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Abstract: The initial nucleus of gemstones at the Natural History Museum of the University
of Florence (Italy) is linked to the significant collection of the Medici family, who began it
as early as the 15th century. The present research aims to study this collection in order to (1)
comprehensively review the archival and catalogue information available; (2) identify the
mineralogical species correctly; and (3) gather information on the potential provenance of
the gem deposits. To address these objectives, fifty gems were investigated using entirely
non-invasive methods, ensuring the preservation of the collection’s precious and historical
value. All specimens underwent autoptic observation and micro-Raman analysis, while a
selection was further examined using PIXE-PIGE to characterise their chemical composition,
including trace elements. The gems were attributed to seven mineral species: emerald,
topaz, grossular, cordierite, quartz, orthoclase, and tourmaline. One gem was identified as
a fake, made of glass and likely produced in the 17th century. Twenty-nine of the historical
attributions in the catalogue were found to be incorrect and were subsequently revised.
In some cases, the trace elements and mineral inclusions identified in the gems enabled
the determination of potential provenance deposits, which were then compared with the
available archival information.

Keywords: ancient gemstones; emerald; topaz; grossular; cordierite; trace element concen-
tration; museum collection; ion beam analysis; Raman microscopy

1. Introduction
The origins of gemstone collection are lost throughout the centuries. Kings, grand

duchies, and princes loved to possess magnificent gems to display as symbols of wealth
and power. The members of the House of Medici, who ruled over Florence, Italy, from the
15th until the 18th century, must have shared the same sentiment; indeed, small pieces of
glyptic art seem to play a prominent role among the first artefacts they collected. The first to
begin the family collection was Cosimo di Giovanni de’ Medici (1389–1464) and the earliest
documents referring to it date back to his son Piero the Gouty (1416–1469) who initiated
the formation of an impressive family collection. Successors like Lorenzo the Magnificent
(1449–1492) continued this endeavour with passion and interest. The collection included
a remarkable variety of engraved gems, cameos, and hardstone objects, some of which
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were very famous, e.g., the Farnese Cup [1]. Between 1574 and 1587, Francesco I de’ Medici
(1541–1587) decided to gather the family collection at the Uffizi Gallery in Florence [2]. In
1737, the House of Habsburg-Lorraine succeeded the House of Medici on the throne of the
Grand Duchy of Tuscany.

With the foundation of the “Imperial and Royal Museum of Physics and Natural
History” in 1775 by the Habsburg-Lorraine Grand Duke Peter Leopold in the Palazzo
Torrigiani [3], part of the Medici collection, including several of the pieces now belonging
to the “Collection of Carved Stones”, was relocated there. However, as in the case of
collections of similar families, intricate political events led to the partial dispersal of the
collection over the centuries. Nowadays some artefacts of the collection are in different
institutions, among them the National Archaeological Museum in Naples and the British
Museum in London [4].

Between the 19th and 20th centuries, the collections of the Peter Leopold Museum
were redistributed across various museum sites in Florence, only to be reunited under a
single administrative framework in 1984 as part of the Museum of Natural History. Since
2018, they have been included in the Museum System of the University of Florence [5,6].
As said above, the Mineralogical and Lithological Collection, which includes the Medicean
gemstones, is presently housed in the Museo La Specola, located in the Palazzo Torrigiani,
the former site of Peter Leopold’s museum.

Despite the availability of numerous written sources, documents, and historical cat-
alogues accompanying the mineralogical artefacts of the Medici’s gemstone collection,
detailed information on individual specimens remains significantly fragmented. When a
museum collection has a complex acquisition history and has been relocated multiple times,
it is often challenging to confidently link specific pieces to their catalogue descriptions.
This difficulty is compounded when the objects lack sufficiently diagnostic or distinctive
features, as is often the case with gemstones. Moreover, identifying mineral species can be
particularly challenging in objects that no longer exhibit their natural crystal habits, having
undergone cutting and polishing. This is especially true for gemstones catalogued in the
past, when specialised instruments for mineralogical identification were either unavailable
or not easily accessible. For all these reasons, the most recent catalogue available at the
museum, dating back to 1943/1947, may contain incomplete or imprecise information on
ancient gemstones and therefore requires thorough verification and revision. In the present
paper, any mention of the collection’s catalogue will refer to the one dated 1943/1947,
despite the existence of older catalogues and documents that are not explicitly relevant to
the purpose of this work.

The first results of a scientific study on the oldest core of the gemstone collection
of Museo La Specola are presented in the present paper. This project aimed to verify
(and, if necessary, correct) the mineralogical classification of the specimens and, where
possible, compare them with data from original documents and catalogues concerning
the provenance and formation environments of the gemstones, based on their chemical
(e.g., trace elements) and mineralogical characteristics. This information is also extremely
valuable for the conservation of artefacts of great value.

Due to the significance of the selected gemstones, only non-destructive and non-
invasive analytical methods were employed for this study, namely micro-Raman spec-
troscopy and ion beam analysis (IBA), particularly particle-induced X-ray emission (PIXE)
and proton-induced gamma-ray emission (PIGE), both of which are widely used on a
broad range of museum objects. Micro-Raman is widely adopted for the rapid and precise
identification of various types of mineral-based artefacts [7], e.g., mineral specimens [8],
gemstones [9], reliquaries [10], and jewellery with gemstones [11,12]. On the other hand,
the combined and simultaneous use of PIXE and PIGE techniques has provided interesting
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results in studies on cultural heritage samples for the wide range of chemical elements
they can quantitatively detect (including light elements that are challenging to analyse
with other techniques) in a completely non-invasive and non-deliberately destructive man-
ner [13–16]. These methods have been used to study gemstones such as emeralds [17–19],
garnets [20–23], and various others [24,25], providing valuable insights into their potential
provenance and genetic processes.

2. Materials and Methods
The investigated materials were a selection of the earliest gemstones of the museum

collection, which already appear in the 1793 catalogue, the earliest available catalogue
of the collection, potentially dating back to the Medici period. A total of twenty-three
inventory entries were identified, which describe the fifty gemstones analysed (Figure 1),
since in some cases, a series of specimens were catalogued under the same inventory
number. Table 1 reports the museum numbers currently in use and the provenance for
each sample, as recorded in the 1943/1947 catalogue, along with additional information on
weight and cut. When multiple gemstones are listed under a single catalogue number, they
are distinguished with a letter. In the catalogue attributions, the samples were classified
under seven different mineral species: beryl, garnet, orthoclase, quartz, spinel, and topaz.
No sample retains its natural habit; all have undergone cutting and/or polishing processes,
some of which exhibit very ancient features.

