CHEMIJA. 2021. Vol. 32. No. 3-4. P. 107-126

© Lietuvos moksly akademija, 2021

Characterization of natural silicate garnets by means of
non-destructive testing methods

Irena Balciunaité',

Ilja Ignatjev’,

Donatas Kaminskas?,
Gediminas Niaura',
Eugenijus Norkus'

! Center for Physical Sciences

and Technology (FTMC),

3 Saulétekio Avenue,

01257 Vilnius, Lithuania

% Faculty of Chemistry and Geosciences,

24 Naugarduko Street,
03225 Vilnius, Lithuania

Two kinds of natural silicate garnets from the known origin countries
were investigated: pyralspites — pyrope (Russia), almandine (India),
rhodolite (India), spessartine (India), blue colour-change garnet (Sri
Lanka), and ugrandites — andradite (Russia), demantoid (Russia), to-
pazolite (Russia), rainbow garnet (Japan), grossular (Kenya-Tanzania),
colourless grossular (India), light orange grossular (India), dark green
tsavorite (Tanzania), medium green tsavorite (Kenya), light green tsa-
vorite (Kenya), orange hessonite (Sri Lanka), pink hessonite (Sri Lanka),
cinnamon hessonite (India) and uvarovite (Russia). The chemical com-
position of the garnets was performed with a scanning electron micro-
scope. The physical properties such as specific gravity and refractive
index were measured for the majority of garnets investigated. The spec-
troscopic methods - visible light absorption spectrophotometry, Raman
spectroscopy and cathodoluminiscence microscopy — were applied for
the characterization of the mentioned natural silicate garnets.
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INTRODUCTION

Silicate garnets belong to the nesosilicates group

Table 1. Silicate garnets end-members and their the-
oretical chemical composition

with the general formula X,Y,(SiO,),. The X site PGarnet (he,\n/lllca:or:'[gmtlon
is usually occupied by divalent cations Ca**, Mg*, erp? Gl ,I s
Fe?* and Mn*" and the Y site by trivalent cations Almandine Fe;AL(SI0);
AP, Fe’* and Cr’* in an octahedral/tetrahedral Spessartine Mn,AL(5i04);
framework with [SiO,]*. The major varieties of Andradite CasFey(Si0.);
silicate garnets end-members and their chemical Grossular CasAl;(Si04);
composition are listed in Table 1. Uvarovite Ca;Cry(SiO4)s

* Corresponding author. Email: irena.balciunaite@ftmc.It

The above-mentioned garnets (Table 1) exist
in the nature not only in a form of pure minerals
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with the indicated formulas, but also as mixtures in
a form of solid solutions (Fig. EI).

It is worth noting that the above-presented
chemical formulas (Table 1) not always reflect
the real (true) composition of the garnets under in-
vestigation because of possible structural defects in
the crystal lattice as well as due to the presence of
different impurities.

The real composition of some of the studied
garnets was determined earlier by means of elec-
tron microprobe analysis [m]. The data were given
in a form of oxides (average content) and are listed
in Table 2.

The garnets listed in Table 3 were examined by
means of different spectroscopy and other non-de-

- I-I'h'-.'-l.i-l_ﬂ_-

Fig. 1. End-member compositions of the garnet mineral group. (With
permission of the author Ms. Lina Jakaité)

structive methods. The results obtained were ana-
lysed and compared with the known data (if they
are available) of natural garnets originated from
different places.

EXPERIMENTAL

Scanning electron microscopy

The analysis of the chemical composition of gar-
net group minerals was performed with a scanning
electron microscope Quanta 250/450/650, using an
apparatus for coating the samples with metals, Em-
itech SC7620 Mini Sputter Coater, with a CA7625
attachment for carbon coating.

The distribution of elements in the garnets was
analyzed by SEM using a scanning electron mi-
croscope (TM4000Plus (Hitachi), magnifications
10x - 100,000x, accelerating voltage 15 kV, image
signal — backscattered electrons (BSE), electron
gun - pre-centered cartridge tungsten filament.

Each sample was measured from 3 to 5 points.
The mean value was calculated.

Specific gravity (or density) values of the garnets
were determined hydrostatically, i.e. by weight-
ing of the samples in air and in water by means of
the analytical balance. The mean value of at least
three measurements was calculated.

Refractive indexes were measured using a stand-
ard gemological refractometer Gem LED Refrac-
tometer (System Eickhorst) and contact liquid
Gem Refraktometer Liquid ND*© = 1.81+0.005.
It is notable that using this facility the values of
the refractive index of the samples investigated can
not exceed 1.81. The mean value of at least three
measurements was calculated.

Table 2. Silicate garnets and their real chemical composition according to Ref. [1]

Average content of chemical elements (in form of oxides), %

Garnet
Si, | 0 | ALO, | Mgo | Fe0, | o, | w0, | mno | Tio,
Blue colour-changed 46.24 243 24.01 12.53 2.33 0.37 0.44 11.81
Demantoid 55.44 28.51 1.18 14.87
Rainbow 40.76 32.54 2.39 24.02 0.29
Colourlessgrossular 54.28 15.47 28.60 1.40 0.25
Light orange grossular 49.17 24.51 25.67 0.64
Dark greentsavorite 40.80 35.14 21.89 0.61 0.39 0.79 0.39
Medium greentsavorite 41.36 34.76 21.03 0.59 1.00 0.35 0.56 0.36
Pink hessonite 46.65 28.30 22.12 2.55 0.38
Orange hessonite 47.21 27.79 22.33 2.39 0.29
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Table 3. Silicate garnets investigated, their theoretical chemical composition and origin country

Garnets Chemical composition Origin country
Pyralspite group
Pyrope Mg;sAl5(Si0,); Russia
Almandine FesAl,(Si0,)s India
Rhodolite (Mg, Fe);Aly(Si0,); India
Spessartine Mn;ALL(SiO,); India
Ugrandite group
Andradite CasFe,(Si0,); Russia
Demantoid . .
(variety of andradite) CasFe;(5i04)s Russia
Topazolite . .
(variety of andradite) CasFe;(510.); Russia
Rainbow garnet .
(variety of andradite) CasFe;(510.); Japan
Grossular CasAl,(Si0,); Kenya-Tanzania
Dark green tsavorite . .
(variety of grossular) CasAL(5i04)s Tanzania
Medium green tsavorite .
(variety of grossular) CasAL(Si04)s Kenya
Light green tsavorite .
(variety of grossular) CasAL(5i04)s Kenya
Orange hessonite . .
(variety of grossular) CasAL(Si04)s SriLanka
Pink hessonite (variety of grossular) Ca; Aly(Si0,); Sri Lanka
Cinnamon hessonite (variety of grossular) CasAL(Si0,); Sri Lanka
Uvarovite CasCry(Si0y)3 Russia

2 mm thin slices of the garnets under investiga-
tion were used in all spectral experiments. The ex-
periments were carried out at room temperature.

