 <0.73 <0.62
Fe57 3013.78 4303.34 3015.91 3139.35 3182.56
Ga71 51.66 56.00 53.22 53.84 54.13
Total % 53.25 53.38 53.25 53.26 53.26
Cations ( Atom Mole ppm)
Be9 20.64 0.58 0.00 0.00 19.65
Na23 0.00 0.00 0.00 0.00 0.00
Mg24 20.53 22.68 21.63 21.46 22.20
Al27 398801.73 398340.61 398819.35 398769.19 398742.19
Ti47 25.66 35.25 28.01 33.73 21.89
V51 512 5.13 498 5.00 4.88
Cr53 14.21 14.79 12.64 12.25 15.09
Mn55 0.00 0.00 0.00 0.00 0.00
Feb57 1097.05 1564.65 1097.87 1142.66 1158.31
Ga71 15.06 16.31 15.52 15.70 15.78
Total (Atom Mole) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 5.13 -12.58 -6.38 12.27 0.32
Be-Ti -5.02 -34.67 -28.01 -33.73 -2.24
(Be+Mg)-Ti 15.51 -12.00 -6.38 -12.27 19.98
(Be+Mg) % 3.54 1.43 1.89 1.79 3.42
Ti % 2.20 217 244 2.82 1.79
Fe% 94.26 96.40 95.67 95.39 94.78

Figure 8.36: LA-ICP-MS capable of obtaining quantitative analysis for trace elements
in ppm levels. It is more expensive and good for research.
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Figure 8.37: Pb-glass filled fractures in a ruby show hazy appearance (a) and
often contain flattened gas bubbles (arrows io b and ¢).
{(Pbotos by Leelawathavasuk,GIT)
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Figure 8.38: The light reflected from Pb-glass-filled fissures shows blue-flash effect.
(Photos by Leelawathanasuk,GIT)

Figure 8.39: The cavity-filled Pb-glass (arrow) displays high luster but is poorly polished
on the surface. (Photos by Leelawathanasuk,GIT)
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Figure 8.40: The presence of infilling Pb is readily detected by EDXRF
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Figure 8.41: The presence of infilling Pb also appears in X-ray images
(Photos by Leelawathanasuk,GIT)
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Abstract: The causes of yellow and brown coloration in Be-treated sapphires
have been investigated by a series of irradiation and Be-heating experiments on
synthetic and natural colourless sapphires. UV-Vis spectra have been recorded
and the stones have been analysed for trace elements by LA-ICP-MS. Based on
ilese results it is likely that the Be-heating process could activate stable yellow
wolour centres in natural sapphires, which are also related to oxygen in the

itmosphere and iron; these are stabilized by the diffusion of Be. Brown colour
entres could be activated in the synthetic sapphires without iron. Therefore Be

adiation, yellow sapphires

Introduction

Gemstone enhancement is traditional in
human history. For several hundred years,
nubies have been heated in coal furnaces to
teduce the blue hue (Nassau, 1984, 1994;
Hughes, 1997). The “classical’ high tempera-
lure treatment of corundum has been known
for thirty years (Tombs, 1980; Harder, 1980;
Crowningshield and Nassau, 1981;

Nassau, 1982). Today we understand the

is able to act in the same way as has been previously proposed for Mg.

eywords: beryllium treatment, colour centres, diffusion, heat treatment,

mechanisms and the causes of colour much
better than in the past. Nevertheless, the
gemstone industry of Thailand has surprised
us once again with a ‘new’ corundum
enhancement technique that shows new and
unexpected colour distribution and reactions.
Examples have been presented on a number
of websites (e.g. AGTA, GRS) and from
Hughes (2002) and McClure et al. (2002).
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Typical examples of the product of this ‘new’
heating process can be seen in Figure 1. Many
of those samples show surface-related yellow
zones or if the stone contains chromium,

an orange colour rim was observed (Figures 2
and 3). To get a better inside view, the stones
were put into an immersion liquid
(methylene iodide) and to
improve the contrast a blue
glass filter was placed between
the light source and the stones.
The thickness of the surface-
related colour zone is about
25 mm in Figure 2 and about
1.2 mm in Figure 3. However,
colour rims up to 4 mm have
been observed in the lab.

‘Figure 2: Surface-related colour zones in a yellow sapphire,
10.06 % 11.57 wmm. (Imniersion, photo by Leelmwatanasuk, GIT)

\Figure 3: Surface-related colour zones in a pink-orange sapphire,
1520 % 6.63 num. (Immersion, photo by Somboon, GIT)

Figure 1: Pink-orange, orange,
yellow sapphires and ruby treated
with the new heating fechnique.
Treatment conditions are unknown.
(Photos by Somboon, GIT)

Because the colour zones are parallel to the
surface, it suggests that the stones have been
subject to diffusion of a foreign element or
combination of elements. Hitherto, diffusion
of a colour-producing element into a gem
mineral lattice on the scale of millimetres has
not been observed. The penetration depth of
the traditional diffusion treatment shown in
Figure 4, where Ti and Fe are introduced into
the sapphire from outside is about 0.09 mm;
this is known as external diffusion. Of course,
the penetration depth can vary slightly

Figure 4: Slice of colourless sapphire with blue rim cansed by
external diffusion of Ti into the stone; 4 x 7 mm. (Immersion,
photo by Higer)

. Gemm,, 2004, 29, 2, 77-103




lepending on time and temperature of
reatment. A similar order of diffusion
thickness (0.06 mm in Figure 5) can be
sbserved in the case of internal diffusion,
where titanium djffuses from natural rutile
inclusions into the corundum lattice.

To understand the new enhancement
technique applied to create yellow and
orange sapphires, it is necessary to understand
the causes of colour of natural yellow sapphires
in detail. Two groups of natural yellow
sapphires exist. The first group owes its
colour to a spin forbidden transition of Fe3*
(Lehmann and Harder, 1970; Krebs and
Maisch, 1971; Ferguson and Fielding, 1971,
1972; Nassau and Valente, 1987). However,
the probability of this transition is very low,
therefore, approximately 1 weight % Fe* is
needed to create an intense yellow with this
mechanism. Sapphires of this group originate
for example from the basaltic-type occurrences

Figure 5: Internal diffusion of Ti from rutile inclusions into
the corundum lattice showing the blue haloes. (Pheto by Higer)

in Thailand, Australia and North Madagascar,
or from the metamorphic occurrence in Umba,
Tanzania (D. Schwarz, pers. comm., 2003).
Typical spectra resulting from this kind of
mechanism are shown in Figure 6.

25 ‘
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L5
g 1
[
£
_g 10
Lyv]
050
00
! | ! ] I : I : !
30 400 500 600 700 800

\Figure 6: UV-Vis-spectra of an untreated yellow sapphire from Thailand (Khao Phloi Wean Chanthaburi) with E perpendicular
Wb c-axis (g-ray, black) and E parallel to c-axis (e-ray, red). The colour is due mainly to Fe¥* forbidden transition.

Yellow and brown coloration in beryllium-treated sapphires
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Figure 7: UV-Vis spectra of a heat-treated natural yellow sapphire from Sri Lanka with E perpendicular to c-axis (o-ray, black)
and E parallel to c-axis (e-ray, red). The colour is due to stable defect centres.

The second group is coloured by so-called
colour centres whose UV-Vis-spectra are
characterized by an increase of absorption
towards the UV-part of the spectrum
(Figure 7). Sapphires of this group originate
for example from Sri Lanka. The spectrum E
(the electric vector of light) parallel to c-axis
(e-ray) is very similar to the spectrum E
perpendicular to c-axis (o-ray), and such
sapphires therefore show weak pleochroism.