Table 1. List of the gems analysed in this study, including their mineralogical identification.
n.a. = not available.

Sample n. Weight (g) Processing Provenance
(From Label)

Identification
(From Label)

Mineralogical
Identification
(This Study)

Inclusions

13158 31.0 Octagon mixed cut n.a. Quartz Quartz

13161 4.0 Pear cut n.a. Rutilated
quartz Rutilated quartz Rutile

13165 3.1 Simple oval cabochon n.a. Rutilated
quartz Quartz Hematite

13172 23.8 Antique square cut n.a. Hyaline quartz Quartz
13177 2.2 Antique mixed octagon cut Brazil Quartz Quartz Hematite
13182 30.2 Mixed octagon cut n.a. Quartz Quartz
13199 4.6 Mixed octagon cut n.a. Quartz Quartz

13207

a 0.7 Oval cabochon n.a. Amethyst
quartz Cordierite

b 0.2 Rectangular step cut n.a. Amethyst
quartz Quartz

c 0.3 Antique, mixed, octagon cut n.a. Amethyst
quartz Amethyst quartz

d 0.4 Antique, elongated, octagon
cut n.a. Amethyst

quartz Cordierite

e 0.4 Oval cabochon n.a. Amethyst
quartz Cordierite

f 0.6 Drilled, smoothed and
polished n.a. Amethyst

quartz Cordierite

g 4.2 Drilled, rose oval cut n.a. Amethyst
quartz Cordierite

h 0.3 Rose cut with concave
pavillon n.a. Amethyst

quartz Cordierite

i 0.6 Oval cabochon with concave
pavillon n.a. Amethyst

quartz Cordierite

j 0.5 Pear cabochon with concave
pavillon n.a. Amethyst

quartz Cordierite
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Table 1. Cont.

Sample n. Weight (g) Processing Provenance
(From Label)

Identification
(From Label)

Mineralogical
Identification
(This Study)

Inclusions

k 0.8 Oval cabochon with concave
pavillon n.a. Amethyst

quartz Cordierite

l 0.7 Drilled, smoothed and
polished n.a. Amethyst

quartz Cordierite

m 0.6 Drilled, smoothed and
polished n.a. Amethyst

quartz Cordierite

n 0.4 Antique, mixed octagon cut n.a. Amethyst
quartz Amethyst Quartz

o 0.9 Rectangular step cut n.a. Amethyst
quartz Amethyst Quartz

13333 1.1 Oval cabochon East Indies Carnelian
quartz Quartz

13355
a 0.5 Modified cabochon n.a. Onyx Quartz
b 0.9 Cabochon n.a. Onyx Quartz

13394 2.4 Oval cabochon n.a. Agathe quartz Quartz Hematite

13403 0.4 Flattened, simple cabochon
Zweibrücken
Duchy,
Germany

Agathe quartz Quartz Iron
oxides

13539
a 3.0 Oval cabochon Saxony,

Germany Topaz Topaz

b 0.4 Oval cabochon Saxony,
Germany Topaz Quartz

13541
a 0.8 Rectangular step cut Saxony,

Germany Topaz Quartz

b 0.6 Rectangular Saxony,
Germany Topaz Quartz

13550 1.5 Rose cut with concave
pavilion n.a. Almandine

garnet Glass

13561

a 2.1 Heart-shaped rose cut n.a. Zircon Grossular Apatite
b 3.2 Drilled rose cut n.a. Zircon Grossular
c 4.5 Ancient octagonal cut n.a. Zircon Grossular
d 2.8 Ancient octagonal cut n.a. Zircon Grossular

13562

a 5.1 Rose cut with octagonal shape n.a. Zircon Grossular Apatite
b 3.2 Ancient octagonal cut n.a. Zircon Grossular

c 4.1 Ancient cut squared and
polished n.a. Zircon Grossular

d 3.2 Ancient cut squared and
polished n.a. Zircon Grossular Apatite

e 2.3 Ancient cut squared and
polished n.a. Zircon Grossular

13587
a 7.2 Polished—broken specimen Brazil Beryl var

emerald
Beryl (var.
emerald)

b 2.3 Polished—broken specimen Brazil Beryl var
emerald

Beryl (var.
emerald)

13601
a 1.0 Squared and polished Brazil Beryl var

emerald
Beryl (var.
emerald)

b 1.9 Squared and polished Brazil Beryl var
emerald

Beryl (var.
emerald)

c 0.4 Cabochon Brazil Beryl var
emerald Quartz

13624 0.2 Table cut with rectangular
shape n.a. Beryl var

aquamarine Topaz

13677 2.8 Double cabochon European
Russia Orthoclase Quartz

13678 0.4 Double cabochon with
flattened, oval shape Switzerland Orthoclase Orthoclase

13706 21.0 Polished (similar to tumbled
cut) Sri Lanka Spinel Tourmaline
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Two instruments were used for the micro-Raman analyses. Most samples were anal-
ysed with an Horiba Jobin-Yvon LabRam-IR Raman spectrometer, equipped with a HeNe
laser source (λ = 632.8 nm) and an Olympus PX41 optical microscope. The detector was
a silicon CCD cooled with a Peltier effect sensor at approximately −70 ◦C. The LabSpec
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5 software managed the instrumentation, as well as the acquisition and processing of
analytical data. This equipment was provided by the Museum System and the MEMA
service centre of the University of Florence, Florence (Italy). The other instrument used was
a Renishaw RM 2000, which uses an Ar+ ion laser source (λ = 514.5 nm) and a diode laser
source (λ = 785 nm). It was equipped with a Leica DLML optical microscope with 5×, 20×,
and 50× objectives, as well as a 60× long-working-distance objective. The detector was a
RenCam CCD, electrically cooled to −70 ◦C. The instrument was operated with GRAMS/32
software at the Department of Chemistry “Ugo Schiff” of the University of Florence, Florence
(Italy). Collection times were between 30 and 100 s, with three accumulations.

