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Abstract Being nondestructive and requiring short mea-
surement times, a low amount of material, and no sample
preparation, Raman spectroscopy is used for routine
investigation in the study of gemstone inclusions and
treatments and for the characterization of mounted gems.
In this work, a review of the use of laboratory Raman and
micro-Raman spectrometers and of portable Raman sys-
tems in the gemology field is given, focusing on gem
identification and on the evaluation of the composition,
provenance, and genesis of gems. Many examples are
shown of the use of Raman spectroscopy as a tool for the
identification of imitations, synthetic gems, and enhance-
ment treatments in natural gemstones. Some recent devel-
opments are described, with particular attention being given
to the semiprecious stone jade and to two important organic
materials used in jewelry, i.e., pearls and corals.

Keywords Raman spectroscopy - Gems - Minerals - Jade -
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Introduction

Gemology is a complex field where many disciplines
converge: natural sciences (geology, chemistry, physics,
mineralogy, and crystallography), art, history, and archae-
ology. Economic aspects also play an important role in the
study of gems.
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One of the most important issues in gemological
research is the classification of a gem, in terms of mineral
species, purity, provenance, and identification of enhance-
ment treatments. Obviously, it is of great importance that
the analysis can be performed in a completely nondestruc-
tive and noninvasive way. In addition, the objects to be
analyzed are in many cases macroscopic stones, often of
great value, and sometimes they can be mounted on jewels,
protected by glass, or enclosed in plastic containers.

Over 30 years ago few laboratories applied Raman
spectroscopy to gemology [1-10]. Only in the last decade,
with the availability of more compact and flexible instru-
mentation, have Raman and micro-Raman spectroscopy
fully shown their possible applications in this field. In the
past few years many gemological laboratories have been
equipped with a Raman spectrometer, and the technique is
now used for routine investigation for some specific
aspects, such as gemstone inclusions and imitations,
emerald and diamond treatments, and characterization of
mounted gems [9].

Raman spectroscopy offers many advantages, such as
short measurement times and the low amount of material
required. For gemological purposes, it is particularly
appreciated, being a completely noninvasive, contactless
technique which does not require any sample preparation.
Moreover, the use of portable apparatus allows the analysis
of objects that cannot be moved, such as gems mounted on
historic and archaeological artifacts preserved in a museum.

The economic value of a gem depends not only on its
rarity, but also on its degree of purity, which is in turn
related to lattice order and the absence of inclusions, and, in
general, on its agreeable aspect. This last characteristic
depends on the perfect planarity of the surfaces and on the
color, often due to impurities. A good example is beryl,
found in many colored varieties: green emerald due to Cr**
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ions, blue aquamarine due to the simultaneous presence of
Fe** and Fe **, pink morganite due to manganese, yellow
heliodor due to Fe—-O charge transfer, and the colorless
goshenite. Defects can be responsible for the gem colora-
tion, as in smoky quartz. Moreover, gemstones of the same
variety may show considerable variations in cost owing to
different shades or provenance. As an example, the
pigeon’s blood red shade of expensive Mogok rubies is
due to the chromium ions, whereas other ions give rise to a
lesser appreciated shade, such as the bluish tint given by
iron and titanium to some Mong Hsu rubies [11, 12].

In addition, only few of the commercial gems are simply
faceted gemstones, most being subjected to some enhance-
ment treatment to obtain a more agreeable aspect, in terms
of transparency and color. So, most of the stones are not
completely “natural.” To give a correct evaluation of a gem
it is important to distinguish between untreated gems, gems
that have received treatments which are considered accept-
able by the gem market, and gems that have received heavy
treatments, not acceptable by the market. Some heat
treatments, not involving a phase transition, have been
used for thousands of years [13] and are considered in some
way traditional. As an example, most gem sellers accept as
normal the heating of blue-green-shaded beryls to obtain
blue aquamarine [14], whereas ion diffusion used to modify
the color of a corundum is usually not acceptable and is
considered as fraudulent [12, 14]. Stones with similar
aspect have a great difference in value according to the kind
of treatments; it is then very important to distinguish highly
valued untreated gems from low-priced gems which have
received heavy enhancements, and, obviously, to recognize
synthetic stones (with the same composition as natural
stones) or simulants (or imitations), which are natural or
synthetic stones with a composition different from that of
the simulated one. This aspect will be discussed in the
following.

In the last 3040 years, different papers have pointed out
the main aspects of the applications of Raman spectroscopy
to gemology [9, 10, 15-18]; in this work we would like to
give a quick overview of the main topics, with a closer look
at some recent developments.

Raman spectroscopy: the technique

The instrumentation for Raman spectroscopy may be
divided into two families: laboratory systems, usually
equipped with a microscope and multiple laser lines, and
portable systems.

Portable systems are useful when gems are exhibited or
held in public or private collections and cannot be
transferred to the laboratory owing to their value or because
they are mounted on large objects, or when they are
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unreachable, being displayed in a glass case [18]. Some-
times portable systems are the only possible choice; a fiber-
optic head and large-working-distance objectives are very
useful. Some of the most used fiber-optic probe heads, also
used for applications in gemology, were described by Pitt et
al. [19], together with a large overview of the Raman
instrumentation. One of the main problems in the use of
portable systems is the constant presence of mechanical
vibrations, even when robust tripods are used. This often
leads to the use of low-magnification objectives with a
large working distance and low numerical aperture, causing
a limitation in the collection of the scattered light. Usually
portable systems are affected by the fluorescence of the
material surrounding the point analyzed, more than labora-
tory systems, owing to their lack of confocality. The
spectral resolution of true portable Raman spectrometers
usually ranges between 4 and 10 cm™ ' (much more than the
1-2 cm ! of the standard laboratory systems), which is
enough to identify most of the minerals, but not enough to
perform compositional studies. Cheap ultraportable systems
are also available on the market, but they have very low
resolution and are often unable to work in the low-
wavenumber part of the spectrum, in some cases being
useless.

Overall, laboratory equipment offers better performance
in terms of spectral and spatial resolution and acquisition
times. Almost all modern Raman laboratory equipment has
a micro-Raman configuration, being coupled with an
optical microscope to focus the laser beam on the sample
and collect the scattered light. The use of microscope
objectives with magnification up to %100 allows spatial
resolution down to approximately 1 pum to be obtained.
This fact, combined with the confocality of laboratory
micro-Raman spectrometers, enables the analysis of fluid
and solid inclusions in gemstones, minimizing the signal of
the host matrix, and the detection of fissure filling. In
addition, different excitation wavelengths can usually be
chosen in laboratory systems: this is helpful to reduce the
disturbing fluorescence, when present, and to improve the
Raman signal when looking for resonance phenomena.