Cathodoluminescence investigations were car-
ried out using a Nikon Eclipse E200 polarizing mi-
croscope (magnification 40x) and cathodolumine-
scope model CITL Mk5-2 (~15 kV voltage and
350-400 mA current).

Light absorption spectra were recorded using
a Perkin Elmer Lambda 35 UV/VIS spectrometer
in the wavelength interval 400-800 nm.

With the aim to compare the results obtained
in the nanometers scale with that presented
in the wavenumber (cm™) scale the recalcula-
tion was made: wavelength (in nm) = 10000000/
wavenumber (cm™), e.g. 400 nm = 25000 cm™ or
750 nm = 13333 cm™'.

Raman spectroscopy
Raman spectra were recorded with an Echelle type
spectrometer RamanFlex 400 (PerkinElmer, Inc.)

equipped with a thermoelectrically cooled (-50°C)
CCD detector and a fiber optic cable for excitation
and collection of the spectra. The diode laser with
a 785 nm beam was used as an excitation source.
The laser power was 30 mW. The laser beam was
focused to a 200 um diameter spot on the surface
of the investigated samples. All spectra were di-
vided by the total accumulation time. The polysty-
rene standard (ASTM E1840) spectrum was used
to calibrate Raman frequencies. The Grams/AI 8
(Thermo Scientific Inc., JAV) software was used
for the recorded spectra analysis. The experiments
were carried out at room temperature.

RESULTS AND DISCUSSION

Chemical composition of garnets

After publication of the data on the chemical com-
position of nine different silicate garnets (Table 1)
[EI], we have possessed new samples of silicate gar-
nets and have determined the mean values of their
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chemical composition (Table 4). The data obtained
(Table 4) together with the data of Table 2 were
used for further interpretation of the below dis-
cussed topics.

Pyrope (Fig. E) is the only member of the garnet
family to always display red colouration in natural
samples, and it is from this characteristic that it gets
its name: from the Greek for fire and eye. Sometimes
it is with an alexandrite effect of green, lilac and blue
in daylight and purple and raspberry in artificial
light. This variety was first called that by A. Werner
in 1803. These garnets are sometimes called Bohe-
mian garnets, after the old German name of western
Czech Republic. Pyrope is usually red, pink, orange-
red, raspberry, cherry and reddish purple. The luster
is glassy. The refractive index is 1.705-1.785, density
3.65-3.87 g/cm® and hardness 7-7.5 [E]. Pure py-
rope has not yet been found, it is found in nature
as a mixture with almandine and grossular. After
the determination of chemical elements in pyrope, it
was found out that the content of magnesium oxide

Fig. 2. Pyrope (Russia). Photo by I. Balianaité

varies from 13.67 to 14.49%, that of aluminium (III)
oxide from 22.30 to 23.00% and that of iron(III) ox-
ide from 20.29 to 22.98%, which are characteristic of
pyrope and its varieties. In this mineral, silicon(IV)
oxide varies from 38.26 to 39.59% and that of cal-
cium oxide from 2.63 to 2.79%.

Table 4. Silicate garnets investigated and their real chemical composition

Average content of chemical elements (in form of oxides), %

Garnet
$i0, | a0 | ALO, | Mg0 | Fe,0, | Cn0, | .0, | mn0 | Tio,
Pyralspite group
Pyrope 3895 270 2274 14.08 2141 0.12
Almandine 3457 048 25.05 447 3518 0.25
Rhodolite 3263 202 36,52 915 19.05 0.64
Spessartine 37.51 1.64 2226 233 0.70 35.55
Blue C°'°L;r;2§:r?; g‘g;eri:tympe and 4608 243 2401 1253 233 037 044 1185
Ugrandite group
Andradite 4740 2855 1604 1.41 6.61
Demantoid (variety of andradite) 5544 2851 1.18 14.87
Topazolite (variety of andradite) 3855 2954 174 190 2839 0.04 0.09 0.05
Rainbow garnet (variety of andradite) 40.76 32.54 239 24.02 0.29
Grossular 3947 3478 2306 044 047 022 064 092
Colourless grossular 5428 1547 2860 140 0.25
Dark green tsavorite (variety of grossular)  40.80 35.14 21.89 0.61 039 079 039
Medium greentsavorite (variety of grossular) 4136 34.76 21.03 0.59 1.00 035 056 036
Light green tsavorite (variety of grossular)  40.17 34.34 2341 0.50 009 013 091 0.44
Orange hessonite (variety of grossular) 4721 27.79 2233 2.39 0.29
Pink hessonite (variety of grossular) 46.65 28.30 22.12 2.55 0.38
Cinnamon hessonite (variety of grossular) ~ 49.17 2451 25.67 0.64
Uvarovite 2280 3.52 4407 16.6 7.77 5.68
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The name almandine (Fig. H) comes from the Al-
abanda area of Turkey, where the ‘alabanda carbun-
cles’ were mined, described back in Pliny’s (77 years
B. C.). The name was granted by Georg Agrikola in
1546. It is purple-red, red, red with a brown tinge
and dark red (almost black). Gloss is glass, refrac-
tive index 1.78-1.81, density 3.95-4.20 g/cm’® and
hardness 7.5 [E]. After the determination of chemi-
cal elements in almandine it was found out that
the content of aluminium(III) oxide varies from
25.90 to 29.92% and that of iron(III) oxide from
10.45 to 18.82%, which are characteristic of alman-
dine and its varieties. In this mineral, magnesium
oxide varies from 6.13 to 7.95%, silicon(IV) oxide
from 48.85 to 53.71% and manganese(II) oxide and
calcium oxide levels were found to be up to 0.5%.