PIXE and PIGE analyses were conducted at the INFN LABEC laboratory in Florence
(Italy) [26], which houses a 3 MV Tandetron accelerator equipped with a beamline specifi-
cally designed for low-current, non-destructive measurements on cultural heritage samples
in an external beam setup [27]. A proton beam with an initial energy of 3.00 MeV was
extracted into the atmosphere through a 200 nm thick Si3N4 membrane, and samples were
positioned at 8 mm from the extraction window. After accounting for energy loss in the
Si3N4 window and the atmospheric path, the proton energy at the sample surface was
evaluated to be 2.95 MeV. The beam spot was defined by a circular collimator, 0.5 mm
in diameter, placed in vacuum before the extraction window, while beam scanning over
the surface sample was managed using micrometric stepper motors, enabling continuous
scanning over a 5–10 mm line to minimise the impact of potential local inhomogeneities.

The beam current, indirectly measured using a rotating chopper [28], was maintained
at a few hundred pA to ensure that the dead time remained below a few percent. Each
measurement lasted 300 s. The experimental setup for PIXE-PIGE measurements included
two X-ray detectors for PIXE: a small-area Silicon Drift Detector (SDD) with a 10 mm2 active
area (collimated to 3.5 mm2) and a helium flow to reduce low-energy X-ray absorption
for light element analysis (Na-Ca) and a large-area SDD with a 150 mm2 active area
and a 450 µm Mylar absorber for mid-heavy and trace elements (>Ca). Additionally, a
High-Purity Germanium (HPGe) gamma-ray detector with 20% relative efficiency and a
mechanical cooler was used for PIGE measurements.

PIXE spectra were processed using GUPIXWIN software, version 3.0.3 [29], analysing
elements starting from Na. Instrumental parameters for quantitative analysis were cali-
brated using X-ray spectra from external reference materials, such as NIST 1412 and BCR
126A (for the small- and large-area SDDs) and NIST 610 (for the large-area SDD exclusively).

PIGE was employed to determine Be, F, and Na concentrations using nuclear reac-
tions 9Be(p,α’γ1−0)6Li, 19F(p,p’γ1−0)19F, and 23Na(p,p’γ1−0)23Na, which produce gamma
rays with energies of 3562 keV, 197 keV, and 441 keV, respectively. The gamma-ray peaks
of interest in the PIGE spectra were fitted with gaussian functions to obtain peak areas.
Quantitative analysis of Be and Na was then carried out through a comparison of the
gamma-ray yield with those obtained from the measurements of thick BeO and NIST 1412
and BCR 126A glass standards, respectively. Lacking a certified external standard for
fluorine, for the quantitative analysis of F, PIGRECO software, version 1.0 [30] was applied
for a standardless interpretation of the PIGE data, integrating details of the experimental
setup and measured differential cross-sections for proton-induced gamma-ray emission
from F [31]. Detection limits are reported in Table S1 of the Supplementary Materials.
Table S2 of the Supplementary Materials presents the chemical compositions of the samples,
including major, minor, and trace elements for each analysed specimen. The sources of
the estimated uncertainties reported in Table S2 are peak fitting and spectral deconvolu-
tion as statistical contributions and a calibration procedure with external standards as a
systematical contribution.
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3. Results and Discussion
After the autoptic observation of all the pieces, it was necessary to proceed with an

analytical verification of their mineralogical attribution, as well as, where possible, of their
provenance or geological origin. Several entries in the catalogues appeared, in fact, to
be likely incorrect. All pieces were subjected to micro-Raman analysis for mineralogical
identification. Some gems, either individually or as part of a series of objects with similar
characteristics, underwent PIXE-PIGE analysis to obtain a more in-depth characterisation
through the analysis of major, minor, and trace elements. The following species were
analysed by PIXE-PIGE: emerald (four crystals), topaz (two, one blue and the other yellow),
garnet (nine), cordierite (eleven), quartz (three), and one synthetic sample. The following
sections discuss the results for each mineralogical species identified by this study.

3.1. Beryl var. Emerald

Five gemstones were classified as emeralds from Brazil in the catalogue. Emerald is
the green variety of beryl (Be3Al2Si6O18), a cyclosilicate containing Cr, V, and Fe, which
impart the intense green colour to the mineral. Its crystal structure is formed by hexagonal
rings of silica tetrahedra connected to each other by Be tetrahedra and Al octahedra. The
channels formed by the rings can host impurities (e.g., Fe2+, Mg2+, Mn2+, or Li+) [32].

Among these specimens, only four samples were confirmed as beryls by micro-Raman
analyses (Figure 2a). PIXE-PIGE spectra (Figure 2b) validate the identification as emerald
showing the presence of Cr, V, and Fe. The Raman identification is based on the main
band at 1069 cm−1, attributed to the Be-O bond, the bands at 325, 389, 623, and 686 cm−1,
associated with the ring vibrations [32,33], and the band at 1012 cm−1, corresponding to
the Si-O bond stretching [32,34]. These bands are typically observed in spectra from natural
emeralds. The spectra in this study do not show bands related to specific deposits [32].
However, the band at 1298 cm−1, present in samples 13587b and 13601a, is not commonly
found in emeralds from Brazil according to Moroz et al. [32]. Nevertheless, it is difficult to
determine the origin of a specimen solely based on these results.
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There are over fifty recognised emerald deposits around the world, and many studies
address the issue of characterising a single deposit or identifying chemical parameters
useful for distinguishing different deposits distributed globally [37–45]. According to
Giuliani et al. [46], there are two types of deposits: Tectonic–Metamorphic-related, found
in metamorphic and sedimentary environments, and Tectonic–Magmatic-related, found in
granitic environment.

Although the analysis of trace elements remains the most powerful method for the
discrimination of emerald provenance [19,40,42,45], some insights can also be gained
by considering the composition of major elements. In this study, emeralds (Table S2 in
Supplementary Materials) show medium–high Al2O3 content (16.8–17.6 wt%) and low
Na2O (0.3–0.6 wt%) and MgO (0.4–0.8 wt%) content compared to emeralds of different
provenances analysed using destructive techniques [42,46]. This condition is usually
associated with deposits that are related neither to granites nor to pegmatites [32,46].

The trace element patterns of emeralds show significant differences related to their
original geological environment; in particular, emeralds associated with sedimentary
environments are quite different from those associated with igneous and metamorphic
rocks [45].