On the basis of the stability of the colour
or defect centres, it is possible to differentiate
this group into two sub-groups. The first
sub-group contains natural sapphires whose
colour is due to irradiation (Lehmann and
Harder, 1970; Nikolskaya ef al., 1978; Nassau
and Valente, 1987). The colour centres of
this group are not stable to light and heat.
The defect centres of the second sub-group
are stable to UV light and to heat up to about
500 or 600°C. It is not possible to differentiate

between these two sub-groups on the basis of
UV-Vis spectroscopy, and the best method of
distinguishing them is to use the fading test
(Nassau and Valente, 1987).

The defect centres of the second sub-group
are stable with respect to light and heat in an
oxidizing atmosphere. Schmetzer ef al.
(1982, 1983) mentioned that the colour centres
might be stabilized by divalent cations like
Fe2* or Mg?+, by trivalent cations like Cr3* or
Fe** or by several di- and tri-valent cations.
Hager (1993) and Emmett and Douthit (1993)
pointed out the importance of Mg as a stabilizer
of the colour centres in natural sapphires and
strongly indicated that Mg has to be in excess
of intrinsic Ti. In addition, Hager (1996, 2001)
has shown that Mg+Fe, an oxidizing atmos-
phere and high temperature are necessary
to develop stable yellow colour centres.
Interactions of trace elements in corundum
are briefly summarized in Box L

|. Gemm., 2004, 29, 2, 77-103



Box I: Interaction of trace elements in corundum at high temperatures

Based on several quantitative experiments it has been shown that in addition to the classical
trace elements like Fe and Ti which influence the colour of blue sapphire, Mg is also important.
This element is able to form colourless MgTiO5-clusters. If Ti exceeds the Mg-content, the excess
of Ti leads in combination with Fe to colour-active FeTiOz-clusters (Héger, 1992). In the case of
a yellow sapphire which is coloured by stable defect centres, Mg is in excess after the calculation
of the colourless MgTiOs-clusters (Hager, 1993; Emmett and Douthit, 1993). But in contrast to
Emmett and Douthit, it was shown that the excess of Mg in combination with low Fe causes
stable colour centres identical to those of natural yellow sapphires from Sri Lanka, while Mg
by itself stabilizes another kind of colour centre (Hager, 1996). If Ti-content exceeds the sum of
Mg + Fe, the excess of Ti will precipitate during heat treatment at 1850°C in an oxidizing
iatmosphere. To summarize the above, the following diagrams were developed (Hager, 1996, 2001).

R
vy
oo
=
: Ti* - i
Fer(:d. Fe&!TlSﬂ Femm Tlmt
] colour centre due to Mg o colour centre due to Mg and Fe
g yellow due to Fe? it Fe?t/Fei-charge iransfer green due to Fe''
ke Fe?*/Ti! -charge transfer S precipitation of TiO,

\Figure I: Model representing the interaction of trace elements in the system Mg, Fe, Al and Ti for samples wirich were heat
treated inoxidising (A) and reducing atmospheres (B) at hagh temperatures.

The diagram in Figure IA represents the system Al-Mg-Fe-Ti (tetrahedron). Out of this
tetrahedron a slice is cut. This slice represents sapphires with total trace element content in
the ppm region. The resulting diagram is a triangle. Sapphires of this composition were heat
freated at 1850°C in an oxidizing atmosphere (Figure I1A) and at 1750°C in a reducing atmosphere
(Figure IB). The most important line in the large triangle in Figure IA is the connecting line
between the Fe corner and the Mgs,Tis, point where the Mg to Ti ratio is always 1:1; there,
the samples neither show any kind of colour centres nor an Fe2*/Ti** charge transfer band.
Above this line are stable yellow colour centres such as found in natural sapphires from Sri
Lanka. In the Mg corner are stable defect centres, but not with the same UV-Vis spectral pattern
as the samples containing both Fe and Mg. Below the line, where Ti:Mg ratio is more than 1:1,
are the Fe2*/Ti* charge transfer bands. If the titanium content exceeds the sum of Mg + Fe a
litanium-containing phase can precipitate. If the sapphires are treated in reducing conditions,
the colour centres are destroyed completely and additional titanium precipitates are dissolved
(Figure IB). The amount of additionally dissolved precipitates now depends on the kinds of the
‘reducing gases used.

Yellow and brown coloration in beryllium-treated sapphires



Box Ii: Materials and methods

In this study two flame-fusion-grown colourless sapphires, a disc of synthetic colourless
corundum or ‘watch glass’, and three natural colourless sapphires were heat-treated under
unknown conditions by a Thai heater. Five yellow, orangey-yellow and blue sapphires, reportedly
the results of heat-treatment by the Be-technique in Thailand were also studied. A similar set of
samples (two flame-fusion-grown colourless and nine natural colourless sapphires) was also
irradiated by soft X-rays (4 mA, 80 kV) for four hours.

The heat-treatment experiments were also carried out by one author (TH) to confirm results.
A synthetic colourless (‘watch glass’) and two natural colourless, one natural blue and many
natural pink sapphires mixed with ground chrysoberyl in the crucibles were heated in a resistance
furnace with Super Kanthal 1900 heating elements at 1750°C in air (i.e. under oxidizing
conditions) for 30 hours.

The samples were photographed and their UV-Vis spectra were recorded before and after the
heating and irradiation. Only if the spectrum was not recorded with E perpendicular to the c-axis
(o-ray), is this fact noted. The Hitachi UV-Vis-NIR spectrophotometer (model U4001) was used
for most measurements with additional measurements using a Leica/Leitz UV-Vis microscope
attached to a spectrometer and a Perkin-Elmer Lamda 9 UV-Vis-NIR spectrophotometer.

The heat-treated and irradiated samples were subjected to a fading test. The samples were
placed under a 100 W light bulb at a distance of 4 cm for several hours to fade any unstable
colour centres. The samples were then photographed and UV-Vis spectra were recorded again.
An irradiated natural sample was placed on a heating stage under a Leica microscope coupled
with a spectrometer with a resolution of 1 nm. A UV-Vis-spectrum was recorded at every 10°C
rise in temperature up to 300°C.

After the UV-Vis measurements, a set of representative samples were cut in half, lightly
polished on the cut surfaces and then analysed for trace element content by Laser Ablation
Inductively-Coupled-Plasma Mass Spectrometry (LA-ICP-MS). This set of samples includes
three synthetic colourless sapphires (one Be-treated flame-fusion-grown, one original flame-
fusion-grown cut from the same boule and one disc of synthetic corundum or ‘watch glass’),
two natural colourless sapphires (one Be-treated, one original sample obtained from the same
gemstone dealer), three yellow and orangey-yellow Be-treated natural sapphires and two
Be-treated natural blue sapphires obtained from different heaters. The 5-points profile analysis
(Rim1, Mid-Point1, Core, Mid-Point2, Rim2) and 3-points profile analysis (Rim1, Core, Rim2)
were performed across the cut surface by this technique.