Even Fourier transform (FT)-based systems are effec-
tively used in gemology. FT-Raman spectrometers are
based on the same technology as widely used FT-IR
instruments. They allow the use of long-wavelength
excitation, usually produced by a Nd:YAG laser, at
1,064 nm, requiring a Michelson interferometer coupled
with an IR detector, instead of a diffraction grating and a
CCD as in standard dispersive systems. Low-energy
excitation is very effective in reducing fluorescence, but
in the study of gems such excitation is not as important as
in other fields: the change of excitation in the visible range
is often enough to limit the fluorescence effects. Fluores-
cence in gems and gemstones is often due to traces of rare
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earth elements. In this case strong, sharp bands are
obtained, which can be confused with the Raman signal
[20]. When fluorescence of rare earth elements is present,
FT-Raman spectroscopy cannot solve the problem either.
FT-Raman spectroscopy has some disadvantages compared
with dispersive systems, in particular a worse spatial
resolution (5-10 vs. 1-2 um for dispersive micro-Raman
spectroscopy), lower sensitivity (2—3 orders of magnitude),
and therefore the need for greater laser power and lower
measurement speed [19].

There are some requirements to obtain good measure-
ments: a polished surface normal to the laser beam usually
gives a better Raman signal [10]; however, in such a
configuration some plasma lines (secondary emissions of
the laser) could be visible, disturbing the measurement in
the low-wavenumber part of the spectrum.

Even when the laser spot is very small (it can be reduced
down to 1-um size), some additional peaks can be found
owing to inclusions, dirt, fillers, and cutting or polishing
materials (such as SiC, Cr,O;, Al,O3, SnO) [10]. It is
therefore important to pay attention to the possible extra
peaks, possibly by repeating the measurement at different
points, to avoid mistakes.

One of the main issues is anisotropy of the crystals. In a
single crystal, the relative intensities of the different Raman
bands change dramatically according to the mutual orien-
tation of the crystal axes and of the laser polarization. This
orientational dependence is a powerful tool for crystallo-
graphic studies, but could cause mistakes when experimen-
tal results are compared with data in a database, as
discussed in the following.

Raman spectroscopy can be fruitfully employed in
teaching courses on gem identification owing to its ease
of use [21].

Applications of Raman spectroscopy to gemology:
identification

The first question to answer when looking at a gem is
simply: what is it? The standard way to give an answer by
means of Raman spectroscopy is by comparison of the
spectral fingerprint of the gem with some spectra of
standard minerals. Figure 1 shows the Raman spectra of
some usual and unusual gems. Luckily, the availability of a
large database of Raman spectra of mineral species is
constantly increasing in time, so this question is often easy
to answer using Raman spectroscopy. In particular, some
databases are free on the Web [22-27], and even more
extended databases with automatic search engines are
commercially available. In the traditional literature, the
situation is now not so different from the one described by
Smith [18] a few years ago: some small catalogues of

mineral species which could be relevant in gemology have
been published [1, 28-35], but they often appear in Ph.D.
theses which are difficult to access [32, 33], or are related to
specific topics, such as corrosion products or pigments, or
are in languages other than English [1].

The same answer is not so easy to obtain when dealing
with rare gemstones whose Raman spectra are not reported
in the databases, or when the correct identification is
difficult owing to large similarities in the spectra of
different species; the latter case is not so rare for minerals
belonging to the same series with very similar composition
and structure. It is obviously possible to extend the range of
measurements, including some destructive techniques, to
achieve a correct identification, but this may not be a
routine method with rare and highly valuable gems. Thus, it
is very important that papers allowing the correct identifi-
cation of a rare gemstone through its Raman spectrum are
published. As an example, Kiefert et al. [9] showed how to
distinguish between rare the Be-Al-Mg oxides taaffeite and
musgravite.

The comparison between the Raman spectrum obtained
on a gem and a standard one could be complicated by the
different relative orientations between the crystallographic
axis of the mineral and the polarization axis of the
excitation laser, and to some extent by the dependence of
the spectrometer’s sensitivity on the polarization of the
scattered light. Raman polarizability is a nine-element
tensor relating, for each vibrational mode, the amplitudes
of the x, y, and z components of the electric field in the light
scattered by the Raman effect to the components of the
electric field of the incident light [36, 37]. Even in the case
of an ideal spectrometer, with a response independent of the
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Fig. 1 Raman spectra, obtained with 632.8-nm excitation, of some
usual (aquamarine and sapphire) and unusual (tanzanite, forsterite, and
iolite, a variety of cordierite) gems. In the spectrum of sapphire, all the
features at wavenumbers higher than 600 cm™" are due to fluorescence
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polarization of the light, the intensity of each Raman peak
would depend on the relative orientation between the laser
polarization and the crystal axes. In most cases the gems are
obtained from single-crystal gemstones and the shape and
orientation of the cut gems depend on the crystalline
system, the symmetry, the crystal habit, and cleavage. The
main edges of the gems are therefore often related in a
simple way to the crystallographic axis, and it is common
to obtain Raman spectra in which one or more peaks are
absent, owing to a particular orientation. Raman spectra
obtained in two perpendicular configurations in nonmono-
metric species may be very different. This could be
misleading when the spectra are compared with spectra in
a database, in particular when an automatic search in
electronic databases is used. However, this fact is actually
helpful to obtain information on the symmetry and
orientation of a gem, and in particular to determine if it is
a single crystal, a polycrystal, or a geminate. Figure 2
shows as examples the spectra obtained in two orthogonal
orientations on topaz [Al,SiO4(F,0OH),] and on the unusual
gem danburite [CaB,(SiOy4),]. The changes in the relative
intensities of the Raman features are clearly visible,
whereas their wavenumbers are almost the same. The
apparent shift of the 930-940-cm™' band of topaz is due
to the presence of two partly overlapping peaks, at 927 and
938 cm ', visible in different geometries.