A selection of trace elements (Li, Cs, Sc, V, Cr, Ga, Fe, and Rb) determined in our
samples were compared with those of the most important emerald deposits gathered by
Alonso-Perez et al. [45]. These multi-incompatible trace elements have been demonstrated
to be the most statistically significant for discriminating deposits [45,47]. It is important
to highlight that although our samples have been part of the collection since a date prior
to 1793, it was decided to not exclude data from deposits that the literature indicates as
recently discovered. This is because past trade routes for these kinds of objects are often
unknown and, in some cases, may lead to unexpected results regarding the undocumented
exploitation of deposits that were officially discovered at later dates. Figure 3a shows the
patterns of the emeralds analysed in this study alongside the most compatible patterns
of the average deposit samples from the work of Alonso-Perez et al. [45]: Colombia and
Afghanistan. Brazil is included because it is indicated as the place of origin on the historical
labels, but it does not show a high compatibility with the studied emeralds. Colombia
and Afghanistan are both metamorphic-related emeralds deposits and can share a similar
chemical signature with low concentrations of alkalis and Fe, but Colombian emeralds often
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exhibit the highest chemical purity [45,47]. The binary plots in Figure 3b (four samples from
this study compared with data from [45]) seam to reinforce the attribution to Colombian
deposits and to rule out Afghanistan as a likely source. In fact, the samples from this
study show lower concentrations of Sc and V compared to Afghan deposits and overlap
with the range characteristic of Colombian deposits. Moreover, the four samples in this
study show low concentrations of Fe content (284–569 ppm) and Rb (from b.l.d to 3.5 ppm)
(Table S2), significantly lower than the average values reported for Brazilian deposits
(average content of Fe = 5120 ppm and Rb = 31.4 ppm [47]) and Afghan deposits (average
content of Fe = 3784 ppm and Rb = 46.9 ppm [47]). However, a partial ambiguity regarding
the attribution to either deposit remains and further investigation using other spectroscopic
techniques (e.g., FTIR) and/or inclusions analysis could be decisive in determining a
definitive attribution to one of the two deposits.
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this paper.
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It can be concluded that, among the four identified emeralds (i.e., 13587a, 13587b,
13601a, 13601b), the attribution of their provenance to Brazil is likely incorrect. Their
chemical signatures show greater compatibility with Colombian deposits, which possess
unique and distinctly different geochemical and structural characteristics compared to
those of Brazil.

3.2. Topaz

Topaz is a nesosilicate with the formula Al2SiO4(F,OH)2. Hydroxyl groups are present,
substituting for fluorine atoms, and the OH/(OH + F) ratio is the major variation in
the chemical formula of the species, varying between almost zero and 30% [49]. The
crystal structure is organised with groups of SiO4 tetrahedra linked to octahedra chains of
Al[O4(F,OH)2] [50,51].

According to the 1943/1947 catalogue, specimens 13539a, 13539b, 13541a, and 13541b
should be topaz, but the analyses confirmed this attribution only for 13539a; moreover, the
analyses also identified 13624 as a blue topaz, and not as a beryl var. aquamarine (Table 1),
as suggested by the earlier compilers of the catalogue, who were probably misled by the
bluish colour of the gemstone.

The identification as topaz was preliminarily carried out through micro-Raman inves-
tigations (Figure 4a), based on the main band at 919 cm−1, associated with Si-O stretching,
secondary bands associated with other Si-O vibration modes (335 cm−1) or the translation
of the SiO4 tetrahedra (244, 264, 274, 294 cm−1), and the band at 1156 cm−1 attributed to
the Al-OH bond [51,52].

Topaz occurs in several deposits in each continent associated with different kinds of
lithotypes: magmatic rocks (felsic, pegmatites, and also post-magmatic), hydrothermal
veins, and high-temperature, high-pressure metamorphic rocks [53–55]. Many studies have
focused on the petrological, geochemical, and mineralogical characterisation of individual
deposits of different natures [56–63], whereas fewer studies have compared multiple de-
posits with the aim of identifying distinctive fingerprints for them and reporting sufficiently
detailed geochemical data [55,64–66]. The abundance of existing topaz deposits, the lack of
a reference database, and the variability in trace element composition in topaz [53] make
it challenging to attribute a single gemstone to a specific deposit. This difficulty is also
highlighted in other studies [55,64], which have noted significant overlaps when attempting
to experimentally discriminate the provenance of topaz samples using geochemistry and
trace element concentrations. Nevertheless, some considerations can be drawn from both
the fluorine and trace element content measured in our samples (Figure 4b).

Sample 13624 shows a fluorine content 16.5 wt%, while in the yellow sample 13539a,
the fluorine content is 12.8 wt% (Table S2). Soufi [67] demonstrated that the F content
can lead to several considerations about the formation environment of topaz but is not a
parameter that can be used to discriminate between different deposits. The concentration of
F in sample 13624 is common in several types of deposits, both magmatic and hydrothermal.
Among the magmatic ones, pegmatites, topaz-bearing granites, and rhyolites can be ex-
cluded because they lead to the formation of fluorine-rich topaz (usually exceeding 17 wt%).
Topazites and transitional magmatic hydrothermal systems can be excluded for the same
reason. On the contrary, hydrothermal deposits related to post-magmatic metasomatic
processes (e.g., greisens, quartz veins, etc.) usually contain topaz with F content between
10.7 wt% and 16.0 wt% F and are thus compatible with our samples [67].

Localities that primarily supplied topaz to Europe in historical time include Germany
and the Czech Republic [53,68], and sample 13539a is said to originate from Saxony in the
catalogue; however, only sample 13624 has F content compatible with these areas. For
instance, the hydrothermal formation of greisens hosted in the Vykmanov granite stock in
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the Czech Republic contains topaz with F content ranging from 15.16 to 16.78 wt%, while
the hydrothermal greisens from the Triberg granite complex in southwest Germany contain
topaz with approximately 16.20 wt% of F. With higher F concentrations, the magmatic
Eibenstock granite, located on the border between Germany and the Czech Republic, can
also be considered, as its topaz has F content ranging from 16.09 to 21.00 wt% [67], or the
hydrothermal breccia-pipe deposit at Schneckenstein, in the Erzgebirge region (Saxony,
Germany), although topaz with this origin seems more F-enriched (~17.43 wt%) [68] than
sample 13624. In addition to this, it is known that many topaz gemstones commercialised
in Europe originate from Brazil, particularly from the famous hydrothermal Ouro Preto
mine (Minas Gerais, Brazil) [53], which is renowned for its magnificent imperial topaz.
This deposit contains topaz with F content ranging from 11.66 to 17.66 wt% [67]. Both our
samples fall within this range.