Detailed descriptions of LA-ICP-MS instrumentation, analytical and calibration procedures
are similar to those given by Norman et al. (1996). The UV laser ablation microprobe (a New
Wave Research 266 nm Nd: YAG) is coupled to an Agilent 7500 ICP-MS. All analyses were
done with a pulse rate of 5 Hz and beam energy of approximately 0.5 m] per pulse, producing
a spatial resolution of 30-50 um in diameter on the samples. Quantitative results of isotopes for
nine trace elements (Be9, Na23, Mg24, Ti47, V51, Cr53, Mn55, Fe57 and Ga71) were obtained
through calibration of relative element sensitivities using the NIST-610 multi-element glass
standard and pure Al,O; as internal standards. The BCR2G basaltic glass standard was also
used as an external standard. The contents are reported as pg/g or ppm by weight. The
detection limits vary from analysis to analysis and are typically less than 1 ppm for Be, V and
Ga; less than 4 ppm for Mg, Ti and Mn; less than 13 ppm for Cr; less than 40 ppm for Na and
less than 80 ppm for Fe.

| Gemm,, 2004, 29, 2, 77-103




hthe ‘new’ heating technique, pink-
tor orange sapphires can be produced
iginal pink or reddish-brown

, and colourless or white sapphires
enhanced by addition of a yellow hue
stones. Some yellow sapphires can

e obtained by heat-treatment of

| green or blue sapphires by the
hnique (Coldham, 2002). In the
lease from the Chantaburi Gem and
Association (CGA) on 20 February
he ‘new’ heating technique was

sed as ‘Be-treatment or Be-heating’
ue. Hence, understanding how this
hue is caused by this technique is

ation treatment (b), and almost colourless after a fading test (c). Afterwoards the sample was cut in

Results

Irradiation

In the first series of tests, the irradiation
experiment was carried out on a flame-
fusion-grown colourless sapphire and a
natural colourless sapphire (Figures 8-12).
The synthetic sample is relatively pure Al,O,
in which most of the trace elements including
Be are below the detection limits; a typical
analysis, taken from the core of a stone,
is shown in Table I. The natural sample contains
relatively higher trace element content, in
particular Mg, Ti and Fe, while the Be content
is below the detection limit (Table I). After the
irradiation the synthetic stone turned slightly

i points on a traverse (d) were analysed across the cut surface using LA-ICP-MS (see also Table I and

. (Photos by Semboon, GIT and Lontthong, K1)

b&m‘l coloration in beryllium-treated sapphires
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Figure 9: UV-Vis spectrn of the 2.44 ct cuebe of flame-fusion-growon colourless sapphive (PKSCS02) before treatnient (c),
pale brown after X-ray irradiation treatuient (a), and after o fading test (b).

Table I: Some typical trace element .

contents of a flame-fusion-grown u/g Core c;:f synthetic Core of natural

cofourless sapphire (PKSCS02), and a sapphire PKSCS02 | sapphire POMCS04

natural colowrless sapphire (POMCS04),

both untreated with Be, obtained by Be <0.95 <0.75

LA-ICP-MS.
Na <40.97 57.55
Mg 5.50 81.01
Al 529250.40 529250.40
Ti <3.74 129.98
V <0.59 17.44
Cr <12.58 15.40
Mn <2.85 <2.26
Fe <77.93 719.27
Ga <0.55 89.82
Total % 52.93 53.04
< = below detection limit
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brown (Figure 8b) whereas the
natural one became intense yellow
(Figure 10b). The UV-Vis spectra of
the synthetic sample (Figuire 9)
«changed from a flat line before
irradiation to a broad absorption
‘band at approximately 400 nm
with only a weak absorption in
the UV-part of the spectrum after
drradiation (see also Kvapil ef al.,
11972, 1973). The UV-Vis spectra of
the natural sapphire (Figure 11)
.thanged from a flat line before
irradiation to a pronounced increase
‘in absorption in the UV-part of the
sspectrum with a distinct shoulder

‘at approximately 460 nm after irradiation

(similar results have previously been reported
by Schmetzer et al., 1982, 1983; Nassau and
Valente, 1987). The colour of all the irradiated
samples was not stable during the fading

Figure 10: Photos of a 0.73 ct natural
colourless sapphire (POMCS04) before
treatment (a), yellow after X-ray irradiation
treatment (b), and almost colourless after a

fading test (¢). A five-point-profile (d) was

analysed across the cul surface afterwards
using LA-ICP-MS (see also Table | and
Figure 11). (Photos by Somboon, GIT and
Lomthong, KU

test and they returned to their original
‘colourless’ state (see Figures 8 and 10). The
same results were obtained from several runs
on synthetic and natural colourless samples.

2.5
natural sapphire POMCS04
20 4 \ b.) after irradiation
'\ c.) after irradiation and fading
' a.) before irradiation

15 \
g \
g N b
-
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Figure 11: UV-Vis spectra of the 0.73 ct natural colourless sapphire (POMCS04) before treatment (a), after X-ray irradiation

Ireatment (b) and after a fading test (c).

fellow and brown coloration in beryllium-treated sapphires
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Figure 12: UV-Vis spectra of an irradiated natural sapphire heated wpr at a rate of 2°C{min; spectra were recorded every 10°C
and a selection is shown. The main point to note is that the intensity of colour fades to near-colourless at 300°C.

Figure 12 shows clearly the changes in spectra
relating to instability of the colour of an
irradiated natural sample. After irradiation,
the sample faded during heating especially in
the temperature range between 50°C and
150°C and returned to its original colour.

Berylfium heal-treatment

In the second series of tests, Be-heat-
treatment was carried out by a Thai heater
on both synthetic and natural colourless
sapphires. A similar set of samples was used
for our own heating experiment. The precise
conditions and procedure used by the Thai
heater were not divulged.

Be-treated synthetic colourless sapphires

The 3.85 ct cube of colourless flame-fusion
grown sapphire (Figure 13a) treated by the
Thai heater, turned pale brown at the rim
with a gradual decrease in intensity towards
the colourless core (Figure 13b). The pale
brown rim and colourless core are better seen
in the immersion liquid (Figure 13c). This

sample turned colourless after heating

in reducing conditions and returned to pale
brown again after re-heating in oxidizing
conditions (Figure 13¢ and f).

Another 11.03 ct square-cabochon sample
cut from the same boule and heat-treated
under the same conditions gave exactly the
same result (not shown here). A similar pale
brown colour was observed in our own
experiment on a colourless ‘watch glass’
sample mixed with ground chrysoberyl
and heated at 1750°C in oxidizing conditions
for 30 hours. Moreover, the same brown
coloration was also reported by Emmett
and Douthit (2002), Emmett ef al. (2003)
and Themelis (2003) on colourless flame-
fusion-grown, Czochralski-grown (high purity)
and heat-exchanger-grown (ultra-high
purity) sapphires.

The UV-Vis spectrum of the synthetic
sapphire changed from a flat line before
heating to a broad absorption band at

). Gemm., 2004, 29, 2, 77-103



h,'ss pieces was f}ren re-henfed int air Gi.c. nxrdrthan conditions) at
1650°C for 1 hour, which turied the sample back to pale brozon
{f). (Photos by Somboon, GIT and Lomthong, KU)

05
c.) watch glass sapphire after Be-heat treatment
1 — b.) flame fusion colourless sapphire after
Be-heat treatment
0.4 \ a.) flame fusion colourless sapphire
' before treatment

0,3

absorbance

0,2

a1

0,0 e e e = e e e e e = | e I T
300 350 400 450 500 550 600 650 700 750 800
nm

Figure 14: LIV-Vis spectra of the flame-fusion-grows sapphire (PKSCS01) before treatment (a) and after Be-heat treatment (b)
inder witknotwn couditions. Spectrum ¢ was vecorded from a ‘watch glass' sapphire (WG02) which had been turned pale brown
rom originally colourless material by heating at 1750°C in an oxidizing atmosphere with chrysoberyl in the crucible.
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Figure 15: Plots of trace element content variation across the cut surface of the pale brown Be-treated flame-fusion-grown
sapphire (PKSCS01), see Figure 13d and tex! for discussion.