Fig. 3. Almandine (India). Photo by I. Balcianaité

The name rhodolite (Fig. E) comes from
the Greek rose-like. The colour is reddish pink.
The hardness according to the Mohs scale is 7-7.5,
the density 3.84 (+/-0.10) and the refractive in-
dex 1.760 (+0.010-0.020). The absorption spectra
typically have absorption maxima at 504, 520 and
573 nm, and may also have a weak line at 423, 460,
610 and 680-690 nm [E]. Rhodolite is a mixture of
pyrope and almandine. After the determination of
chemical elements in rhodolite, it was found out that
the content of magnesium oxide varies from 10.49 to
16.87% and the aluminium(III) oxide content var-
ies from 30.86 to 35.48%, which are characteristic of
rhodolite and its varieties. In this mineral, iron(III)
oxide varies from 1.11 to 2.06%, that of silicon(IV)

Fig. 4. Rhodolite (India). Photo by I. Balianaité

oxide from 50.61 to 54.93% and manganese(II) oxide
and calcium oxide levels were found to be up to 0.5%.

Spessartine (Fig. E) was named after the Spes-
sart area in Germany in 1832. The name was giv-
en by E Biodan. Its beauty is defined primarily by
its colour: orange, red-orange and yellow-brown.
Gloss is glassy, the refractive index 1.79-1.82,
the density 4.12-4.20 g/cm® and the hardness 7-7.5
[E]. After the determination of chemical elements
in spesartine, it was found out that the content of
manganese(II) oxide varies from 34.70 to 36.59%
and that of aluminium(III) oxide from 21.43 to
23.13%, which are characteristic of spessartine and
its varieties. In this mineral, the iron(III) oxide con-
tent varies from 0.00 to 0.95%, that of silicon(IV)
oxide from 36.65 to 38.33%, that of magnesium ox-
ide from 0.00 to 4.80% and the content of calcium
oxide varies from 1.5 to 1.80%.

Fig. 5. Spesartine (India). Photo by I. BalCiunaité
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The blue colour-change garnet (Fig. H) is
the only one known example of blue garnets. This
garnet is not of blue colour only, thus, it would not
be entirely correct to refer to it as the blue garnet.
The most interesting thing is that this garnet can
change its colour in the same manner as alexan-
drite, therefore, the most correct name for this
garnet would be the blue colour-change garnet [H].
The test of chemical elements showed that this gar-
net is a mixture of pyrope and spessartine. Mag-
nesium oxide is characteristic of pyrope, whereas
manganese oxide is characteristic of spessartine,
and these two, in addition to aluminium(III) and
silicon(IV) oxides, form the core of the chemical
composition of these elements; this is confirmed by
the tests of other authors [E]. In the garnet tested
in this work, the content of magnesium oxide var-
ies from 11.18 to 13.43%, that of magnesium oxide
from 8.63 to 17.37%, that of aluminium(III) oxide
from 22.03 to 25.29% and the content of silicon(IV)
oxide from 42.24 to 48.75%. In addition to these
elements, the designated content of calcium oxide
varies from 2.13 to 2.88%, that of iron(III) oxide
from 1.78 to 3.32%, and the content of colour de-
termining chemical elements, i.e. vanadium(III)
oxide, varies from 0.38 to 0.50% and that of
chromium(III) oxide concentration about 0.37%.

Andradite (Fig. ﬁ) was named by James Dwight
Dana in 1868 in honour of José Bonificio de An-
drada de Silva, Brazilian mineralogist, who first
described and named what Dana (1868) defined
as a subvariety of andradite. dAndrada had earlier,
in 1800, discovered a yellowish-grey mineral from
a mine near Drammen, Buskerud, Norway [E].

Fig. 6. Blue colour-change garnet (Sri Lanka). Photo by
photographer Irzhi Korn

After the determination of chemical elements in
andradite, we found out that the content of cal-
cium oxide varies from 27.64 to 29.45% and that
of aluminium(III) oxide from 15.97 to 16.11%,
which are characteristic of andradite and its varie-
ties. In this mineral, the content of iron(III) oxide
varies from 6.53 to 6.69%, that of magnesium ox-
ide content varies from 1.05 to 1.77% and that of
silicon(IV) oxide from 54.28 to 56.45%.

Fig. 7. Andrdite (Russia). Photo by I. Balidnaité

Demantoid (Fig. Ha, b, ¢) is a variety of andra-
dite. It is characterized by diamond lustre, which
gave it the name in the 19th century. The col-
our varies from cold, very pale green to mid or
strong green, not, as a rule, a very livery colour
and similar to certain shades of green in tour-
maline, zircon, or olivine [E]. After the deter-
mination of chemical elements in demantoid, it
was found out that the content of calcium oxide
varies from 28.23 to 28.75% and that of iron(III)
oxide from 13.93 to 15.99%, which are character-
istic of andradite and its varieties. In this mineral,
the aluminium(III) oxide content varies from 0.99
to 1.38% and that of silicon(IV) oxide from 54.28
to 56.45%. The green colour of this variety is de-
termined by chromium [ﬂ].

Topazolite (Fig. Hd, e, f) is a variety of andra-
dite. It was named in allusion to the resemblance
with topaz (in colour and transparency) [E]. In
the garnet tested, the content of calcium oxide
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varies from 27.96 to 30.68% and that of iron(III)
oxide from 26.15 to 29.84%, which are character-
istic of andradite and its varieties. In this miner-
al, the aluminium(III) oxide content varies from
1.55to 1.99%, that of silicon(IV) oxide from 36.44
to 40.85%, magnesium oxide varies from 0.00 to
2.95%, titanium(IV) oxide from 0.02 to 0.10%
and colour determining chemical elements, i.e.
vanadium(III) oxide about 0.21% and the con-
tent of chromium(III) oxide varies from 0.01
to 0.05%.