The resonance effects must also be taken into account
when trying to identify a gem using Raman spectroscopy.
Resonance occurs when either the excitation or the
scattered light has energy equal to or very close to a real
electronic transition of the material analyzed. This leads to
a large increase in the whole Raman signal and is often
accompanied by a change in the relative intensities of the
different peaks. The latter aspect could add some difficulty
when the spectrum acquired on a gem is compared with
spectra reported in a database obtained with a different laser
line because the overall aspect of the spectrum could be
different, even if the wavenumbers of the peaks are the
same. However, the enhancement due to resonance can
sometimes be useful to obtain fast and clear identification
of materials which usually give a weak signal.

Many gems are well-defined mineral species, such as
diamond (C); most gemstones are silicates, such as beryl,
topaz [Al,Si0O4(F,0H),], and zircon (ZrSiO,4), whereas the
second most represented class is oxides, such as ruby and
sapphire (Al,O3;) [18]. In this case the mineralogical
species of a gem is quite easy to identify, by means of
comparison with literature spectra. As previously stated,
even though no comprehensive gemstone Raman database
has been built yet, an increasing number of papers with
gem spectra has been published in the last 30 years [1-3,
28-35, 38, 39]. Huang [8] provided spectra of some gems,
and reported an interesting flowchart useful to discrimi-
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nate between the most common gems starting from the
main Raman peaks.

Varieties of the same species are often present, even with
different colors and aspects, but belonging to the same
species. Emerald and aquamarine have different colors, and
often different commercial value too, but both are beryl
(Al,BesSigO,g). This means that their chemical composi-
tion is almost the same, differing only for impurities (Fe**
and Fe*' in aquamarine, Cr and V in emerald), which are
responsible for the color [40—42]. Usually these small
variations cannot produce visible effects in the Raman
spectra, but major variations in chemistry may be reflected
in small intensity and frequency changes in the peaks.
Moroz et al. [43] showed how these changes could be
useful to distinguish emeralds of different provenance.

As for many other spectroscopies, multivariate techni-
ques are being increasingly used for the analysis of Raman
spectra. Del Castillo et al. [11] showed how an automatic
system can be implemented for the quick verification of the
nature of a large number of semiprecious stones. For
multivariate analysis, the database should contain spectra
from many samples of the same mineral measured in
different conditions, to take into account small chemical
variations and different experimental conditions. The
method presented [11] uses the spectra of the RRUFF
database [22] and is able to quickly collect spectra of 96
samples mounted on a multiwell plate.

Applications of Raman spectroscopy to gemology:
composition

In many cases, gems belong to a mineral group which
constitutes an isomorphic series whose chemical composi-
tion changes continuously within a specified range. The
extreme terms of the compositional range are the so-called
end members of the series and, in general, every member of
the group can be considered a solid-state solution of the end
members. Tourmalines and garnets are examples of gems
which do not correspond to mineral species but to mineral
groups. Knowledge of the actual composition of a gem,
which could be expressed as the percentage of the various
end members of the group, is important to give a correct
estimation of its value and provenance.

One of the most important examples of the use of Raman
spectroscopy in determining the composition of gems is
that of garnets. Minerals belonging to the garnet group have
the general formula A32+B23+(Si04)3 (AisCa, F e**, Mn*",
Mg; B is Al, Cr’", Fe’"). This isomorph group is usually
divided into two series: pyralspites (pyrope MgzALSizOy5,
almandine Fe;Al;Siz0q,, spessartine Mn3zAl,Si;0,,) and
ugrandites (uvarovite Ca;Cr,Si;01,, grossular CazAl,Siz045,
andradite CazFe,Si;0,,) [44, 45]. Gemstones corresponding
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Fig. 2 Raman spectra of a a
topaz [AL,SiO4(F,OH),] and b )

danburite [CaB,(Si04),]. The
spectra were obtained for two
orthogonal orientations of the
samples
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to pure end members are rare in nature, so the composition of
a generic gamet crystal could be described as Almyay,
-Spe.spe PYLipyr Gro,GroAndyang'Uva,va (Alm is almandine,
Spe is spessartine, Pyr is pyrope, Gro is grossular, And is
andradite, Uva is uvarovite). As in most series, not all the
composition occurs in nature, but a miscibility gap exists
between pyralspites and ugrandites [46, 47]. The possibility to
obtain the composition of a garnet crystal starting from its
Raman spectrum was presented and largely discussed by
Smith and coworkers [48-51], including application to
gemology [51] and, recently, by Ando et al. [52-54]. The
proposed methods are based on the fact that for most of
the Raman bands in the spectra of garnet solid solutions,
an almost one-mode behavior is expected [48-51, 55].
This means that the frequency of a Raman peak may be
obtained by means of a linear combination of the
frequencies of the end members weighted by their
molar ratio: v = T AImVAIm + wspeyspe + xpyrl/Pyr+
TaroVaro + L AndVAna + Tuvaluva -

The Raman spectra of garnets [55-60] in the ugrandite
and pyralspite series are shown in Fig. 3. The method
presented by Bersani et al. [53], called micro-Raman
garnets evaluation method (MIRAGEM), uses minimiza-
tion software, working in a MATLAB® environment
(version R2007B), and calculates the composition (xim,
XSpes XPyr XGro» XAnd> XUva) that better reproduces the
frequencies measured in the Raman spectrum of the sample.
As an example, Fig. 4 shows a comparison between the
andradite contents in garnets of the andradite—grossular
series measured by wavelength-dispersive spectrometry—
electron microprobe analysis and calculated by MIRA-
GEM: a good agreement is found, with differences lower
than 5%.
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Fig. 3 Raman spectra of garnets in the ugrandite (a) and pyralspite
(b) series. (Reprinted with permission from Bersani et al. [54],
copyright 2009, American Institute of Physics)
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Fig. 4 Comparison between the andradite contents in garnets of the
andradite—grossular series measured by wavelength-dispersive spec-
trometry (WDS)—electron microprobe analysis and calculated by
Raman spectroscopy. The +5% lines are drawn for visual aid.
(Reprinted with permission from Bersani et al. [54], copyright 2009,
American Institute of Physics)

The proposed method could be extended to other mineral
groups of interest for gemology, after adequate calibration
of the method based on an accurate measurement of the
frequencies for a large number of compositions. However,
this method only works when the vibrational modes have
one-mode behavior, and this means that only isomorph
series are suitable.