Table I: Trace element contents of the pale brown Be-treated flame-fusion-grown sapphire (PKSCS01) obtained by LA-ICP-MS.

ul/g Rim 1 | Mid-Point 1 Core | Mid-Point 2 Rim 2
Be 1.60 <1.02 <0.99 3.65 2.15
Na <17.83 <39.36 <3843 <38.41 <16.54
Mg 0.73 <1.23 <1.26 1.31 <0.51
Al 529250.40 529250.40 529250.40 529250.40 529250.40
Ti <2.04 <4.42 <4.14 <3.99 <1.5
v <0.26 <0.56 <0.57 <0.53 <0.25
Cr <5.79 <12.7 <12.01 <12.11 <5.25
Mn <1.26 <2.78 <27 3.20 <117
Fe <35.74 <78.59 <77.61 <76.8 <33.21
Ga 0.38 <0.53 <0.51 <047 0.29
Total % 52.93 52.93 52.93 52.93 52.93
Element factors based on atom mole ppm

Mg-Ti 0.61 0.00 0.00 1.10 0.00
Be-Ti 3.62 0.00 0.00 8.26 4.86
(Be+Mg)-Ti 4.23 0.00 0.00 9.36 4.86

< = below detection limit
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approximately 420 nm with only weak
absorption in the UV-part of the spectrum
after heating (Figure 14). The same UV-Vis
spectrum was also obtained from our own
run on the ‘watch glass’ sample (Figure 14).

A similar result was also found by Emmett

et al. (2003). The brown colour of all the samples
produced by the Thai heater and our Be-treated
sample was stable during the fading test.
Furthermore both colour and UV-Vis spectra
produced by the Be-heating process are very
similar to those produced by irradiation. The
only difference is a small shift of the absorption
peak from approximately 400 nm (irradiated
sample) to 420 nm (Be-treated sample).

The LA-ICP-MS results of the five-point-
profile analysis on the cut surface of the
3.85 ct cubic sample (Figure 13d) are listed in
Table I1. In order to compare the trace element
contents and understand their interaction,
all cations are calculated as atom mole ppm
(or abbreviated as amp) and normalized to
40 atoms of cation, which corresponds to
60 atoms of oxygen in the Al,Oj structure,
As shown in Table Il and plotted in Figure 15,
slightly elevated Be contents appear at the

i

rims as compared to those at the core and
correspond well with the brown rim. The
extremely low Be content at the colourless
core is also similar to those analysed in the
unheated sample cut from the same boule
(Table I). Other important trace element
contents such as Mg, Ti, V, Cr, Fe and Ga are
extremely low without noticeable variation
from the core to the rim. These contents are
comparable to those in the unheated sample
(mostly below the detection limits) suggesting
rather pure Al,O5 originally. A similar result
was also obtained from the three-point-profile
analysis across the cut surface (not shown here).

As shown in Figure 15 and Table 11, the
brown rims are strongly correlated with Be.
These data therefore suggest that the divalent
Be (without Mg) could play an important role
in the creation of the brown coloration. This
is because it is very unlikely that colour can
be created in a pure Al O, system by simple
heating without the introduction of an element
or elements from an external source.

The synthetic sapphire treated by the Thai
heater was heated without addition of any

J—

i

JELSELLE

cut s:ufm:e usmg. LA- ICP-MS

(see also Figure 17). The other half of the sample was then cut into three pieces; one piece was kept as the reference
and the other two pieces were heated in a pure nitrogen atmosphere at 1650°C for three hours which turned the
stone colourless (d). One of the resulting colourless pieces was re-heated in air (n oxidation conditions) at 1650°C
for one hour, which turned the sample back to pale brown (e). (Photos by Somboon, GIT and Lomthong, KU)

Yellow and brown coloration in beryllium-treated sapphires
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Figure 17: Plots of trace element content varintion across the 1.25 nun thick cut surface of the pale brown Be-treated ‘watch
glass’” sapphire disc (WGO1), The contents of Be are dominant over those of Mg and Ti in almost all the points analysed, and

(Be+Mg) > Ti in all analysed points (cf. Figure 16¢).

Be-containing substance, e.g. chxysoberyl.
Nonetheless, the LA-ICP-MS results have
proved without doubt that a few ppm of Be
must have entered the sample from an external
source. The Be might have come from the
crucible and/or furnace that previously had
been heat-treated with Be-containing sub-
stances. This could explain why there are
such low Be contents in this batch of samples
(see also the next two samples) as compared

with ten of ppm in the other samples obtained
from other heaters (see later section). It is also
surprising to realize that only a few ppm of
Be are enough to create a pale brown colour
in this relatively pure Al,O; sample. A ‘watch
glass” of colourless synthetic sapphire (WG01)
was heat-treated under the same conditions
as those used for the flame-fusion stones
and gave similar results, shown in Figures 16
and 17.

Figure 18: Photos of a 0.80 cf natural colourless sapphire (POMCS03) before treatment (a), yellow after Be-heat treatment (b)
and in Hhe immersion liguid (¢). A free-point profile (d) was analysed nevoss the cut surface after the treabment wsing LA-ICP-MS
(see also Table 11 and Figure 20). The other half was heated in a reducing atmosphere at 1650°C for three howrs, which turned
the stone colourless (e). (Photos by Somboon. GIT and Lomthong, KU)
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Be-lreated natural colourless \,i'.-_,'}_,'_"fT,'u"-"'.

The 0.80 ct oval natural colourless sapphire
was heat-treated by the Thai heater under the
same conditions as the flame-fusion grown
specimen. The sample has turned intense
yellow throughout without any particular
surface-related colour after the treatment
(Figure 18). Of two other natural samples
(obtained from the same gemstone dealer) in
the same run, however, one turned slightly
vellow and in the other there was almost no
colour change. Similar yellow colours were
also observed in our own heating experiment
on two natural colourless sapphires mixed
with ground chrysoberyl and heated at 1750°C
in an oxidizing atmosphere (in air) for 30 hours.
The UV-Vis spectra of the intense vellow
one changed from a flat line before heating
to a pronounced increase of absorption in the
UV-part of the spectrum with a shoulder at
460 nm after heating (Figure 19). The yellow
colour was stable under a fading test.

The LA-ICP-MS results of the 5-point
profiles across the cut surface (Table I11 and
Figure 20) reveal a few ppm of Be (all values
are above the detection limits) without
noticeable concentration in the rims. These
Be values are distinctly higher than those of
the unheated sapphire where all Be values
are below the detection limits (Table I). These
data therefore suggest that a small amount of
Be has been diffused into the stone from an
external source — similar to the conclusion
reached for the flame-fusion grown and the
‘watch glass” samples, again probably from a
contaminated crucible and/or furnace.