Fig. 8. (a, b, ¢) Demantoid (Russia). (d, e, f) Topazolite
(Russia). Photo by I. Balidnaité

Rainbow garnet (Fig. E) is called in this way
because its surface glows like a rainbow. After
the chemical analysis, it was indicated that the con-
tent of calcium oxide varies from 32.19 to 32.95%,
iron(III) oxide from 23.49 to 24.91%, silicon(IV)
oxide from 39.51 to 41.71%, aluminium(III) oxide
from 1.71 to 3.64% and manganese(II) oxide from
0.24 to 0.32%. Based on the results of the tests, it
was found out that the chemical composition of
the rainbow garnet is as that of andradite variety.
By comparing the chemical composition of this
rare variety with another tested variety of andra-
dite, i.e. demantoid and topazolite, it was found
out that the content of manganese(II) oxide in
the rainbow garnet varies from 0.24 to 0.32%,
whereas in demantoid and topazolite there is none.
What is more, the content of iron(III) oxide (from
23.49 to 24.91%) in the rainbow garnet is higher
than in demantoid (from 13.93 to 15.99%) but
lower than in topazolite (from 26.15 to 29.84%).
These differences in the chemical composition

Fig. 9. Rainbow garnet (Japan). Photo by I. BalCianaité

determine the difference in colour, and the multi-
colourfulness of the rainbow garnet should de-
pend on the surface reflectivity, i. e. irisation.

Grossular (Fig. @) has most varieties among
the garnet group minerals. Its name is derived from
the Latin word grossularia (Eng. gooseberry). Since
the 1960s, it has been found in gem quality, main-
ly green [E]. However, this mineral can also be of
other colours depending on impurities, even col-
ourless. In the garnet tested, the content of calcium
oxide varies from 32.15 to 36.05%, aluminium(III)
oxide from 22.76 to 24.48% and silicon(IV) oxide
from 39.20 to 39.91%. In addition to these elements,
the designated content of iron(III) oxide varies from
0.00 to 1.45%, magnesium oxide from 0.00 to 0.49,
manganese(II) oxide from 0.60 to 1.56% and colour
determining chemical elements, i.e. vanadium(III)
oxide content varies from 0.00 to 1.23% and that of
chromium oxide from 0.00 to 0.45%.

Fig. 10. Grossular (Kenya). Photo by I. Bal(idinaité
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In the tested colourless grossular (Fig. ),
the content of magnesium oxide found varies from
1.55 to 1.24%, aluminium(III) oxide from 27.14 to
30.14%, silicon(IV) oxide from 52.95 to 55.75%, cal-
cium oxide from 12.56 to 18.42% and iron(I1I) oxide
about 0.25%. Based on the results of the tests, it was
found out that there were no colour-determining
chromophores in the mineral, except for 0.25% of
iron(IIT) oxide, which may not affect the colour at all.

Fig. 11. Colourless grossular (India). Photo by Irzhi Korn

Tsavorite (Fig. ) is a variety of grossular, char-
acterized by green colour. Its name was proposed
by Tiffany and Co. President, Sir Henry Platt, af-
ter the Tsavo East National Park, Kenya, which lies
near the place where tsavorite was originally found.
In the dark green tsavorite (Fig. a), the content of
magnesium oxide was found to vary from 0.58 to
0.64%, aluminium(III) oxide from 21.89 to 21.92%,
silicon(IV) oxide from 40.79 to 40.89%, calcium ox-
ide from 35.06 to 35.30%, vanadium(III) oxide from
0.32 to 0.47%, manganese(II) oxide from 0.76 to
0.81% and the content of titanium(IV) found is
about 0.39%. In the medium green tsavorite
(Fig. ), the content of magnesium oxide was
found to vary from 0.40 to 0.73%, aluminium(III)
oxide from 20.12 to 21.52%, silicon(IV) oxide from
39.62 t0 43.90%, calcium oxide from 31.91 to 37.59%,
vanadium(III) oxide about 0.35%, chromium(III)
oxide from 0.98 to 1.04%, manganese(II) oxide from
0.42 to 0.72% and titanium(IV) oxide from 0.35 to
0.37%. In the light green tsavorite (Fig. Bc), the con-
tent of magnesium oxide was found to vary from 0.43
t0 0.55%, aluminium(IIT) oxide from 23.07 to 24.30%,
silicon(IV) oxide from 39.95 to 41.13%, calcium ox-

Fig. 12. Tsavorite (Kenya and Tanzania): (a) dark green, (b) medium
green and (c) light green. Photo by I. Balcitinaiteé

ide from 34.27 to 35.10%, vanadium(III) oxide from
0.00 to 0.26%, chromium(III) oxide from 0.00 to
0.018%, manganese(II) oxide from 0.00 to 1.06% and
titanium(IV) oxide from 0.00 to 0.53%. The highest
levels of vanadium, manganese and titanium(IV) ox-
ides were found in dark green tsavorite, the lower lev-
els in medium green tsavorite and the lowest levels in
light green tsavorite. Comparing the analytical data
between tsavorites, it was found that dark green tsa-
vorite contains mainly magnesium(II), calcium(II),
vanadium(III), manganese(II) and titanium(IV) ox-
ides. Medium green tsavorite has more chromium
than other tsavorites studied.

In light orange grossular (Fig. ), there are
predominantly aluminium(III) and calcium ox-
ides. Having performed the tests, it was found
out that the aluminium(III) oxide content var-
ies from 23.91 to 27.84% and the calcium oxide
content varies from 18.13 to 28.59%. At differ-
ent points of the sample testing, it was found out
that if the aluminium(III) oxide content increases,
the content of calcium and iron(III) oxides become
lower. The silicon(IV) oxide content was found to
vary from 46.62 to 54.09%. Based on the results of
the tests, it is presumed that the content of iron(III)
oxide, which determines the colour of this variety,
varies from 0.38 to 0.88%.