Many other examples of identification of gems and
gemstone species are present in the literature. Kuebler et al.
[61] used Raman spectra to obtain the composition of
olivine, which is usually a solid solution of the end
members forsterite and fayalite. The frequencies of both
peaks of the strong doublet that occurs in the spectral
region of 815-825 and 838-857 cm ' show monotonic
shifts following cation substitution between forsterite and
fayalite. This allows one to obtain the forsterite contents in
terms of the Mg/(Mg + Fe) molar ratio. In this work, not
only was an estimation of the chemical composition
obtained from Raman spectra, but also information on
crystal structure (distinction of polymorphs).

Other groups of interest in gemology have been
characterized in terms of correlation between Raman
spectra and compositions in works developed outside the
field of gemology. A wide study to obtain the composition
of different pyroxenes was reported in [62]; the minerals
analyzed were not gems and the paper dealt with planetary
science, however the results could be applied to identifica-
tion of stones sometimes used in jewelry, such as jadeite,
diopside, and spodumene.
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A further example shows how Raman spectroscopy may
provide some subtle information, beyond simple composi-
tion [63]. Nephrite is a variety of tremolite—actinolite of the
amphibole group, used in jewelry as a green semiprecious
stone. In addition to the identification of materials, the
variable iron and magnesium contents were investigated.
The fine structure of the OH stretching vibration band of
the Raman spectra of nephrite depends on the electroneg-
ativity of the bonded cations. The study of this fine
structure allows estimation of the cation distribution in
nephrite, which is responsible for the coloration, and is
associated with different geological conditions and so can
help in provenance studies.

Even the quality of some gems, in terms of long-range
order and the presence of impurities, can be assessed by
Raman spectroscopy. As an example, the width and the
position of the sharp peak at 1,332.7 cm ' may be used to
evaluate lattice order in diamonds [64]. On the other hand,
a broad band is observed at 1,500 cm ' for an impure
sample [64]. Raman spectrometers are also often used for
photoluminescence measurements in diamonds and emer-
alds, to evaluate their quality, detect nitrogen impurities,
and study the bleaching mechanism [43, 65, 66].

Applications of Raman spectroscopy to gemology:
provenance and genesis

The investigation of the origin of gems by means of Raman
spectroscopy could be done in two ways. The first one is
the study of slight variations in the vibrational spectra
related to small differences in composition or to the
presence of some extra elements typical of some localities
or geological environments [43, 67].

A very interesting example is given from the combined
inductively coupled plasma, IR, Raman, and NMR study of
some beryls from the Sudety mountains [67], where it was
shown how Raman spectroscopy can create a new
classification scheme for beryl. The classification takes
into account the content of alkalis in the beryl structure and
is based on the ratio between two types of water molecules,
whose stretching modes are measured at 3,609-3,606 cm” !
(not connected with alkali) and at 3,597-3,594 cm '
(hydrated anions of alkali). Beryl may be classified in three
groups: alkali-free, alkali-poor, and alkali-rich beryls. In
addition, polarized Raman measurements in the spectral
region characteristic of the CO, Fermi doublet (1,386—
1,240 cm™ ") show the orientation (perpendicular to the c-
axis) of CO, molecules in the structural channels of beryl.

The second and most practiced way to obtain informa-
tion on provenance and genesis of gems and gemstones by
Raman spectroscopy is the study of solid or fluid
inclusions. Inclusions in gemstones are receiving great
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interest because they are a sort of ID of the gemstone,
containing a large amount of information on its origin [68—
70]. Inclusions embedded in the host crystals can be studied
by using a confocal micro-Raman spectrometer which
enables detection of materials below the external surface
of the gem. Decreasing the diameter of the confocal hole in
the spectrometer will reduce the region of collection of the
Raman signal, down to a few micrometers in x, y, and z
directions. This allows optimization of the Raman signal of
the inclusion analyzed and minimizes the contribution from
the host matrix. Figure 5 shows the Raman spectra obtained
on a needle-shaped inclusion in a garnet gem. The Raman
spectrum of the host garnet allows its identification as a
pyrope—almandine type, whereas the spectrum of the
inclusion, after the subtraction of the matrix signal, is
characteristic of rutile.

Raman spectroscopy is therefore largely used in the
identification of inclusions in minerals and gems [10, 71—
89]. In the following, some examples, in particular on
corundum, are reported together with some particular
applications.

Corundum

Corundum (Al,O3; ruby and sapphire) is probably the most
important example of the use of inclusions for provenance
and genesis studies; many works are present in the
literature, sometimes with useful tables correlating miner-
alogical species present such as inclusions, with geological
settings and localities [72, 90-95].

Delé et al. [90] provided a list of the most common solid
inclusions in ruby from some classic localities. The
distinction is possible because some mineral inclusions are
characteristic of different parageneses: pyroxene and neph-
eline occur in volcanic veins (Thailand, Cambodia), calcite,
amphibole, and spinel occur in metamorphic carbonates
(Myanmar), whereas quartz and apatite occur in metaso-
matic seams (Vietnam). Palanza et al. [91] identified a
variety of inclusions observed in sapphires, not only as a
function of the geological origin but, in some cases, of
specific deposits. Although some minerals, such as rutile,
are not specific, being present in both magmatic and
metamorphic sapphires, other minerals are characteristic
of the geological origin: zircon inclusions surrounded by
dark halos are typical of alkali basalt, and diaspore, calcite,
and CO, are typical of marbles.

Fluid inclusions are used to study provenance of
corundum gemstones. Updated tables of inclusions and a
wide bibliography, and good examples of the use of Raman
spectroscopy on fluid and solid inclusions combined with
many different techniques for the elaboration of detailed
genetic models of corundum deposits (i.e., trace element
analyses by inductively coupled plasma mass spectroscopy,
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Fig. 5 A pyrope—almandine garnet (a), a needle-shaped inclusion (b)
and their Raman spectra. The difference spectrum, characteristic of
rutile, is reported

optical absorption spectrometry, colorimetry, electron mi-
croprobe, and isotopic analyses) are given in [94, 95].

Modern Raman instrumentation equipped with motor-
ized scanning tables allows one to obtain two- and three-
dimensional spectral maps of crystals and their inclusions.
A huge amount of information is then available for the
analysis of inclusions using statistical methods. An example
was reported by Sutherland et al. [93], where the
occurrence of different types of inclusions in rubies
(anatase, rutile, CO,, sulfured compounds, apatite, and
zircon) was evaluated with the aim to distinguish between
two Vietnamese mines.