All the points analysed show rather
high Mg content (Table I1] and Figure 20)
compared with Ti and Be contents but there
is no particular concentration in core or rim of
any of the trace elements measured. The
Cr contents are extremely low (below
detection limit). When Mg and Ti are

~natural sapphire after treatment
natural sapphire before treatment
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Figure 19: Spectra of the natural colonrless sample (POMCS03) before treatment (a) and after the Be-heat treatment (b)

(see also Figure 18a, b).
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Table 11I: Trace element contents of the 0.80 ct Be-treated natural colourless sapphire (POMSCO3) which became yellotw after
the treatment, obtained by LA-ICP-MS.

nglg Rim 1 | Mid-Point 1 Core | Mid-Point 2 Rim 2
Be 1.23 4.68 2.52 2.79 2.90
Na <18.10 <33.67 <29.32 <29.56 <18.11
Mg 95.38 144.81 71.52 67.48 80.15
Al 529250.40 529250.40 529250.40 529250.40 529250.40
Ti 74.48 78.19 65.95 58.30 51.33
\% 2.44 2.82 2.47 2.33 1.98
Cr <5.28 <9.51 =8.30 <8.73 <5.37
Mn <1.25 <2.32 <2.01 <2.05 <1.27
Fe 347.76 402.65 348.55 32547 342.53
Ga 68.88 61.42 58.20 61.22 64.24
Total % 52.98 52.99 52.98 52.98 52.98
Cations (Atom Mole ppm)
Be 278 10.58 57 6.31 6.56
Na 0.00 0.00 0.00 0.00 0.00
Mg 79.97 121.39 59.97 56.58 67.20
Al 399737.57 399668.81 399761.10 399774.71 399759.85
Ti 31.69 33.26 28.06 24.80 21.84
0.98 1.13 0.99 0.93 0.79
Cr 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00
Fe 126.89 146.89 127.18 118.76 124.98
Ga 20.13 17.95 17.01 17.90 18.78
Total 40.00 40.00 40.00 40.00 40.00
(Atom Mole%)
Mg-Ti 48.28 88.13 31.91 31.78 45.36
Be-Ti -28.90 -22.68 -22.36 -18.49 -15.28
(Be+Mg)-Ti 51.06 98.71 37.61 38.09 51.92

< = below detection limit of which 0.00 value is used for calculation of atom mole ppm
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Figure 20: Plots of trace element content variation across the cut surface of the Be-treated natural colourless sapphire
(POMCS03), which became yellow after the treatment, cf. Figure 18d and see fext.

present in corundum they commonly form
MgTiO; clusters, and it is the amount of
excess Mg over Ti that is significant in
forming yellow colour centres (see Box [;
Hager, 1996, 2001; and Emmett ef al., 2003).
This sample has strong excess of Mg and
Mg-Ti contents range from 32 to 88 amp.
Hence, the excess Mg or Mg+Be could lead
to the formation of a stable yellow colour in
this sample.

Yellow and orangey-yellow Be-treated sapphires
All three yellow and orangey-yellow
sapphires stated to have been heat-treated
in Thailand also gave similar results. The

LA-ICP-MS results reveal rather high Be
contents in the samples and an excess of

Be+Mg over Ti content in all the points
analysed (two samples are shown in
Figures 21-24 and Tables IV and V). Although
Cr is present, it appears to be too low to
create a pink hue in sample PPYS], but
in MadaRoughO1 (Table V) it is sufficient to

- make the stone appear orange.

‘ Be-treated blue sapphires

- Two blue sapphires from an unknown

| source reportedly heat-treated with Be by

- aThai heater show a thin surface-related
yellow zone surrounding a blue core (one

is shown in Figure 25). High magnification

Yeflow and browr colaration in beryllium-treated sapphires

shows that the blue core contains oriented
blue dots probably resulting from partial
dissolution of rutile needles. The LA-ICP-MS
data (Table VI and Figure 26) reveal the ele-
vated Be contents of the yellow rims and its
absence at the blue core, again indicating Be
diffusion from an external source. All the
analysed points in the cores show an excess
of Ti after calculation of colourless MgTiO; or
BeTiO; clusters (i.e. Mg-Ti and Be-Ti content
show negative values). In the yellow rim
there is an excess of Be+Mg over Ti, while in
the blue core Be+Mg is lower than Ti.

Figure 21: Photo of n yellow sapphire (PPYS1) reportedly
heat-treated with Be under unknown conditions by a Thai
heater. The sample appears yellow throughout the entire stone
and lacks a surface-related colour zone, A five-point profile
was analysed across its cut surface (see Table IV and Figure 22).
(Photo by Somboon, GIT, and Lom-thong, KU)
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Figure 22: Plots of trace element content variation across the cut surface of the yellow Be-treated sapphire (PPYS1).
No significant variation of Be, Mg and Ti content is apparent (see Table 1V) across the profile. All the points analysed
(Figure 21) however, show (Be+Mg)=Ti contents.

Figure 23: Photos of a 2.44 ct Madagasmu orangey-yellow rough sapphire (MadaRough01) reportedly heat-treated with
Be under unknown conditions in Thailand (a). The sample Wm‘s rangey-yellow throughout the entire stone and lacks
a surface-related colour zone. A five-point profile was analysed across the cut surface (b) on one half (see also Table V
and Figure 24); the other half was heated in a reducing atmosphere at 1650°C for three hours, which furned the stone
colourless (c). (Photos by Samboon, GIT and Lontthong, KU)
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Figure 24: Plols of trace element content variation across the cut surface of the orangey-yellow Be-treated rough sapphire
(MadaRough01, Figure 23b) The analyses show higher Be contents at the rims, gradually decreasing toward the core.
The contents of Mg, Ti and other trace elements (see Table V) however, show no consistent variation across the profile.
At all the points analysed (Be+Mg) > Ti.
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Table IV: Trace element contents of a yellow Be-treated sapphirve (PPYS1) showing rather high content of Be, Mg, Ti and Fe
but low Cr content across the profile. Resulls obtained from LA-ICP-MS,

u/g Rim1 | Mid-Point1 Core | Mid-Point 2 Rim 2
Be 9.14 10.02 10.29 11.27 8.86
Na <13.54 <11.63 <13,89 <11.89 <11.30
Mg 48.01 43.39 42.03 43.44 39.61
Al 529250.40 529250.40 529250.40 529250.40 529250.40
Ti 7547 65.06 71.09 68.82 58.36
vV 20.11 19.62 18.88 19.76 21.50
Er 32.58 35.65 35.68 32.94 34.43
Mn <0.67 <(.58 (.72 <(.58 <0.55
Fe 223719 2210.06 2119.11 2375.70 2424.42
Ga 73.94 74.56 73.07 76.35 81.14
Total % 53.17 5317 53.16 53.19 53.19

Cations (Atom Mole ppm)

Be 20.63 22.62 23.23 25.44 20.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 40.18 36.32 35.18 36.35 33.15
Al 399049.91 399064.88 399096.62 399000.72 398993.41
Ti 32.05 27.63 30.19 29.22 24.78
1 8.03 7.84 7.54 7.89 8.58
Cr 1275 13.95 13.96 12.89 13.47
Mn 0.00 0.00 0.00 0.00 0.00
Fe 814.87 805.02 771.95 865.21 882.94
Ga 21.57 21.76 21.32 22.27 23.67
Total 40.00 40.00 40.00 40.00 40.00
(Atom Mole%)

Mg-Ti 8.13 8.69 4.99 7.13 8.37
Be-Ti -11.42 -5.01 -6.96 -3.79 -4.78
(Be+Mg)-Ti 28.76 31.31 28.22 32.57 28.36

< = below detection limit of which 0.00 value is used for calculation of atom mole ppm

Yellow and brown coloration in beryllium-treated sapphires



Table V: Trace element contents of the arangey yellow Be-treated rough sapphive (MadaRough01), obtained from LA-ICP-MS.