Minerals 2025, 15, x FOR PEER REVIEW 11 of 28 
 

 

 

 
(a) 

(b) 

Figure 4. (a) Raman spectra from the gems identified as topaz. The spectrum used as a reference 
(black line) is n. R050404 from the RRUFF database [36]. (b) PIXE spectra obtained with the two 
detectors (left) and PIGE spectrum (right), all normalised to the collected beam charge from a gem 
identified as topaz. 

Topaz occurs in several deposits in each continent associated with different kinds of 
lithotypes: magmatic rocks (felsic, pegmatites, and also post-magmatic), hydrothermal 
veins, and high-temperature, high-pressure metamorphic rocks [53–55]. Many studies 
have focused on the petrological, geochemical, and mineralogical characterisation of in-
dividual deposits of different natures [56–63], whereas fewer studies have compared mul-
tiple deposits with the aim of identifying distinctive fingerprints for them and reporting 
sufficiently detailed geochemical data [55,64–66]. The abundance of existing topaz depos-
its, the lack of a reference database, and the variability in trace element composition in 
topaz [53] make it challenging to attribute a single gemstone to a specific deposit. This 
difficulty is also highlighted in other studies [55,64], which have noted significant overlaps 
when attempting to experimentally discriminate the provenance of topaz samples using 
geochemistry and trace element concentrations. Nevertheless, some considerations can be 

200 300 400 500 600 700 800 900 1000 1100

0

1000

2000

3000

4000

R
am

an
 in

te
ns

ity
 (a

.u
.)

Wavenumber (cm–1)

 G13539a
 G13624

 TopazRef

920
TOPAZ

240

270

520

290

335

Figure 4. (a) Raman spectra from the gems identified as topaz. The spectrum used as a reference
(black line) is n. R050404 from the RRUFF database [36]. (b) PIXE spectra obtained with the two
detectors (left) and PIGE spectrum (right), all normalised to the collected beam charge from a gem
identified as topaz.
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The trace element compositions of the two topazes in this study show different patterns
(Figure 5). Both samples are characterised by low amounts of Ge and Ga, which supports
the hydrothermal origin of these gemstones [65]. Sample 13539a shows the presence of P, V,
Cr, Mn, Cu, As, and Pb, which are not revealed in sample 13624. The Fe and Zn contents are
higher in 13539a compared to sample 13624. The presence of P in the topaz correlates with
the P content of the rocks in the deposits [65]. The high content of V, Cr, Mn, Fe, Cu, and Zn
is likely correlated with the interaction of the crystallising fluid with BIF iron bodies [55].
This, along with the range of concentrations of Ti, Cr, V, Cu, Zn, Fe, Ge, and Ga revealed, is
compatible with topaz from the Ouro Preto mine in Brazil [63].
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In conclusion, it is not possible to determine a definite provenance for the analysed
specimens, but it appears that the two topazes formed in a hydrothermal environment
in two different deposits and that sample 13539a is compatible with the Brazilian miner-
alization of imperial topaz, particularly considering the gem’s warm and intense yellow
colour. Conversely, the European origin of the topaz in this study is not supported by the
acquired data.

3.3. Grossular

Grossular is a member of the garnet group of minerals. This is a group of nesosilicates
with a general chemical formula X3Y2(SiO4)3, where X represents the divalent cations Ca2+,
Mg2+, Fe2+, or Mn2+, and Y represents the trivalent cations Al3+, Fe3+, or Cr3+. The garnet
group presents two solid solution series. The pyralspite series with the general formula
[Mg,Fe,Mn]3Al2(SiO4)3, where the end members are pyrope (Mg), almandine (Fe), and
spessartine (Mn), and the ugrandite series with general formula Ca3[Cr,Al,Fe]2(SiO4)3 and
uvarovite (Cr), grossular (Al), and andradite (Fe) as end members [69].

In the catalogue, only sample 13550 was defined as a garnet, whereas the other nine
specimens (13561a,b,c,d and 13562a,b,c,d,e) were recognised as garnet in this study.

The identification as grossular was carried out by micro-Raman. The main band at
880 cm−1 corresponds to the stretching of the Si-O bond (Figure 6a). Additional bands
associated with this vibration are observed at 827 cm−1 and 1007 cm−1 [70,71]. Bands at
417 cm−1 and 549 cm−1 are attributed to O–Si–O bending modes, while those at 179 cm−1

and 375 cm−1 correspond to the movement of SiO4 tetrahedra [70,71]. Finally, the transla-
tions of divalent cations are responsible for the bands at 247 cm−1 and 278 cm−1 [70,71].
Moreover, Raman analysis allowed us to identify apatite inclusions in samples 13561a,
13562a, and 13562d (main bands at 965, 432, 581, and 592 cm−1, as shown in Figure 6b) [33].
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Figure 6. (a) Raman spectra from the gems identified as grossular. The spectrum used as a reference
(black line) is n. R040065 from the RRUFF database [36]. (b) Raman spectra of one of the inclusions
identified as apatite. The spectrum used as a reference (black line) is n. R050194 from the RRUFF
database [36].

Chemical analyses of the garnets of the present study (Table S2) confirm their classi-
fication, with a grossular content exceeding 85 wt% (calculated using the Locock spread-
sheet calculation [72]). The high FeO content (2.9–3.6 wt%) explains the cinnamon-red
colour of the stones. Gemstones with these characteristics are commercially known as
hessonite [73,74].

Grossular, and garnets in general, are rock-forming minerals, meaning that garnet
deposits are common all over the globe. However, not all grossular specimens possess
the characteristics suitable for gemstone cutting, such as transparency, crystal size, and
colour [75]. Fortunately for this study, gem-quality cinnamon-red grossular (or hessonite)
deposits are relatively rare. The most renowned gem-quality red grossular garnets are
mined in India [76,77] and Sri Lanka [77–79]. Other documented and studied deposits are in
Italy, Tanzania, and Mexico [80,81]; Russia [82] and Madagascar [83], with gemstones often
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presenting a greenish hue; and the U.S.A. [84,85] and Canada [86–88], typically with small
and fractured specimens. Recent discoveries have also been reported in Somaliland [89].