The laser-induced fluorescence in the visible range
sometimes appears in the form of sharp and well-defined
bands, in particular when rare earth elements are present as
impurities in the crystal lattice. In these cases, fluorescence
could be used to detect rare earth elements in gemstones
such as corundum and zircon, suggesting a hypothesis for
their provenance, genesis, and age [93, 96, 97]. The
wavelength of the fluorescence lines depends not only on
the specific element, but also on the local crystal field
around the ion and then on the host mineral. The apparent
Raman shift of a fluorescence line, as well as its intensity,
obviously depends on the wavelength of the excitation laser
line. As an example, Eu®" and Er’" in zircon produce lines
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in the range 543-558 nm, appearing in the Raman spectra
as peaks between 1,010 and 1,500 cm ! excitation is at
514.5 nm [96].

Diamonds and other gems

Inclusions in diamonds can be used to determine the
provenance of gems or identify the original host rocks
when the gemstones are found in large alluvial deposits [73,
98, 99].

Raman spectroscopy is used to identify mineral species
in sealed inclusions in diamonds and to estimate their
remnant pressure. Inclusions such as garnet, clinopyroxene,
titanite, melilite, and anatase have been identified. These
results, combined with a diamond inclusion model [100],
allow one to estimate temperature and pressure ranges of
diamond formations, and suggest hypotheses for the
diamond’s age and storage conditions.

Residual pressure is a key point to reconstruct the
thermobarometric history of a diamond crystal. Accurate
measurement of the wavenumbers of the main Raman
peaks of both diamond (at nearly 1,332 cm ') and
inclusions [101], whose position is pressure-dependant, is
a very sensitive tool to evaluate pressure.

Recent developments, allowed by the use of fast
spectrometers equipped with motorized stages, give three-
dimensional Raman maps in diamond crystals around
mineral inclusions. The spectral maps can be converted
into detailed pressure maps by means of Gaussian fitting
procedures and of models correlating peak position with
pressure [102]. The method proposed by Kagi et al. [102]
simultaneously yields pressure and temperature conditions
at which mineral inclusions were trapped in the diamond,
using Raman data only.

Dating of gems and gemstones is an important tool to
identify their provenance, understand the formation mech-
anisms, and possibly locate new deposits. In this particular
field, micro-Raman spectroscopy may help for a better
interpretation of the results of dating techniques. As an
example, we report a recent study on apatite, a calcium
phosphate sometimes used as a gem and often present as
inclusion in many gemstones. In the fission-track thermo-
chronometry of apatites, the dating starts when the crystal
temperature falls below a characteristic threshold tempera-
ture; at higher temperatures the fission tracks produced by
uranium impurities in the crystal are annealed and disap-
pear. The threshold temperature depends on the chemistry
and cell parameters of each apatite crystal. Zattin et al.
[103] suggested Raman spectroscopy as a routine tool to
calibrate apatite crystallographic structure to correct dating
results; in particular, a strong correlation between cell
parameter a and the variation of Raman shift in the 452—
440-cm ' range was shown.
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Applications of Raman spectroscopy to gemology:
imitations, synthetic gems, and enhancement treatments

As previously stated, one of the most important challenges
in gemology is the identification of enhancement treatments
in natural gemstones [104, 105]. Overviews of the most
employed techniques to enhance different gems, such as
heating, fissure filling, ion diffusion, radiation exposure,
coating, bleaching, dyeing, and impregnation, are given in
[14, 16, 106].

The filling of fissures in gems with oils and other
substances to enhance their clarity is a common practice, in
particular in emeralds. Many substances are used for this
purpose: oils, waxes, Canada balsams, and epoxy resins
such as Opticon, Palma, and Permasafe [16]. The organic
fillers can be identified by comparison with reference
spectra, in the spectral “fingerprint” region of the organic
compounds, between 1,200 and 1,800 cmfl, where C-O
and C—C stretching modes are visible and where inorganic
crystals usually show very few and weak peaks, or no peaks
at all. The characterization of the filler is important because
some substances (such as oils) are accepted in the trade as
fillers, being unable to polymerize, whereas other substan-
ces, such as epoxy resins, are not accepted because after
polymerization their removal is very difficult [16].

Not only organic materials are used to fill fissures: some
highly fractured rubies are filled with high-refractive-index
glass to improve their clarity [107]. Recently, glass fillers
have been identified in rubies using Raman spectroscopy:
Fan et al. [108] recognized the use of lead glass (broad and
strong Raman band close to 1,563 cm™") combined with an
organic substance in the cracks.

Corundum, as ruby and sapphire, is one of the gem-
stones most subject to a variety of enhancement treatments
owing to the large number of low-quality crystals available
on the market. In addition to fissure fillings, heating is one
of the most used gem treatments, usually accepted among
jewelers; it is often assumed that all corundum gemstones
have been heated to some extent. Many other enhancement
treatments are not considered as acceptable, owing to
irreversible modifications [11]. This is the case of “flux
healing,” obtained by partial surface melting to hide
fractures; the melting is achieved using flux agents such
as borax, calcium borate (Ca,B,045H,0), and calcium or
sodium phosphate [Ca3(PO4),, NazPO4]. Micro-Raman
spectroscopy could be used to find traces of flux agents
on the corundum surface [11].

A particular corundum treatment has been gaining in use
in the past few years, i.e., beryllium color diffusion, used to
obtain pink—orange corundum or cancel purplish cores in
rubies [11, 12, 109]. Heating the corundum together with
chrysoberyl (BeAl,O4) causes the diffusion of beryllium.
Be?" ions trap holes, yielding yellow to orange coloration.
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Sastry et al. [109] recently proved that Raman spectroscopy
is able to detect the structural disorder induced by beryllium
diffusion treatment in rubies and sapphires. The valence
changes produced by beryllium diffusion and the possible
dissolution of natural inclusions disturb the long-range
order of the corundum lattice, leading to an overall
broadening of the Raman spectra and to the disappearance
of some vibrational modes. This can help to detect treated
stones.

The detection of imitations is often an easy task using
Raman spectroscopy, owing to different compositions
compared with the real gems, as is the case with cubic
zirconia used as an imitation of diamond [21] and other
stones [110]. Figure 6 shows the Raman spectra of
diamond, of its most common simulant cubic zirconium
oxide, and of another imitation, strontium titanate.