uglg Rim 1 | Mid-Point 1 Core | Mid-Point 2 Rim 2
Be 6.87 4.52 0.82 3.54 5.88
Na 45.25 96.93 <11.99 15.76 17:37
Mg 71.34 95.96 85.65 110.10 85.21
Al 529250.50 529250.50 529250.50 529250.50 529250.50
Ti 113.57 125.74 131.06 122.41 126.47
\% 7.42 8.94 9.43 10.72 9.07
Cr 74.00 90.48 90.78 100.04 92.79
Mn <(0.39 <0.67 <0.60 <0.69 <0.23
Fe 3575.26 4099.17 4355.35 4697.28 3939.04
Ga 100.22 116.12 122.64 142.13 124.44
Total % 53.32 53.39 53.40 53.45 53.37
Cations (Atom Mole ppm)
Be 15.49 10.18 1.85 7.97 13.25
Na 39.98 85.59 0.00 13.91 15.34
Mg 59.62 80.15 71.54 91.92 71.19
Al 398475.31 398208.18 398213.11 398043.06 398338.32
Ti 48.16 5329 55.54 51.86 53.61
2.96 3.56 3.76 4.27 3.62
Cr 28.91 35.32 35.44 39.04 36.24
Mn 0.00 0.00 0.00 0.00 0.00
Fe 1300.37 1489.92 1583.06 1706.61 1432.19
Ga 29.20 33.81 35.71 41.37 36.24
Total 40.00 40.00 40.00 40.00 40.00
(Atom Mole%)
Mg-Ti 11.46 26.86 15.99 40.06 17.58
Be-Ti -32.68 -43.11 -53.70 -43.88 -40.37
(Be+Mg)-Ti 26.95 37.04 17.84 48.03 30.83

< = below detection limit of which 0.00 value is used for calculation of atom mole ppm
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Figure 25: Photo of a blue sapphire
(PPBS1) reportedly heat treated with
Be under unknown conditions by a
Thai heater. The sample shows a thin
surface-related yellow rim surrounding
the blue core. High magnification
reveals that the blue core contains
oriented blue dots probably resulting
from partial dissolution of rutile
needles. A five-point profile was
analysed across the cut surface with
two points in the surface-related yellow
zone (rims) and three points in the blue
core. (Photo by Somboon, GIT and
Lomthong, Ktl)
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Figure 26: Plots of the trace element content variation across the cut surface of the Be-treated blue sapphire (PPBS1, Figure 25).
The Be contents are obviously high at the yellow rims and are negligible in the blue core. The contents of Mg and Ti (also other
trace elements, see Table V1) however show no consistent variation across the profile. The analyses also show (Be+Mg)=Ti at
the yellow rims in contrast to Ti = (Be+Mg) in the blue core.

Figure 27: A natural blue sapphire was
cul in half; the left half was heat treated
with ground chrysoberyl in a crucible
while the right half was heated in another
crucible without chrysoberyl. The heating
procedure for both crucibles was 1750°C
for 30 hours in air. After heat treatment
the left half shows a surface-related yellow
rim whereas the right half is blue throgh-
ont the stone. (Photo by Higer)
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Table VI: Trace element confent of @ Be-treated blue sapphire (PPBS1), obtained fromt LA-ICP-MS.

u/g Rim1 | Mid-Point 1 Core | Mid-Point 2 Rim 2
Be 9.15 0.26 <0.17 <0.22 8.71
Na <10.82 <9.77 <10.63 <14.53 <12.40
Mg 24.54 27.14 25.86 25.66 26.55
Al 529250.40 529250.40 529250.40 529250.40 529250.40
Ti 60.45 83.16 65.99 79.49 51.58
\Y 12.83 12.87 12.47 12.53 12.23
Cr 36.34 37.86 32.32 31.33 38.61
Mn <0.53 <0.48 <0.53 <0.73 <0.62
Fe 3013.78 4303.34 3015.91 3139.35 3182.56
Ga 51.66 56.00 53.22 53.84 54.13
Total % 53.25 53.38 53.25 53.26 53.26

Cations (Atom Mole ppm)

Be 20.64 0.58 0.00 0.00 19.65
Na 0.00 0.00 0.00 0.00 0.00
Mg 20.53 22.68 21.63 21.46 22.20
Al 398801.73 398340.61 398819.35 398769.19 398742.19
Ti 25.66 35:25 28.01 33.73 21.89
Vv 512 5.13 4.98 5.00 4.88
Cr 14.21 14.79 12.64 1225 15.09
Mn 0.00 0.00 0.00 0.00 0.00
Fe 1097.05 1564.65 1097.87 1142.66 1158.31
Ga 15.06 16.31 15:52 15.70 15.78
Total 40.00 40.00 40.00 40.00 40.00
(Atom Mole?%)

Mg-Ti -5.13 -12.58 -6.38 -12.27 0.32
Be-Ti -5.02 -34.67 -28.01 -33.73 -2.24
(Be+Mg)-Ti 15.51 -12.00 -6.38 -12.27 19.96

< = below detection limit of which 0.00 value is used for calculation of atom mole ppm
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Figure 28: Three UV-Vis spectra of synthetic cornundums: pale brown after irradiation with X-rays (a), pale brown
after diffusion treatment with Be (b), and brown to violet after doping with My (c).

Discussion

The samples can be divided into two
groups on the basis of their trace element
contents. The first group consists of synthetic
colourless sapphires with extremely low trace
element contents, and the second group is
dominated by trace contents of iron.

First group: ‘pure’ colourless sapphires

In the first group, the irradiation experiments
with colourless flame-fusion grown sapphires
produced a pale brown colour and a broad
absorption band near 400 nm. This absorption
band is unstable to normal heat and light and
can be attributed to irradiation-related colour
centres (see Figure 28). The detailed assignment
of this absorption band is outside the scope
of the present paper and will be discussed in
another paper.

After Be-treatment, the synthetic colourless
sapphires also turned pale brown and
although the absorption pattern is similar to

that of the irradiated sapphire, the broad
absorption band is centred at about 420 nm.
LA-ICP-MS analyses of sapphires supplied
by the trade and our own Be-heating
experiments indicate that Be has diffused into
the stones from an external source. Be is
directly related to the brown coloration.
The other trace element contents remained
unchanged. This absorption band is stable to
normal daylight and to heating in an oxidizing
atmosphere and has been clearly influenced by
the diffusion of Be. In the corundum structure
there are probably Be-related colour centres
(or Be-trapped hole centres) which are created
and stable only in an oxidizing environment
and which can easily be eliminated by
heating in a reducing environment (see also
Emmett ef al., 2003).

Synthetic Mg-doped sapphires show a
broad absorption band with a maximum at
about 500 nm (see Figure 28) and are
brownish-violet. Similar spectra of Mg-doped

Yellow and brown coloration in beryliium-treated sapphires
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Figure 29: LIV-Vis spectra of yellow sapphires: a natural sample irradinted with X-rays (b), natural samples after Be-treatment
(c and f), a natural sample from Sri Lanka (d), the residual spectrum obtained by the subtraction of the spectrum of a pale pink
natural sapphire before treatment from that of an orange Be-treated natural sapphire (a), a synthetic sample double-doped with

Mg and Fe (e).

sapphires have been described by Andreev
et al. (1976), Wang et al. (1983) and Hager
(1996, 2001). The Mg-related colour centres
(or Mg-trapped hole centres) are created only
by heating in an oxidizing atmosphere and
can easily be eliminated by reduction heating
(e.g. Kvapil ef al., 1972, 1973; Andreev et al.,
1976; Wang et al., 1983; Emmett and Douthit,
1993; Hager, 1996; 2001; Emmett ef al., 2003).

Hence, based on their similar behaviour, we
believe that Be?t and Mg?* act in a very similar
way as stabilizers of colour centres in these syn-
thetic sapphires. It has been shown in this study
that yellow coloration cannot be produced by
irradiation or by Be-heat treatment in the pure
Al O, system. The absorption spectra of brown
and yellow sapphires are shown in Figures 28
and 29 and do not have absorption bands in
common. It seems that combination with other
trace element(s) is required to produce yellow
colour centres.

Natural colourless sapphires and a synthetic
sapphire double-doped with Fe and Mg
belong to the second group. Irradiated samples
with a significant Fe content show an intense
yellow colour after treatment. The UV-Vis
spectra of the irradiated samples show a
pronounced increase of absorption in the
UV-part of the spectrum and a shoulder at
about 460 nm (Figure 29). Similar colours and
spectra can be observed in natural unheated
Sri Lankan yellow sapphires and in the syn-
thetic sapphire double-doped with Fe+Mg
(Figure 29).