Hessonite (Fig. ) is a variety of grossular,
which can vary from yellow to brown colour; some-
times this variety is referred to as essonite. Those are
honey-yellow and yellow-brown garnets, tending
to a reddish orange colour similar to that of spes-
sartine. Its name comes from the Greek word esson,
which means inferior. Minerals of this colour are
regarded as less valuable. Brown colour hessonite
is of the lowest value. Hessonites have a good luster
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Fig. 13. Light orange grossular (India). Pho-
to by photographer Irzhi Korn

and seemingly a good transparency, but when
viewed with a lens, they seem to be undulated, in
places of inclusions the view becomes contorted and
they become non-transparent. Due to its colour hes-
sonite is also called cinnamon garnet. In the tested
orange hessonite (Fig. Ea), there are predomi-
nantly calcium and aluminium oxides. The amount
of aluminium(III) found during the analysis var-
ies from 22.23 to 23.68%, calcium oxide from
27.73-35.36, silicon(IV) oxide from 41.33-47.25%,
iron(III) oxide 2.36-2.41% and manganes(II) about
0.30%. In the tested pink hessonite (Fig. @b), there
are predominantly calcium and aluminium(III) ox-
ides. The amount of aluminium(III) found during
the analysis varies from 21.89 to 22.29%, calcium
oxide from 27.52-29.53, silicon(IV) oxide from
45.34-47.51%, and manganes(II) oxide from 0.35 to
0.41% and iron (IIT) oxide 2.35-2.84%.

Fig. 14. Hessonite: (a) orange hessonite (Sri Lanka) and (b) pink hes-
sonite (India). Photo by photographer Irzhi Korn

In the tested cinnamon hessonite (Fig. @),
there are predominantly silicon(IV), calci-
um and aluminium(III) oxides. The amount of
aluminium(III) found during the analysis varies
from 20.20 to 36.37%, calcium oxide from 22.26-
26.93, silicon(IV) oxide from 33.52-52.46% and
iron(IIT) oxide about 0.64%.

Fig. 15. Cinnamon hessonite. Photo by
A. Bal(ianaité

Uvarovite (Fig. ) usually forms small crys-
tals and groups of joint crystals. In 1832, H. Hess
named uvarovite in honor of Count S. Uvarov
(1786-1855), Russian statesman and scholar,

Fig. 16. Uvarovite (Russia). Photo by
I BalCiunaité
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President of the Russian Academy of Science.
Its density was found to be equal to 3.7 []. In
the uvarovite tested, the content of calcium oxide
varies from 2.71 to 4.34%, chromium(III) oxide
from 4.77 to 6.58%, aluminium(III) oxide from
43.41 to 44.73%, silicon(IV) oxide from 22.67 to
22.93% and the content of magnesium oxide varies
from 14.53 to 17.80%.

Specific gravity (or density) of garnets

Different types of gemstones vary in density,
therefore the measurements of the specific grav-
ity can be performed by one of the methods for
their characterization. In gemology, the density
or specific gravity of a gemstone is computed as
the ratio of the density of the material to the den-
sity of water. The density is expressed as a num-
ber which indicates how much heavier the gem-
stone is compared to an equal volume of water.
The specific gravity (p) can by expressed as ratio
of the weight of the substance to the volume unit.
Since till now in many textbooks the dimension
of the specific gravity is expressed in g/cm’, with
the aim to make comparison of the data, we have
determined the specific gravity of garnets investi-
gated in the same dimension.

It can be noted that the specific gravity of sili-
cate garnets ranges from 3.50 to 4.20 g/cm? [].
Our data obtained fit into the mentioned range
(Table 5).

According to Table 5, the determined spe-
cific gravity of the investigated grossulars was in

Table 5. Specific gravity of the investigated garnets

the range from 3.54 to 3.63 g/cm’ and are in a good
agreement with the literature data. The specific
gravity of the dark green, medium green and light
green tsavorites are 3.62, 3.66 and 3.61 g/cm’, re-
spectively. Probably, different amounts of Mn(II),
Cr(IIT) and V(III) (Table 2) determine the differ-
ence in the values of specific gravity. The specific
gravity of pink hessonite (3.74 g/cm’) is higher
than that of orange hessonite (3.71 g/cm?®) and
can be accounted for the higher content of Fe’*
and Mn(II) in pink hessonite (Table 2). The high-
est value of the specific gravity was measured for
uvarovite (3.77 g/cm?®), whereas the lowest value
was obtained for hydrogrossular — 3.52 g/cm’.

Refractive indexes of garnets

The refractive index is one of the most important
signatures of a gemstone. Measuring the refrac-
tive index is one of the first steps in identifying
the gemstone, though some gems have similar re-
fractive indices and additional tests are required
for a definitive identification. The refractive in-
dex is the difference between the speed of light in
a vacuum and the speed of light in the gemstone.
As light passes through the gemstone, it slows
down because the gemstone is denser than air.
This causes the path of light to change. Refrac-
tion is the bending of light as it passes in or out of
a gem. The angle of refraction in the stone deter-
mines its refractive index. Gemstones with a high
refractive index are more brilliant than those with
a low refractive one.

Garnet D;:::Ii‘t‘;n(:()i,;p/:;:?( Data from other sources, g/cm?
(Variijr;‘?::;'g dite 367 3.70-4.10 [11]; 3.82-3.85 [12]; 3.81-3.87 [13]
Grossular 3.63 3.56-3.73[11]; 3.42-3.72[14]; 3.6 [10]
Hydrogrossular 3.52 3.45-3.56 [14]
Green grossular 3.62 3.62[12]
Light orange grossular 3.54
Dark green tsavorite 3.62
Medium green tsavorite 3.66 3.56-3.73 [11]
Light green tsavorite 3.61
Orange hessonite 3.71 3.56-3.73 [11]; 3.50-3.75[12]
Pink hessonite 3.74 3.56-3.73 [11]; 3.50-3.75[12]
Uvarovite 3.77 3.41-3.52[11];3.4-3.8[12, 14]; 3.7 [10]
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Table 6. Refractive indexes of the investigated garnets

Garnet Refractive index Data from other sources
Rhodolite 1.775 1.742-1.785 [15]
Grossular 1.734 1.734-1.759 [15]; 1.730-1.760 [16]

Dark green tsavorite 1.740
Medium green tsavorite 1.740 1.734-1.759 [15]
Light green tsavorite 1.740 1.731-1.732[12]; [1.74-1.76 [13]
Orange hessonite 1.738 1.74-1.76 [13]; 1.730-1.760 [16]
Pink hessonite 1.745 1.730-1.760 [16]

It can be noted that the refractive indexes of
silicate garnets range from 1.73 to 1.89 [].
Our data obtained fit into the mentioned range
(Table 6).