Chemical characterizations of this type of gemstone, like the one carried out by PIXE-
PIGE, comprehensive of main, minor, and trace elements (Figure 7), are not very common.
This is likely because the most commonly used method for classifying grossular gemstone
is based on the optical properties of the stone [90]. Nevertheless, we can make several
observations regarding the chemical and mineralogical composition of the garnets analysed
in this study comparing them with the literature cited above.
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The studied grossulars are characterised by negligible amounts of MnO (~0.1 wt%),
MgO (0.2–0.3 wt%), and NaO2 (b.l.d. to 0.4 wt%). V and Cr are both below the detec-
tion limits of 32 and 27 ppm, respectively, while trace amounts of Ti (below detection at
269 ppm) and Zr (below detection at 29 ppm) are present. F is detected at 0.8–1.2 wt%.
The most similar chemical profile found in the literature belongs to grossular garnets from
Sri Lanka, which are among the few reported to contain F and exhibit very low Ti levels,
with a comparable FeO content [78]. Orange-brown grossular garnets from Tanzania also
appear to be compatible [80]. The fragmented and limited availability of chemical data in
the literature, combined with the variability in chemical composition exhibited by these
gemstones, makes a definitive attribution challenging. However, another factor supporting
the attribution of these garnets to Sri Lankan deposits is the presence of apatite inclusions,
identified as characteristic of these gemstones by Zwaan [79]. This provenance aligns with
the quality of the gemstones in this study, which are clear, free of fractures, and of good
gem quality. Finally, it is well known that one of the oldest trade routes, dating back to the
Roman period, involved high-quality garnets used as gemstones, originating specifically
from the deposits in Sri Lanka [91].

It is interesting to note that the cuts of these gemstones display unusual shapes, not
comparable to standardised forms (Figure 1). Cuts like those seen in these grossular
specimens have similarities with pieces from the 17th century, when gemstone cutting
styles had not yet been fully standardised.

3.4. Cordierite

Cordierite is a mineral with a complex chemical formula, idealised as (Mg,Fe)2[Al4,Si5,O18]*
(H2O, CO2). The crystal structure of cordierite is complex and belongs to the cyclosilicate
based on a ring-like structure of linked tetrahedra of SiO4 and AlO4. The octahedral site
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can contain Mg2+, Fe2+, and Mn2+. The channels formed by the tetrahedra rings can hold
molecules of H2O and CO2 and other small ions like alkali metals [92,93].

None of the analysed gems were classified as cordierite in the museum catalogue, but
according to the analytical results, eleven gems listed as amethyst quartz were actually
cordierites (Table 1).

The identification was carried out by micro-Raman analysis (Figure 8a), with the main
bands at 972 and 1012 cm−1, relative to the stretching mode of SiO4 tetrahedra. The Raman
spectrum of cordierite reflects the complexity of the crystal structure of the species. The
bands in the lowest part of the spectrum below 428 cm−1 are mainly related to the bending
of various tetrahedra sites accompanied also with the bending of an Al tetrahedral site
(241 cm−1 and 295 cm−1) and octahedral site (bands at 241, 327, and 556 cm−1) [94,95].
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Figure 8. (a) Raman spectra from the gems identified as cordierite. The spectrum used as a reference
(black line) is n. R040081 from the RRUFF database [36]. (b) PIXE spectra obtained with the two
detectors (left) and PIGE spectrum (right), all normalised to the collected beam charge, from a gem
identified as cordierite.

Bands in the range 556–726 cm−1 can be assigned to stretching and bending modes
of both tetrahedral and octahedral sites. In particular, the visible separation of bands at
556 and 577 cm−1 is significant because it could indicate an extensive ordering of the Al-Si
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distribution within the tetrahedra in an orthorhombic structure and the consequent belong-
ing of these specimens at the low-temperature cordierites [94]. The partial substitution of
Mg2+ with Fe2+ in the octahedral sites appears to have a dual effect: shifting several bands
to lower values compared to the spectrum of ideal Mg cordierites and widening the gap
between values just below 800 cm−1 and 900 cm−1 [94,95]. These phenomena are observed
in the spectra of the investigated specimens. Finally, stretching vibrations of the tetrahedral
sites prevail in the bands above 900 cm−1 [94,95].

Since cordierite is a rock-forming mineral, it can be found in numerous deposits.
However, also in this case, deposits providing gem-quality specimens of this mineral are
far fewer [96]. Gemmological and chemical studies on gem-quality cordierite are rare, but
deposits of this kind are documented in Madagascar [96], Tanzania, Zimbabwe [92,97],
U.S.A (Wyoming) [98,99], Canada [100], Czech Republic [101], and, the most famous ones,
India [102,103] and Sri Lanka [79,104].

The chemical data obtained in this study (Figure 8b and Table S2) were compared with
chemical data from cordierites originating from gem-producing countries of the same type.
Given the limited data available in the literature, the chemical data used for comparison do
not always come from gems (see Figure 9). Comparing the major and minor component
compositions reveals how the specimens have a medium–low amount of FeO, while the
MgO content is medium–high. This is consistent with other beautiful specimens analysed
in a previous study [93] and explains the intense colour and strong pleochroism displayed
by the analysed gems. Gems with these characteristics are commercially known and often
classified as Iolite [93].
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Figure 9. Distribution of MgO, FeO, and Na2O content in the cordierites of this study, compared
to those of other countries producing gem-quality cordierite: Czech Republic (museum-quality
samples from Dolní Bory [92,105]); Canada (gem-quality cordierite from Thor-Odin Dome, British
Columbia [100], and mineralogical sample from SE Ontario [106]); U.S.A. (rock samples from Laramie
Range, Albany [92,99]); Tanzania (gem-quality sample from [92] and museum-quality samples
from [105]); Zimbabwe (gem-quality sample from [92] and mineral sample from [105]); Madagascar
(museum samples, one from Manivitsy, the other from an unknown locality [106], and gem-quality
samples [96]); Sri Lanka (only one rock specimen from Colombo [92], labelled with a bar covered with
X symbol ); and India (gem-quality samples from Kalahandi, Odisha [94,103], mineralogical samples
from Kiranur S-India [92], Ganguvarpatti [106], and Ellammankovilpatti, Tamil Nadu [106,107]).

As shown in Figure 9, the composition of major and minor elements of minerals
from different origins exhibit numerous overlaps, making it impossible to distinguish
between deposits. The trace elements content of the analysed gems is presented in Table S2.
Cordierites from this study are characterised by the presence of low Ti (<26 ppm), Ga
(<64 ppm), Rb (<27 ppm), and Zn (<27 ppm) content. The lack of systematic studies on
the trace elements composition of these gems prevents comparisons with our study’s data
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with those from other deposits. Promising elements for further investigation could include
Be and Li (below the detection limit in our study; see Table S1), involved in the dominant
substitution mechanisms observed in the species [92], as well as CO2 and H2O content,
which cannot be measured using the methods of the present study.