More puzzling is the recognition of synthetic gems with
the same composition and structure as the natural ones. A
good overview of gemstone synthesis techniques is
reported in [111]. One of the main tools to recognize
synthetic gems is the identification of solid and fluid
inclusions [39, 112, 113]. As an example, Delé et al. [90]
identified the synthetic corundum produced by the flux
method by looking for the presence in gems of inclusions
of flux, such as cryolite, tungstates, and polymolybdates.

Applications of Raman spectroscopy to gemology:
historical and archaeological gems

Minerals are present in almost every field of conservation
science: they are found in many objects with archaeolog-
ical, historical or artistic interest, in the form of pigments,
lapidary materials, corrosion products, ceramics, and so on.

Diamond

Cubic Zirconia

i / f\, Strontium Titanate
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Fig. 6 Raman spectra of diamond and of its simulants, cubic
zirconium oxide and strontium titanate

Raman spectroscopy is well suited for nondestructive
studies of mineral species in the fields of art and
archaeology and, in particular, of gems and gemstones
used for art objects [9, 15, 17, 28, 29, 35, 114-119]. Many
cases involving archaeological gems, including the spotting
of a doublet, were reported by Smith and Clark [15].
Gemstones on art items of the Basel Cathedral Treasury
(Reliquary Cross, Dorothy Monstrance, and Head Reli-
quary of St. Eustace) have been studied by means of both
portable and fixed Raman systems [120, 121]. The
adorning gemstones on the reliquary Heinrich’s Cross from
the treasury of Basel Cathedral, kept in the Museum of
Applied Arts (Kunstgewerbemuseum), Berlin, were inves-
tigated by Reiche et al. [122].

Raman spectrometry was used to identify most of the
mineral inclusions (apatite, zircon, ilmenite, monazite,
calcite, quartz) present in almandine garnets in Merovingian
jewelry [71]. Several gemstones in the cover of the Tours
Gospel, “Evangelia Quatuor,” held in the British Library
were identified by means of Raman microscopy by Clark
and van der Weerd [123]. The large collection of minerals
and rocks of the Prussian kings in the Grotto Hall of the
New Palace, Park Sanssouci in Potsdam, was identified by
means of a mobile Raman microprobe [124].

Even stones in sensu latu, such as glass gemstones in
archaeological rings, should be studied with Raman
spectroscopy, allowing one to collect technological infor-
mation on the glass production (fictive temperature, raw
materials) [125, 126].

Applications of Raman spectroscopy to gemology:
semiprecious stones, jade

Raman spectroscopy is largely used for the study of
semiprecious minerals and stones too. Raman spectroscopy
has proven to be very effective in the identification of types
of opal (amorphous or CT) [127, 128]. Details on the
Raman study of jade are reported in the following.

This gem, “royal gem” in China, was used in prehistoric
times as an ideal tough material for weapons and tools, and
is known in many fine nuances of green, but also in shades
of white, black, gray, yellow, and orange, and in delicate
violet tones. The term “jade” refers to two minerals,
nephrite (an amphibole) and jadeite (a pyroxene) [129]:
nephrite was used in China until the eighteenth century,
when jadeite was imported from Burma. Jadeite and
nephrite are both regarded in China as “genuine jade.”

Nephrite belongs to the tremolite—ferroactinolite
[CazMg5Si8022(OH)2, CazFessigozz(OH)z] series. Jadeite
corresponds to the mineral species with composition
NaAlSi,Og: it is one of the end members of the clinopyr-
oxene group, where chemical substitutions of Na (in the M2
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site), Al (in the M1 site), or Si (in the tetrahedral site) are
possible [18].

Fine-quality jadeite is the rarer and more commercially
valuable of the two gems. The distinction between nephrite
and jadeite is particularly important. On the other hand, a
variety of less-valued other minerals or artificial materials
were used as “true jade,” and identification is important in
the assessment of authenticity. Raman microscopy allowed
the identification of materials used for antique Chinese jade
artifacts [130-133].

An investigation on jade artifacts from the British
Museum and standard geological samples [134] enabled
the composition of nephrite to be estimated by analyzing
the OH vibrations in the Raman spectra which were found
to occur in the range 3,671-3,623 cm L, according to the
Fe/(Fe+Mg) ratio [134]. The use of Raman spectroscopy to
determine Fe/(Fe+Mg) ratios (% pfu) in jades has proven
itself to be a useful method of classifying artifacts and
gaining insight into their geological origins [135]. As
previously discussed, a correlation between color and
cation distribution in six nephrite jade artifacts dated from
the Neolithic period to the Han dynasty (about 3000 BC to
220 AD) was obtained through the study of the fine
structure of the OH stretching Raman vibration band [63].

The Si—O-Si symmetric stretching vibration of jadeite is
affected by the nature of the M2 cation and, to a lesser
extent, by the M1 cation [18]: the wavenumber of the
corresponding spectral band (in the 650-750-cm ' range)
may give indirect “chemical” information on the actual
composition, after suitable calibration [18].

Raman spectra of jadeite jade from Mesoamerica, on
both artifacts and rocks, have been extensively investigated
[18, 136-140]. The jadeite or nephrite nature of jade
Chinese artifacts from the Trésor of the Muséum National
d’Histoire Naturelle in Paris was determined by means of
Raman spectroscopy [141, 142]: distinguishing features are
the Si-O-Si stretching vibration at 675 cm™ ' (nephrite) and
above 695 cm ' (jadeite), and the presence of OH
stretching vibrations for nephrite.

Not only good and natural jade is offered for sale, often
fake or poor-quality products or stones which have been
colored or otherwise treated are too. Raman spectroscopy
has been widely reported, especially in Chinese scientific
literature, for the identification of various jadeite jade and
other jades [143, 144].

Jadeite (and albite) of violet color (probably due to Mn**
ions replacing AI’") was reported by Hinni et al. [77].
Raman spectroscopy has been used to detect graphite
inclusions in nephrite jade [145]. A dark-green jade, called
“inky jadeite jade,” is found to consist of over 85-90%
pyroxene omphacite [146].

Raman studies have been reported on yellow serpentine
jade [147], pink jadeite jade with white ribbons [148],
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zoisite jade “red-green jewelry” [149], illite jade (“Zipao
jade”) [150], and idocrase jade (vesuvianite, californite,
American jade) [151]. A “fake” Dushan jade from Nanyang,
Henan province, has been investigated [152] by means of
Raman and other techniques: the major mineral components
in Dushan jade are plagioclase (mostly anorthite) and
zeolite. Antigorite is found in Xiuyan jade [153].