When comparing the results obtained (Table 6)
it is obvious that rhodolite has the highest value
of the refractive index, whereas the lowest value
was determined for grossular. Other garnets have
comparable values of the refractive index. It is no-
table that due to the limitation of the experimen-
tal equipment (see the Experimental part) we have
had investigated only samples with the refraction
index lower than 1.81. For instance, uvarovite and
demantoid have much higher refractive indexes,
e.g. 1.865 and ca. 1.91, respectively [E].

Cathodoluminescence investigations
Cathodoluminescence (CL) is an optical and
electromagnetic phenomenon in which elec-
trons impacting on a luminescent material cause
the emission of photons which may have wave-
lengths in the visible spectrum. The cathodolu-
minescence emission from a rock can provide in-
sights into crystal growth, zonation, cementation,
chemical replacement, deformation, provenance,
trace elements and defect structures. CL presents
a valuable technique for fundamental sedimen-
tary, metamorphic and igneous rock studies but
also for more applied studies on ores or precious
gems [].

When investigating cathodoluminiscence of
silicate garnets in the presented work, it was found
that pyrope and rhodolite exhibit an intense red
luminescence, meanwhile dark green, medium
green and light tsavorites also yield red, but less
intense and darker luminescence [Fig. ]. An or-
ange luminescence was observed in the case of or-
ange hessonite. The behaviour of grossular under

the influence of cathode beam differs from that of
other investigated garnets - it has a characteristic
dark brownish-green luminescence. It is gener-
ally known that the red luminescence is incident
to the presence of Fe(IlI), whereas the green lu-
minescence is incident to the presence of Mn(II)
[R1].

When comparing the results obtained with
the data on the chemical composition of garnets
(Table 4) it can be concluded that the intense
red luminescence in the case of pyrope and rho-
dolite correlates well with the high content of
Fe(III) - they have. ca. 20% of Fe O,, as well as
with the presence of small amounts of Mn(II),
which can intensify the luminiscence. The less
intense red luminescence of all investigated tsa-
vorites can be attributed to the absence of Fe(III),
but to the presence of V(V) and Mn(II) in the sam-
ples (Table 4). The orange luminescence of orange
hessonite can be also connected with the pres-
ence of Fe(IIT) (ca. 10 times less than in the case
of pyrope and rhodolite) and Mn(II). The cause of
brownish-green luminescence of grossular can be
in the simultaneous presence of relatively small
amounts of Fe(III), Cr(III) and V(V) and, espe-
cially, Mn(II) (Table 4).

In addition, the cathodoluminescence images
of tsavorites show the seasonality of the garnet
growing zone, which is prime in medium green

tsavorite (Fig. ).

Visible spectra of garnets

Generally it is agreed that certain elements cause
the colours in certain garnets; likewise, the light
absorption lines and bands in garnets are at-
tributable to specific elements. It will be recalled
that chromium is responsible for the colours of
a number of red and green stones, e.g. the rare
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Fig. 17. Polarized light (a) and cathodoluminiscence (b) micrograph pairs of silicate garnets
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Fig. 17. (Continued) Polarized light (a) and cathodoluminiscence (b) micrograph pairs of silicate garnets

chrome-pyrope garnet. In combination with iron
it is partly responsible for the colours of demantoid
garnet. The absorption lines caused by chromium
are mainly fine ones in the red, together with a broad
band in the center of the spectrum in the yellow and
green. The position, width and intensity of this band
largely determines the precise hue of the stone.
Iron is another important colour-causing agent in
gemstones. There are two categories of iron spectra:
that caused by ferric iron (Fe(III)) and that caused

by ferrous iron (Fell), e.g. demantoid garnet. In gen-
eral, the fines and bands caused by iron are found in
the blue and green part of the spectrum. Manganese
is responsible for the colour in rhodolite and spes-
sartite garnet. Lines attributed to it in the spectra of
these stones are centered in the blue, violet and even
in the ultraviolet [].

The visible spectra of light absorption of natu-
ral silicate garnets were also investigated and dis-
cussed in Refs [P q].
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Fig. 18. Light absorption spectra of pyralspites. A black line is
pyrope, a red line shows almandine, a blue line is rhodolite and
a green line is spessartine

The light absorption spectra of investigated
pyralspites differs — the highest intensity is ob-
served for spessartine and pyrope, whereas al-
mandine and rhodolite exhibit lower intensity
(Fig. ). In the visible region, spessartine has
the well expressed maximum at 430 nm. Later,
the absorbance values decrease continuously going
to the side of longer waves. The absorption features
of this garnet are due mostly to Mn(II) and Fe(III)
(Table 4) — the absorbance peak at 430 nm is related
to Fe(III) [E] and the absorbance in the region from
410 to 525 nm to Mn(II) [E, @, ]. The spectrum
of pyrope is more complicate (Fig. [18). A compara-
tively broad maximum is seen in the region from
490 to 560 nm, the highest value being at 530 nm.
This is a peak related to the presence of both Mn(II)
and Fe(III) [@, @] (Table 4). The less expressed
peak is observed at 695-700 nm. Usually in this
region of the spectrum Cr(III) absorbs the light
[23-27}, and the garnet contains some amount of
not detectable impurities of this element. The spec-
trum of almandine shows the decrease in light ab-
sorbance going from 400 nm to the side of longer
waves up to 635 nm, whereas from 640 nm a weak
increase begins. A small peak was found at 720 nm.
In contrast to almandine, the increase in intensity
of the spectrum of rhodolite is observed going to
the side of longer waves beginning from 400 up to
560 nm, where the highest value of light absorbance
was observed (Fig. [L8). Later, going to the side of
longer waves, the values of light absorbance slightly
decrease. The spectra of almandine and rhodolite
also have colour-causing elements — Fe (III) and

Fig. 19. Light absorption spectra of ugrandites. A black line is
uvarovite, a red line shows grossular and a blue line is andradite

Mn(II) (Table 4). The higher content of Fe(III) is
responsible for the higher light absorbance values
of almandine, compared with that of rhodolite at
wavelength of 400-500 nm.