Elevated Be contents have been found in
the treated stones obtained from a number
of heaters in Thailand, but no consistent
variation in Mg or any other trace element
was detected in the core to the rim. This is in
contrast to the observation of Peretti and
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Giinther (2002) who found a decrease in Fe,
Cr, Ti, V, Ga and Mg towards the rim. This
discrepancy might be due to different kinds
of flux material being used in those runs.
The Be-treated samples are generally intense
yellow and show an excess of Be+Mg content
after calculation of MgTiO; and /or BeTiO4
clusters. Some samples however show only a
very pale yellow or almost no colour change;
such stones probably have more or less the
same amount of Ti and Mg-+Be. The absorption
spectra are essentially identical to those of the
natural untreated vellow sapphire from

Sri Lanka, the Mg+Fe doped synthetic crystals
and the irradiated samples (see Figure 29). As
pointed out above, the irradiated samples are
unstable to daylight and heat, while all the
others are stable in daylight and oxidizing heat.

The blue sapphire (PPBS1) shown in
Figures 25 and 26 is a stone in which Ti
exceeds the Mg content in all analysed
points. However, in the yellow rim the sum
of Be+Mg exceeds the Ti content. These data
strongly suggest that the yellow hue can only
be formed if there is an excess of Be+Mg over
Ti content in the lattice. With the “classical’
heat treatment, it was not possible to turn
such a sample yellow, but with diffusion of
Be into the corundum lattice it is now possible
to change the balance of the Ti/(Be+Mg) ratio.
This is confirmed by our own heating
experiment (see Figure 27). Although at first
sight this result seems to be in contrast to that
reported by Peretti and Giinther (2002),
their analytical data are presented in ppm by
weight (D. Giinther, pers. comm., 2002) and
not in atom mole ppm. If the data are
recalculated into atom mole ppm in all
yellow stones and yellow zones, the sum of
Mg+Be exceeds the Ti contents and the
results are in fact consistent with ours.

In summary, the results lead us to believe
that the unstable yellow colour produced by
irradiation is caused by a combination of iron
and a defect centre, and the stable yellow
colour centre produced by heat and Be
diffusion in an oxidizing atmosphere is caused
by a combination of excess Be+Mg over Ti,
the presence of Fe and a defect centre.

Yellow and brown coloration in beryllium-treated sapphires

Because of the important role of iron in this
scenario, the absorption spectra presented
in Figure 29 might be called Fe-related
stable (if it is stabilized by a divalent ele-
ment) or unstable (if it is due to irradiation)
colour centres. In orange Be-treated sap-
phires, besides chromium and iron related
absorption bands, an absorption band near
470 nm was reported by Hédnni and Pettke
(2002), and UV absorption at 380 nm was
reported by Fritsch ef al. (2003) and Emmett
et al. (2003). Those absorption spectra are
somewhat different from our Fe-related
colour centres spectra and might be due to
a high amount of Cr in those samples.

[t was found that elevated Be contents
have been detected in the treated synthetic
and natural sapphires obtained from a
number of heaters in Thailand and that Be
has diffused into the stones from an
external source. Yellow or brown coloration
could develop in the Be-treated stones
depending upon the (Be + Mg) /Ti ratio,
the presence or absence of iron and the
heating atmosphere. It is obvious that the
excess of the divalent elements, Be+Mg,
after calculation of colourless MgTiO;
and /or BeTiO, clusters, in combination
with iron and heat treatment in an oxi-
dizing atmosphere can produce stable
yellow colour centres. These yellow colour
centres show similar UV-Vis patterns to
those of the natural yellow sapphires from
Sri Lanka and the synthetic sample double-
doped with Mg and Fe. In synthetic
samples without iron, however, the situation
is somewhat different. The divalent Be
could act in the same way as was found
earlier for Mg, as a stabilizer of brown
colour centres, but with a shift in the
absorption maxima. If the Be-treated sap-
phires are heated in a reducing atmosphere,
the yellow or brown colour centres are
destroyed completely. Therefore it is possible
to change the presented two diagrams in
Box I in such a way that we add Be into the
Mg corner.
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Extended Abstract

It has been known among Thai heat treaters and documented in a number of literatures
that ruby and sapphire from different sources respond differently under beryllium (Be) heating
process (e.g., Coldham, 2002; Peretti and Ginther, 2002; McClure er a/, 2002; Hanni and
Pettke, 2002; Swarovski, 2002; Pisutha-Amond et al., 2002 and in press; Wang et al., 2002,
Fritsch er al., 2003; Emmett et al., 2003; Themelis, 2003; Schmetzer and Schwarz, in press).
Among those stones, Vietnamese and Mong Hsu (Myanmar) rubies of metamorphic origin
were treated unsuccessfully by this technique (see Themelis, 2003). The reason for such
variation has been speculated to be due their intrinsic chemical elements. However no
analytical data in particular on the Vietnamese and Mong Hsu rubies has yet to verfy such
statement. In order to understand such observation, five Vietnamese and three Mong Hsu
rubies from our own colfection were heat-treated with Be-heating process under unknown
condition by a Thar heater. After Be-treatment all samples grossly remain red, purplish red or
pink (as compared with strong orange of the Songea samples under the same run). Four
selected samples were subsequently cut in half and analyzed for trace element content across
the cut surface and on the outer surface by a Laser Ablation Inductively-Coupled-Plasma Mass
Spectrometry (LA-ICP-MS).

The result (see examples in Figures 1 and 2) reveals that the analyzed sampies contain
relatively high content of titanium (Ti) and moderate to strong excess of Ti in relation to
magnesium (Mg) content (Ti > Mg), but rather low concentration of tron (Fe). Minor amount of
Be was found to diffuse into the stones from extemal source. Majority of the analyzed points
within the stones however show Ti > (BetMg). Extremely high content of Be and Fe on the
contrary were observed on the re-crystallized outer surface and at the points analyzed at the
very rim of the samples. It was found that all the analyzed points on the outer surface and at the
very rim show (Be+Mg) >> Ti which correspond fairly well with very thin yellow or orange
rim. These data suggest that Be and Fe on the surface could originate from Be-containing
compounds such as chrysoberyl. In these high Ti-containing stones in which Ti > (Mg+Be),
most of the ntrinsic Mg and the diffused Be might have been tied up with the formation of



colorless MgT10; and BeTiO; clusters. As a result there is no excess Be and/or Mg to stabilize
the yellow or orange color centers or trapped hole centers (see also Kvapil er al., 1972, 1973
Andreev et al., 1976; Wang er al., 1983, Hager, 1992, 1993, 1996 and 2001, Emmett and
Douthit, 1993; Emmett et al., 2003; Pisutha-Amond et a/., 2002 and in press; Schmetzer and
Schwarz, in press). Hence no substantial yellow hue was added to these red or pink stones that
could tum them into orange color. More heating time and/or higher temperature are required to
increase the Be diffusion into the stones in order to achieve a desired color. It might therefore
not be economically feasible to treat this type of stone by the Be-heating technique.
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Figure 1: The trace element variation across the cut surface of a Be-treated Viemamese ruby
(CRVNO2). The left inset picture shows the analyzed points starting from Rim! on the lefi 10 Rim2
on the right. The right inset picture is the same stone under immersion liquid showing very thin
yellow or orange rim. The lower diagrams are the enlarged portions of the upper diagrams.
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Figure 2: The trace element variation across the cut surface of a Be-treated Mong Hsu ruby (CR119).