Structural and vibrational (Raman and FT-IR) compar-
isons between jadeite and synthetic jadeite show that the
two species are hardly distinguishable [154]. Some jade in
the marketplace has been dyed, chemically bleached, coated
with paraffin, wax or some resin, and/or impregnated by a
polymer. Other known treatments, used singly, together, or
along with those just mentioned, include the application of
acid (commonly acetic acid) or a bleach to remove
extraneous stains or other coatings, and heating to improve
colors. A Raman spectroscopy study of heat-treated
nephrite up to 800°C was carried out to investigate if heat
treatments were used to facilitate jade carving or modify the
color of jade in ancient China, or if it was burned during a
funeral ceremony, or even if heat treatment can give the
appearance of naturally weathered jades [155].

The “bleaching” treatment of jadeite jade is a two-step
process whereby a brown or gray component (probably iron
compounds) is removed chemically, followed by impreg-
nation of the resulting white to green material with some
type of polymer. The treatment product is commonly
referred to as “bleached jadeite” or “B jade” in the Orient.
Raman spectroscopy has been found to be a useful tool for
identification of bleached and polymer-impregnated
jadeites. The major advantage over classic methods of
gem testing is the nondestructive identification of inclu-
sions in gemstones and the determination of organic
fracture filling in jade. Micro-Raman spectroscopy has
been used [108] to investigate bleached and filled jadeite
jade: bleaching with strong acid produces microcracks,
which are filled with epoxy resin, evidenced by the Raman
shifts close to 777, 1,123, 1,611, 2,930, and 3,065 cm .
Moreover, it is possible to identify bleached jade by
distinguishing resin from paraffin [156].

Applications of Raman spectroscopy to gemology:
organic materials (pearls, corals)

Pearls

Pearls are organic gems, created when an oyster covers a
foreign object with layers of “mother of pearl,” or nacre.
Nowadays, pearls are cultured in different mollusks in both
seawater (Akoya and South) and freshwater.

A pearl is composed of 93-95% calcium carbonate
(CaCOs3) (in all three polymorphic modifications calcite,
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aragonite, and vaterite), 5% organic matrix (including hard
proteins, 3-chitin, and polysaccharides), and 1% moisture.
The outer part of a pearl is composed of alternating sheets
of aragonite and organic matrix.

In pearl analysis, Raman spectroscopy [9, 10] has
focused on the polymorphism of biogenic carbonate with
the corresponding vibrational band assignment [157—-159],
or has been used to differentiate between natural and
artificially colored cultured pearls [16, 21, 160].

Vaterite (n-CaCO;3;) and aragonite polymorphs in
freshwater-cultured pearls have been mapped and charac-
terized by means of Raman spectroscopy [161-164] (for
both Japanese and Chinese beaded and nonbeaded
freshwater-cultured pearls), and the role of vaterite in the
biomineralization process has been discussed. A complete
study of the Raman spectroscopy of synthetic, geological,
and biological vaterite was presented by the same authors
[165].

The orientation of the biogenic aragonite mineral growth
in pearls has been investigated by means of polarized
micro-Raman scattering [166]: the pearl surface layers
correlate to the ab crystallographic plane of aragonite, and
the radial direction to the c-axis of an aragonite crystal.
This is shown in Fig. 7, where the Raman spectra obtained
on an aragonite crystal, with the laser polarization parallel
and perpendicular to the c-axis, and on the surface of a
pearl, with random orientation, are compared. The similar-
ities between the spectra of pearl and aragonite in the ab-
plane (perpendicular to the c-axis) are evident, as well as
the differences between the pearl spectrum and the
aragonite spectrum along the c-axis.
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Fig. 7 Raman spectra obtained on an aragonite crystal, with the laser
polarization parallel to the c-axis and to ab-plane, and on the surface
of a pearl. The spectra are normalized on the strong 1,087-cm™ ' peak
(not shown). Asterisk plasma line

Dumanska-Slowik et al. [167] claimed that discrimina-
tion between spontaneously nucleated natural pearls and
freshwater-cultured tissue-graft Chinese pearls is possible
owing to the absence of Raman peaks at 1,133 and
1,526 cm ' which are supposed to be typical of natural
pearls. This conclusion was criticized by Karampelas [168].

Nacre is the internal lustrous “mother of pearl” layer of
many molluskan shells, composed of flat polygonal crystals
of aragonite and organic compounds in-between. The
biomineralization process for the nacre formation [169]
and the in vitro growth of aragonite crystal on the nacre
surface [170] have been investigated by means of Raman
microscopy.

The nature of pigments in naturally colored pearls is still
under discussion (as in the case of corals). Raman evidence
of metalloporphyrins in nacre of shells of Peteria penguin
was reported in [171]. In freshwater-cultured pearls the
nature and distribution of pigments responsible for different
coloration (in both nacre and pearl) have been extensively
studied using micro-Raman spectroscopy, with several
excitation wavelengths [162, 171, 172]. The frequency
positions of the C—C single bond stretching vibration and
C=C double bond stretching vibration are used to identify
the chain length of specific polyenes or carotenoids. The
exact position of the C=C stretching vibration of polyenic
molecules depends strongly on the number of double bonds
contained in the polyenic chain [172-175].

Soldati et al. [162] identified ten different pigments in
vaterite; the color is attributed to the combination of
unmethylated polyenes with chain lengths between eight
and 12 conjugated double bonds. Methylated and unmethy-
lated polyene pigments with no limitation on the chain
length were found in aragonite. According to Barnaard and
de Waal [176], the pigments found in molluskan biogenic
matrix are polyenes, with unmethylated polyacetylenic
backbones of various conjugation lengths. The role of
polyenes in the coloration of freshwater-cultured pearls was
further investigated by Karampelas et al. [174]; they
proposed mixed unmethylated (unsubstituted) polyenes,
not carotenoids, for natural-color Hyriopsis samples. The
same result was found for Chinese freshwater pearls of
different colors [177] (with three different excitation wave-
lengths and compared with carotenoid pigments found in
eggshells). Polyenes were also detected by means of
resonance Raman microspectrometry, such as molluskan
shell pigments [178].