When investigating the spectrophotometric
properties of ugrandites, it was found that andra-
dite has the highest intensity in light absorbance
(Fig. ). Its spectrum has a broad maximum in
the region from 430 to 500 nm, the maximum be-
ing at 470 nm. Beginning from 470 nm to the side
of longer waves the light absorbance slightly de-
creases up to 750 nm, whereas later slightly increases
(Fig. [19). The garnet colour is mainly due to Fe(III)
[@"% | (Table 4). The light absorption of grossular
in the visible region decreases continuously from
400 to 565 nm with further increase up to 800 nm,
no specific peaks were observed (Fig. [19). The first
region of the spectra (decrease in absorbance) can
be connected with the presence of iron(III) and
manganese(II) in the sample [B2)], whereas the sec-
ond one with the presence of the same iron(III) to-
gether with Cr(III) [@] or iron(III) and manganese
[@] (see Table 4). The values of the light absorbance
of uvarovite are lowest from the investigated ugran-
dites (Fig. ). The broad maximum can be recog-
nized in the region from 460 to 540 nm, the highest
value being at 500 nm.

The spectra of two other varieties of grossu-
lar - pink hessonite and orange hessonite - differ
from that of grossular (Fig. (). They are much
more complicated and have many absorption
peaks. The red hessonite exhibits peaks at 425-
430, 505, 570 and 690 nm, whereas the orange
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Fig. 20. Light absorption spectra of grossular and its varieties.
A black line is grossular, a red line is orange hessonite, a blue line
shows pink hessonite, an olive line is dark green tsavorite, a navy
line is medium green tsavorite and a violet line shows light green
tsavorite

hessonite displays peaks at 430, 485 and 525 nm.
According to the data of our chemical analysis,
Fe(IIT) and Mn(II) are responsible for the light ab-
sorbance in both hessonites. The data of literature
confirm our conclusion [@].

The light absorption spectra of the dark green and
medium green tsavorites display two broad bands
centered at about 435 and 610 nm, both bands are
well defined. The 435 nm band is more intense than
that at 610 nm, which is slightly broader (Fig. @).
These peaks become more intensive with increasing
of the V(III) and Mn(II)content [] (see Ta-
ble 4). The spectrum of light green tsavorite differs
from other tsavorites (Fig. () — the general intensity
is much lower. The broad band from 450 to 550 nm
(centered at 510 nm) is observed. The possible origin
could be not detectable impurities of Fe(III).

The spectra of andradite and its varieties,
rainbow garnet, demantoid and topazolite, are
seen in Fig. . The intensity of the spectrum of
the rainbow garnet is lower than that of andradite
(Fig. ). Two maximum values are observed in
the spectrum at 425 and 580 nm. The values of
the light absorption of investigated demantoid
and topazolite are low, therefore it is difficult to
identify specific peaks (Fig. ). The highest in-
tensity of light absorption for demantoid was de-
termined at 400 nm, and a nonintense peak was
found at 660 nm. In the case of topazolite, a non-
intense peak was observed at 500 nm. The main

1.0
=
=
= —
a.
S o5
N b —— — —
,.g " — ——
)
=
20
—
0.0+ T T
400 800 L4k TO0 i
Wavelength, nm

Fig. 21. Light absorption spectra of andradite and its varieties.
Ablack line is andradite, a red line shows demantoid, a blue line is
topazolite and an olive line shows rainbow garnet

colour-causing agent is Fe(III), probably together
with Mn(II) (see Table 4).

Raman spectroscopy
Raman spectroscopy provides insights into the mo-
lecular structure and short-range ordering of gar-
nets []. The Raman spectra of different gar-
nets are displayed in Figs @—@ The vibrational
bands of the studied compounds can be divided
into several groups: (i) internal vibrations of SiO,
tetrahedra (symmetric stretching, v ; asymmetric
stretching, v,; symmetric bending, v,; asymmet-
ric bending, v,), (ii) translation of SiO,tetrahedra,
T(SiO,), (iii) rotation of SiO,tetrahedra, R(SiO,)
and (iv) translation of YO octahedra (Y=Fe’*, Cr**
and Al*"), T(M) []. The symmetric stretch-
ing vibrational mode of SiO, group (v,) appears as
a medium-intense band in the frequency region
874-918 cm™. The asymmetric stretching mode
v, appears as a lower intensity band (several fea-
tures) at slightly higher frequencies. The deforma-
tion vibrational modes of SiO,tetrahedra v, and
v, are visible in the spectral region 420-640 cm™.
It should be noted that the asymmetric bending
mode v, usually displays higher frequency bands
[@]. The mode associated with the rotation of SiO,
tetrahedra R(SiO,) appears in the lower frequency
region 350-420 cm™ [@]. Finally, the translation
modes T(SiO,) and T(M) usually can be observed
at wavenumbers lower than 340 cm™! [@, @, @].
The Raman spectra of pyrope and almandine
are very similar (Figs a, b). The most intense
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Fig. 22. Raman spectra of pyrope (a) and of alamandine (b)

band located at 915-918 cm™ belongs to the v,
mode of the stretching vibration of SiO, group.
The second strong band peaked at 348-353 cm™
is associated with the R(SiO,) vibrational mode
[@]. The considered compounds slightly differ
in their composition; the relative amount of Fe/
Mg ions increases going from pyrole to almandine