It can be concluded that, as far as is known, Canadian and American deposits of this
gemstone were discovered in the last 50–70 years [98,100], African deposits are poorly
documented and studied [97], and those in the Czech Republic are not particularly produc-
tive [101]. The most plausible hypothesis remains that the cordierites in this study originate
from an Indian or Sri Lankan deposit, known since ancient times [108].

3.5. Quartz

Quartz is the most represented mineralogical species in this set of gems. This is not
surprising as it is also the most prevalent mineral within the museum’s collection of Carved
Stone [4]. What is remarkable, however, is the abundance of quartz varieties, ranging from
macrocrystalline to cryptocrystalline structures. This likely reflects a strong appreciation
for this material at the time that the collection was assembled (before 1793).

The identification of the mineralogical species was carried out through micro-Raman
analysis using the main bands characteristic of α-quartz: 127, 208, 353, and 465 cm−1 [109]
(Figure 10a). However, the technique does not distinguish between macrocrystalline and mi-
crocrystalline quartz [109,110], nor does it seem to differentiate between different coloured
quartz varieties [111]. Nevertheless, this discrimination was possible in some cases based
on the colour and pattern observable on the gemstones. Violet quartz specimens can be
classified as amethysts (samples 13207c, 13207n, and 13207o, correctly catalogued in the
museum records), while a grey quartz gemstone appears to be smoky quartz (13207b),
although it was catalogued as amethyst. Pale yellow quartz samples (13158, 13182, 13541a,
13541b, 13539b) are likely citrine quartz or possibly heat-treated amethysts [112]; among
them, only two samples, 13158 and 13182, were correctly catalogued as quartz, while the
others were mistakenly catalogued as topaz (Table 1). Regarding the microcrystalline
quartz specimens, sample 13333 exhibits the red colour characteristic of the semi-precious
gemstone known as carnelian [113]. Samples 13355a and 13355b display the typical con-
centric colourful bands of agate [113], while mint-green sample 13601c was incorrectly
classified as emerald in the catalogue. This last specimen has an appearance compatible
with that of chrysoprase, and its Raman spectrum shows the band at 502 cm−1 attributed
to moganite inclusions [110], which are common in this type of semi-precious gemstone.
However, to confidently attribute the specimen to this gemstone type, its Ni content should
be determined [110].

Some of the quartz specimens have inclusions visible to the naked eye. Sample
13161 features rutile inclusions (Figure 10b), identified by bands at 145, 238, 448, and
613 cm−1 in the Raman spectra [114]. Samples 13165, 13177, and 13394 (Figure 10b) contain
hematite inclusions, recognised by the bands at 226, 293, 412, 500, and 613 cm−1 [33].
Additionally, sample 13403a has remarkable dendritic inclusions primarily composed of
iron and manganese oxides.

Two quartz specimens (13172 and 13199) exhibit unique characteristics identified
during the autoptic analysis (Figure 1). Sample 13199 displays an unnatural, artificial
coloration. Sample 13172 was recognised in this study as a replica of the famous Regent
Diamond, currently state property of France and housed in the Louvre Museum, since it has
the same cut. The existence of this replica, made of quartz in its transparent form (hyaline
quartz) is documented in record nr. 59 filza XV dated 1782, now preserved in the Historical
Archive and Research Department of the Uffizi Gallery [115]. The artefact was among the
pieces selected for transfer from the Uffizi Gallery to the newly established Imperial and
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Royal Museum of Physics and Natural History by the Grand Duke’s Private Secretary. The
document proves that the gem was already present in the Uffizi Gallery collection prior to
the transfer. Further historical investigations will be conducted on this topic.
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Figure 10. (a) Raman spectra from the gems identified as quartz. The spectrum used as a reference
(black line) is n. X080015 from the RRUFF database. (b) Raman spectra from the quartz gems in
which rutile (top) and hematite (bottom) inclusions were identified. The spectra from the RRUFF
database [36] used as a reference are n. X080015 for quartz (red line), R050300 for hematite (blue line),
and R060493 for rutile (green line).
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Chemical compositions of tree specimens are reported in Table S2. As expected, all
quartz samples show a SiO2 content above 98.9 wt%, being one of the minerals with the
lowest content of chemical impurities [116]. Al2O3 is one of the most common impurities,
and in our samples, it also appears in a range of 0.6–0.7 wt%. The amount of Na2O
(0.1–0.5 wt% in our samples) is usually related to fluid inclusions [116]. Fe content, which
is related to the colouration of the gemstones [116] is 57 ppm in the violet amethyst quartz
and 70 ppm in the grey smoky quartz. In the artificially coloured sample, the Fe amount
is of 76 ppm. Samples 13207b and 13207o show higher Ti content than 13199. Ti content
in quartz seem to be related to the formation environment of the mineral, and it is higher
in quartz from magmatic rocks and lower in hydrothermal environments [116]. A similar
consideration can be made for Ge, b.l.d. in 13199, ranging between 7 and 11 ppm in the
other samples. Quartz from granitic and pegmatitic magmas show higher Ge content than
other quartzes [116].

Ga trace amounts are common in quartz, but their typical amounts are debated in the
literature [116]. Amethyst 13207o has 7 ppm of Ga; the smoky quartz, 14 ppm; and sample
13199 is b.l.d. P content is generally low in quartz [116], unlike in the sample studied, which
reached 1198 ppm in sample 13207o (amethyst).

It is interesting to note that the artificially coloured sample exhibits an unusual sulphur
content, possibly linked to processing with acidic substances [117]. However, the available
data are insufficient to determine the specific type of treatment involved.

3.6. Other Gemstones and Glass

The catalogue classification of sample 13678 as orthoclase is confirmed by its Raman
spectrum (Figure 11), showing the characteristic bands at 153, 284, 477, and 514 cm−1 [118].
In contrast, sample 13706, labelled as spinel in the museum catalogue, was identified as
a stunning tourmaline. It exhibits the typical banded pleochroism of this mineralogical
species, with two bright pink shades. The spectrum of the sample (Figure 12) shows bands
at 222, 377, 729, and 1065 cm−1 and is compatible with rose specimens of elbaite [119].
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Figure 11. Raman spectrum from the gem identified as orthoclase. The spectrum used as a reference
(black line) is n. R040055 from the RRUFF database [36].
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Figure 12. Raman spectrum from the gem identified as tourmaline. The spectrum used as a reference
(black line) is n. R050260 from the RRUFF database [36].