Two important pearl-culturing mollusk shells, Pinctada
martensii and Hyriopsis cuningii, have been studied [179]:
aragonite and carotenoids were found in nacreous and
prismatic layers in Hyriopsis cumingii, whereas shells of
Pinctada martensii show calcite.

The discrimination between freshwater- and seawater-
cultured pearls may be made by means of X-ray fluores-

@ Springer



2642

D. Bersani, P.P. Lottici

cence: the manganese content is higher in freshwater pearls,
whereas the strontium content is higher in seawater-
cultured pearls [180]. Raman analysis of the CaCO3 major
vibrations using statistical methods was proposed to
discriminate between freshwater pearls and seawater pearls
(Akoya and South) by Park et al. [181].

Tahitian pearls (natural black), irradiated freshwater-
cultured pearls, black-dyed freshwater-cultured pearls, and
irradiated and dyed pearls are also characterized by means
of Raman spectroscopy: only Tahitian pearls show porphy-
rin peaks in the Raman spectra [182]. Freshwater pearls
dyed black with a silver nitrate solution [183] show Raman
spectra with a distinct peak at 570 cm™ ', corresponding to
some Ag—O vibrations of silver oxide on the pearl’s
surface, whereas a peak at 240 cm ' could be ascribed to
silver nitrate [10].

A difference in the intensity of a peak at 275 cm ' in the
Raman spectrum has been found between golden saltwater
and color-treated pearls, owing to the larger fluorescence
background in the latter case [184], and this could be used
to discriminate between them. Some information on golden
seawater-cultured pearls and golden-dyed pearls was
obtained by Raman spectroscopy [185, 186]. Chocolate
pearls have been investigated by means of Raman spectra
[187]. The relatively rare phenomenon of iridescence on the
outer surface of seashells was investigated by means of
Raman spectroscopy by Brink and van der Berg [188],
revealing a mixture of porous aragonite and organic
materials such as carotenoids, which would change the
overall refractive index.

Corals

Like pearls, corals are organic jewelry materials too. Apart
from black and gold corals, formed by hornlike organic
matter [189], corals consist of over 90% calcium carbonate
in aragonite or calcite forms. The formation and nature of
calcium carbonate have obviously been deeply investigated
by means of Raman spectroscopy [157, 190-195]. Raman
spectra of biogenic carbonates from corals, both pink
pigmented and unpigmented, mainly show bands which
are typical of aragonite. In soft corals (Porifes sp.) the
features are slightly broader than the corresponding bands
for natural pearls, and this is ascribed to some positional
disordering of carbonate ions resulting from some (less than
10%) substitution of magnesium for calcium ions[157] in
calcite.

Micro-Raman spectroscopy was employed to study
black corals [196]. Unlike the skeletons of their red and
white relatives, the skeleton of black corals is mainly
composed of organic matter (chitin fibrils admixed with
peptides): Nowak et al. [196] reported a Raman mapping of
the fibrils.
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The nature of the dyes responsible for the natural color
in pink-to-red corals has been largely investigated by means
of Raman spectroscopy [197-200], and the scientific debate
on their nature continues [176, 189, 191, 198, 199, 201—
203]. Carotenoids or mixtures of polyenes (unsubstituted,
unmethylated, polyenes) [175, 189, 204] have been
proposed. The polyenic nature of the dyes responsible for
the color of corals has been determined at different
excitation wavelengths, by studying the characteristic C=C
stretching vibrations, whose frequencies seem to depend on
the polyenic chain length, and the C—C stretching vibra-
tions, whose frequencies are more influenced by the
presence of the —CHj substituting groups in carotenoids
[173, 175, 201, 202]. Canthaxanthin (a [3-carotene deriva-
tive) has been found in Corallium rubrum, the most famous
red coral [205].

Raman scattering may be helpful to distinguish between
endangered and more commercial coral species [201]
through the identification of their calcite or aragonite
structure, or differences in the pigments (carotenoids or
unmethylated polyenic pigments).

The supply of high-quality pink-to-red natural-color
coral has dramatically decreased in recent years, whereas
the quantity of “artificially” dyed coral has increased.
Raman analysis can establish conclusively if the color is
natural or obtained by dyeing, by the presence of the
characteristic carotene or unmethylated polyene peaks (the
most intense at about 1,520 and 1,120 cm ") [190].

Conclusions

Raman spectroscopy means speed, sensitivity, micrometric
resolution, and nondestructive testing, and meets the
requirements of gemology. With a standard micro-Raman
apparatus, equipped with two or three lasers in different
parts of the visible (and near-IR) range, it is possible to
obtain information on the nature of the gems, their
composition, structure, and purity, to identify inclusions
and to detect enhancement treatments. Recent develop-
ments have shown the use of Raman spectroscopy to obtain
quantitative information on the composition of gemstones.

Raman analysis is not limited to inorganic crystals, being
able to obtain information also on organic gemological
materials (corals, ambers, and pearls), or amorphous or
nanocrystalline materials (obsidian, opal). The use of a
portable spectrometer expands the range of investigations,
allowing the analysis of gems preserved in museums or
mounted on archaeological or historical artworks.

Raman spectroscopy can be used as a standard tool in
gemological laboratories and it use should develop among
gem sellers for quick identification. Raman measurements
are fast and inexpensive (except for the purchase of the
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spectrometer), and could be routinely done not only on top-
valued gems but also on semiprecious stones.

Raman spectroscopy shows its applications especially in
the field of gemological research, providing important
contributions to the study of the genesis and provenance
of gems. The analysis of slight modifications of the
vibrational spectrum and the accurate study of micrometric
fluid and solid inclusions can reveal important details on
the geological history of the minerals.

In perspective, the diffusion of fast systems to obtain
two- and three-dimensional spectral maps, the use of
multivariate techniques to analyze large amounts of data,
and the production of integrated instrumentation where use
of Raman spectrometers is coupled with different techni-
ques (such as scanning electron microscopy—energy disper-
sive X-ray spectroscopy or FT-IR spectroscopy) will further
extend the applications of Raman spectroscopy in gem-
ological research. On the other hand, the diffusion of
comprehensive databases of Raman spectra of minerals, the
automation of routine measurements of large numbers of
samples, and the possibility to obtain fast identification of
the gems and their composition with an adequate degree
of confidence, using user-friendly software and hardware
systems, will help the diffusion of this technique outside
research laboratories.
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