(Table 4). Because Raman bands are well-defined
the following correlation can be recognized based
on the analysis of shifts of two major Raman bands;
the increase in the relative amount of Fe/Mg ions
results in the decrease of v, mode frequency and
the increase in R(SiO,) mode frequency (Figs @a,
b). This is related with slight changes in the lattice
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Fig. 23. Raman spectra of andradite (a) and of demantoid (b)
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constant and the local structure of compounds.
Similar spectra changes were observed in the series
of pyrope-garnet compounds [@]. The replacement
of Mg*" ions by Ca®* ions resulted in the decrease
in v, and the increase in R(SiO,) mode frequencies.
Figures @a and b compare the Raman spec-
tra of andradite and demantoid. The samples
differ in the ratio of Fe/Al ions (Table 4). One can
see that the increase in the Fe/Al ratio results in
a clear decrease in the v, mode associated with
the asymmetric deformation vibration of the SiO,
group frequency from 536 to 516 cm™. In addition,
the andradite Raman bands v, (878 cm™), R(SiO,)
(375 and 364 cm™) and v, are broader compared
with similar demantoid bands. This observation
indicates that a lower Fe/Al ratio results in a slight
disordering of the crystalline structure.
Figuresg@a, b and ¢ compare the Raman spec-
tra of grossular, cinnamon hessonite and orange
hessonite, respectively. One can see that cinnamon
hessonite exhibits narrow bands in a broad spec-
tral region, indicating a high crystalline structure
of the studied compound. In contrast, grossular
exhibits broadened bands, especially consider-
ing the R(SiO,) and v, modes located at 350 and
524 cm™, respectively. In addition, this compound
shows a considerably suppressed v, band intensi-
ty. This might be related to the presence of a small

amount of different cations (Mg**, Cr** and Mn**)
(Table 4) which may induce the structural dis-
ordering and presence of defects in the lattice.
The appearance of broad features at 595 and
378 cm™! along with the relatively narrow bands at
908 and 354 cm™ in the case of orange hessonite
points to the presence of both amorphous-like
and crystalline phases.

Figures P5a, b and c compare the Raman spectra
of dark green tsavorite, medium green tsavorite
and light green tsavorite, respectively. The peak
positions of main bands are very similar, while
the relative intensities of the bands differ consid-
erably. The peak positions of v, R(SiO,) and v,
modes are visible in the narrow frequency regions
881-883, 349-350/375 (two bands) and 525/549
(two bands) cm™, respectively. A considerable
decrease in the relative intensity of the v, band
for medium green tsavorite might be related to
the presence of Cr’* ions (Table 4) [@]. In addi-
tion, the widths of the v, and R(SiO,) bands were
found to be highest for this sample indicating
a crystalline structure disordering for this sample.
The broad low intensity bands visible at 603-605
and 437-439 cm™ in all three samples might be
related to the presence of TiO, rutile phase [@].
Finally, the broad band near 525 cm™ may have
contribution from the VO, phase [@].
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Fig. 24. Raman spectra of grossular (a), cinnamon hessonite (b) and orange hessonite (c)
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Fig. 25. Raman spectra of light green tsavorite (a), medium green tsavorite (b) and dark green

tsavorite (c)
CONCLUSIONS

Two kinds of natural silicate garnets from
the known origin countries were investigated:
pyralspites — pyrope (Russia), almandine (India),
rhodolite (India), spessartine (India), blue colour-
change garnet (Sri Lanka) and ugrandites - an-
dradite (Russia), demantoid (Russia), topazolite
(Russia), rainbow garnet (Japan), grossular (Kenya-
Tanzania), colourless grossular (India), light orange
grossular (India), dark green tsavorite (Tanzania),
medium green tsavorite (Kenya), light green tsa-
vorite (Kenya), orange hessonite (Sri Lanka), pink
hessonite (Sri Lanka), cinnamon hessonite (India)
and uvarovite (Russia). According to the results
of chemical analysis, all garnets have silicon (IV),
Ca(II) and AI(III) in their composition. The quan-
tity of SiO, varies between 22.80 and 55.44%, CaO
between 0.48 and 35.14% and Al O, between 1.18
and 44.07%. All garnets except demantoid, rain-
bow garnet orange, pink and cinnamon hessonites
contain Mg(II). The quantity of MgO in those
garnets varies between 0.50 and 16.16%. Iron(III)
is present in practically all garnets, except all tsa-
vorites. The amount of Fe(III) varies between 0.25
and 35.18%. The other than Fe(III) colour-causing
elements, e.g. Mn(II), Cr(III) or V(III), are present
in practically all investigated garnets, except andra-
dite, demantoid and cinnamon hessonite.

After the measurements of the values of the spe-
cific gravity of demantoid, grossular, hydrogros-
sular, green grossular, light orange grossular, dark,
medium and light green tsavorites, orange and pink
hessonites and uvarovite it was found that the high-
est value of the specific gravity was measured for
uvarovite (3.77 g/cm’), whereas the lowest value
was obtained for hydrogrossular — 3.52 g/cm’.

After the measurements of the refractive indexes
of garnets, having the refractive indexes lower than
1.81 (rhodolite, grossular, dark medium and light
tsavorites and orange and pink hessonites), it was
determined that rhodolite has the highest value of
the refractive index, whereas the lowest value was
determined for grossular.

The spectrophotometric measurements of pyral-
spites and ugrandites confirm that the main col-
our-causing elements — Fe(III), Mn(II), Cr(III) and
V(II) - determine the spectral properties of the sili-
cate garnets investigated.
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GAMTINIU SILIKATINIU GRANATU
APIBUDINIMAS NEARDANCIAIS TYRIMU
METODAIS

Santrauka

Buvo tirtos dvi grupés gamtiniy silikatiniy granaty i$
zinomy kilmés vietoviy: piralspitai — piropas (Rusija),
alamandinas (Indija), rodolitas (Indija), $pesartinas (In-
dija), mélynas spalvas keiciantis granatas (Sri Lanka) bei
ugranditai - andraditas (Rusija), demantoidas (Rusija),
topazolitas (Rusija), vaivorykstinis granatas (Japonija),
grosuliaras (Kenija-Tanzanija), bespalvis grosuliaras
(Indija), $viesiai oranzinis grosuliaras (Indija), tamsiai
Zalias tsavoritas (Tanzanija), vidutinio Zalsvumo tsavo-
ritas (Kenija), $viesiai Zalias tsavoritas (Kenija), oranzi-
nis hesonitas (Sri Lanka), rausvas hesonitas (Sri Lanka),
cinamoninis hesonitas (Indija) ir uvarovitas (Rusija).
Granaty cheminé sudétis buvo nustatyta skenuojan-
¢iu elektroniniu mikroskopu. Daliai tirty granaty buvo
nustatytos specifinio svorio bei $viesos lazio rodiklio
vertés. Minéti gamtiniai silikatiniai granatai buvo api-
badinti spektroskopiniais metodais: matomos $viesos
spektrofotometrija, Ramano spektroskopija bei katodo-
liuminescensine mikroskopija.
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