Other explanations are similar to those in Figurel.
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Introduction

In the series of previous articles (Pisutha-Armond et al., 2002, 2003 and 2004) we have
presented the Laser Ablation Inductively-coupled-Plasma Mass Spectrometry (LA-
ICP-MS) results of Be-treated synthetic and natural colorless sapphires and Be-
treated natural yellow and orangey yellow sapphires, and some Be-treated natural blue
sappbires and rubies. We have discovered that majority of Be-treated sapphires show
indications of Be diffusion from external source. We always found that there are the
excess of (Be+Mg) relative to Ti content in the yellow sapphires. In the high Ti-
containing rubies such those from Moog Hsu, Myanmar and Vietnamese in which Ti

>> Mg (Pisutha-Amond et al., 2003 ), the Be-treatment was mostly unsuccessful in

turning the stones orange due to the fact that Ti was still in excess of (Mg+Be). We
also found from our own oxidation and reduction heating experiment that oxidizing

condition is an important factor for creating yellow color center.

Hence up to the present knowledge we believe that the excess of the divalent

elements, Be+Mg, after calculation of colourless MgTiO, and/or BeTiO, clusters, in



combination with iron and the heat treatmeunt in oxtdising atmosphere can produce the
stable yellow colour centers. In synthetic samples without iron, however, the situation
is somewhat different. The divalent Be could act in the same way as it was found

earlier for Mg, as a stabiliser of brown colour centres,

In this short communication we continue to present the LA-ICP-MS result of non-Be-
treated and Be-treated natural and synthetic corundums from various sources which

will give a better understanding of trace element interaction and the causes of color.

Result

Non-Be-treated and Be-treated natural blue sapphires

In the non-Be-treated blue sapphires, no Be has been detected and always Ti > Mg
content. In Be-treated natural blue, we have continued to discover that the sapphires
show indications of Be diffusion from an external source. We always found that there
are the excess of (Bet+Mg) relative to Ti content in the yeliow rim whereas in the blue
core Ti> Mg or (Mg+Be) content.

Non-Be-treated and Be-treated natural rubies and pink sapphires

In the non-Be-heating, Be has not been detected. We found that the excess of Mg to
that of Ti has to more than approximately 30 atom mole ppm before orange colour can
be developed in the non-Be-treated orange sapphire. In Be-treated natural rubies and
pink sapphires, significant amount of Be has been found to diffuse into the stone from
an external source to produce the orange coloration. In the Be heating of synthetic
corundum however it requires more than approximately 5 atom mole ppm of excess Be
in the lattice to produce yellow or brown coloration.

Be-Treated Synthetic Rnby

One Be-treated synthetic ruby shows orangey red color and indications of Be-diffusion
from an extemnal source. This synthetic ruby contains high Cr content but other trace

elements are extremely low, in particular very low Fe content which still produce



orange color by the diffusion of Be. This data therefore suggest that combination of Cr
and Be (without Fe) could also produce orange color. Similar result has also been

found by Peretti et al. (2003).
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Extended Abstract

Because of the scarcity of natural gem-quality ruby and sapphire, many
treatment techniques have been practiced to improve inferior quality corundum for
many centuries (Hughes, 1997). The treatments range from oiling, dyeing , surface
coating, classical heating, irradiation, flux-enhanced heating, shallow diffusion
heating, deep diffusion heating and the most recent one, lead(Pb)-glass filling. Among
those treatments, oiling, dyeing, surface coating and irradiation are rarely encountered
whereas classical heating, flux-enbhanced heating, shallow diffusion heating, deep
diffusion heating and Pb-glass filling are more common in the gem market. Emphasis
of this presentation therefore will be given to the latter categories.

Classical heating is widely used for enhancement of corundum to improve its
color and clarity. The stones were heated in different types of high temperature (up to
~1850°C) furnaces to control the atmosphere without addition of any chemical
element. Various types of home-made furnace such as coke furnace, oil furnace, gas
fumace and electric furnace, were invented and constantly modified, by trial and error,
for treatment of corundum from many sources. Such furnaces are eventually proved to
be practically low cost and economically suitable for heat treatment of corundum from
various sources. This has been an appropriate proprietary among Thai treaters. The
detection of heating in corundum is routinely accomplished with magnification by the
presence of thermally altered inclusions, such as partially dissolved rutile-needles
often with color bleeding, melted crystals, tension-discs surrounding inclusions, blue-
halos surrounding Ti-bearing inclusions (see also Hughes, 1997; Themelis, 1992;
Smith and McClure, 2002)



The flux-enhanced heating is a modification of classical heating with addition
of flux materials such as borax and/or silica to heal fissures or to fill open fractures or
cavities. The purpose of addition of flux is to prevent the stone from fracturing during
high temperature heating and to disguise fissures or fractures by infilling with higher
refractive substances, thereby enhancing its clarity. This technique was firstly applied
to Mong Hsu ruby which by its nature contains many fractures. Later this technique
has also been used for stones from other sources. The treatment is routinely detected
with magnification by the presence of flux material in healed fissures and cavities as
well as the presence of thermally altered inclusions as previously outlined (see also
Hughes, 1997; Themelis, 1992; Themelis, 2004; Smith and McClure, 2002). Attempt
has been made to quantify the amount of flux-material in the stone and notify in a gem
identification report (see LMHC Information Sheet No.1, 2004).

Shallow diffusion heating is also a modification of classical heating by turning
an untreatable (by normal heating) colorless sapphire into a colored stone by addition
of color-causing compounds into a crucible.  Titanium and iron compounds are
commonly used for producing blue ‘sapphires whereas chromium compound is for
ruby. These transition elements can only diffuse into the stone and produce colors at
very shallow depth. Hence the treatment is readily detected with immersion and
magnification, by the presence of shallow color concentration at faceted junction, as
well as with EDXRF, by the elevated content of those elements.

The deep diffusion heating involves a diffusion of light element, such as
beryllium (Be), from an external source into a corundum lattice. Be has been proved
to take part in the color-causing mechanism in the treated stone, i.e., as a stabilizer of
yeltow color center (Pisutha-Arnond et al., 2002, 2003, 2004a, 2004b). Because of its
small size, Be is able to permeate into the corundum lattice much deeper than Ti and
Cr do. As a result, deeper color penetration or even throughout the entire stone has
been noticed. Therefore the detection of Be-treated corundum is readily done, with
immersion and magnification, by the presence of surface-related color or relict blue
zone surrounding by a white rim, occasionally with severely altered inclusions (sce
also Emmett et al.,, 2003; Peretti and Giinther, 2002; Peretti ct al..2003; Themelis,
2003; Schmetzer and Schwartz, 2004, Atichat et al., 2004). However in a stone in
which no diagnostic features are present, the treatment can be proved with the
detection of elevated Be concentration in the level of ppm value in the stone by laser
induced breakdown spectroscopy (LIBS) —which becomes available in gemological



laboratory recently (see Hanni et al., 2004)— or by more sophisticate equipment such
as laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) or
secondary ion mass spectrometry (SIMS).

Lead-glass filling in ruby —the latest treatment for improvement of its clarity—
appears in the gem market in the mid-2004. This technique is similar to previously
known fracture-filled treatment in diamond. The treatment involves filling fissures or
open fractures with highly refractive glass, known as lead glass or crystal glass. The
light reflected from Pb-glass-healed fissures show blue-colored reflection, called flash
effect. The stones also show minor effect from heating suggested very low temperature
treatment. The presence of lead in the infilling glass is readily detected by EDXRF or
seen in X-ray images (see also Kitawaki, 2004; Rockwell and Breeding, 2004, GIT
Lab Notes, 2004).
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