Finally, this splendid collection could not lack a forgery: sample 13550, labelled as
garnet, was identified as glass (Figure 13). Its chemical composition, including SiO2, K2O,
Na2O, B2O3, and As2O5 (Table S2), is consistent with that of 17th century North Bohemian
glasses [120]. The low MgO content (~1.2 wt%) and the absence of P (b.d.l.), combined with
the presence of As2O3, suggest that the glass was likely produced from batches containing
potash (and/or saltpetre) as a flux, along with arsenic and other components. Another
relevant factor is the low CaO content, which is characteristic of this type of manufacture
(while increased in later productions of crystal and white glass). The use of saltpetre and
arsenic in the production of certain types of glass in Central Europe likely began not earlier
than the second half of the 17th century [120].
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4. Conclusions
Fifty gemstones from the Carved Stone Collection of the La Specola Museum in

Florence (Italy) were studied using micro-Raman and PIXE-PIGE techniques, yielding
mineralogical and chemical data. The set of samples belongs to the original core of the
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collection, as all specimens appear in the first catalogue dated 1793. For this reason, it is
reasonable to hypothesise that they originated from the Medici House, which initiated the
collection of materials now preserved in the museum.

The mineralogical classification of twenty-nine out of the fifty analysed samples,
as reported in the most up-to-date catalogue from 1943/1947, has been revised. The
mineralogical and chemical data obtained have been used to improve the understanding of
the gemstones’ provenance and origins. The most significant findings can be summarised
as follows:

1. The trace element composition of the emeralds in the collection shows greater compat-
ibility with emeralds from Colombia than those from Brazil, despite the latter being
the origin stated on the label.

2. The topazes are likely of hydrothermal origin, as indicated by their F content. The
trace element composition of the intensely yellow specimens appears to be compatible
with Brazilian deposits.

3. The deep cinnamon colour, along with the FeO and F contents and the presence of
apatite inclusions in the nine grossular gemstones, allows them to be identified as
hessonite and linked to the Sri Lanka deposits.

4. The cordierite nature of 11 gemstones, not listed in the ancient catalogue, has been
identified. Historical considerations suggest that the most likely origin of these
samples is India or Sri Lanka. However, a higher number of chemical analyses of
gem-quality samples would be helpful to confirm or refute this hypothesis.

5. A fake gemstone, sample 13550, is made of glass rich in K2O, B2O3, and As2O5. This
distinctive composition could associate the sample with the North Bohemian glass
production of the 17th century, linking it to the period of Medici House ownership.

6. Sample 13172, made of hyaline quartz, was identified as a replica of the Regent
Diamond, previously housed in the Uffizi Gallery and later transferred by the Private
Secretary of Grand Duke Peter Leopold in 1782 to its current location.

It is important to emphasise that, given the significance and value of the gemstones, the
analyses were conducted using entirely non-invasive techniques. This approach provided
data and information typically obtained through destructive or micro-destructive methods,
such as in determining the Be and F content, which is essential for provenance studies
of gemstones.
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33. Culka, A.; Jehlička, J. A Database of Raman Spectra of Precious Gemstones and Minerals Used as Cut Gems Obtained Using
Portable Sequentially Shifted Excitation Raman Spectrometer. J. Raman Spectrosc. 2019, 50, 262–280. [CrossRef]

34. Bersani, D.; Azzi, G.; Lambruschi, E.; Barone, G.; Mazzoleni, P.; Raneri, S.; Longobardo, U.; Lottici, P.P. Characterization of
Emeralds by Micro-Raman Spectroscopy. J. Raman Spectrosc. 2014, 45, 1293–1300. [CrossRef]

35. Lafuente, B.; Downs, R.T.; Yang, H.; Stone, N.; Armbruster, T.; Danisi, R.M. The Power of Databases: The RRUFF Project.
Highlights Mineral. Crystallogr. 2015, 1, 25.

36. RRUFF Database. Available online: https://rruff.info/ (accessed on 26 August 2024).
37. Chen, Q.; Bao, P.; Li, Y.; Shen, A.H.; Gao, R.; Bai, Y.; Gong, X.; Liu, X. A Research of Emeralds from Panjshir Valley, Afghanistan.

Minerals 2023, 13, 63. [CrossRef]
38. Guo, H.; Yu, X.; Zheng, Y.; Sun, Z.; Ng, M.F.-Y. Inclusion and Trace Element Characteristics of Emeralds from Swat Valley, Pakistan.

Gems Gemol. 2020, 56, 336–355. [CrossRef]
39. Karampelas, S.; Al-Shaybani, B.; Mohamed, F.; Sangsawong, S.; Al-Alawi, A. Emeralds from the Most Important Occurrences:

Chemical and Spectroscopic Data. Minerals 2019, 9, 561. [CrossRef]
40. Zwaan, J.C. Gemmology, Geology and Origin of the Sandawana Emerald Deposits, Zimbabwe. Scr. Geol. 2006, 131, 1–212.
41. Zwaan, J.; Jacob, D.E.; Häger, T.; Neto, M.T.; Kanis, J. Emeralds from the Fazenda Bonfim Region, Rio Grande Do Norte, Brazil.

Gems Gemol. 2012, 48, 2–17. [CrossRef]
42. Aurisicchio, C.; Conte, A.M.; Medeghini, L.; Ottolini, L.; De Vito, C. Major and Trace Element Geochemistry of Emerald from

Several Deposits: Implications for Genetic Models and Classification Schemes. Ore Geol. Rev. 2018, 94, 351–366. [CrossRef]
43. Araújo, J.F.d.; Barreto, S.d.B.; Carrino, T.A.; Müller, A.; Santos, L.C.M.d.L. Mineralogical and Gemological Characterization of

Emerald Crystals from Paraná Deposit, NE Brazil: A Study of Mineral Chemistry, Absorption and Reflectance Spectroscopy and
Thermal Analysis. Braz. J. Geol. 2019, 49, e20190014. [CrossRef]

44. Zheng, Y.; Yu, X.; Guo, H. Major and Trace Element Geochemistry of Dayakou Vanadium-Dominant Emerald from Malipo
(Yunnan, China): Genetic Model and Geographic Origin Determination. Minerals 2019, 9, 777. [CrossRef]

45. Alonso-Perez, R.; Day, J.M.D.; Pearson, D.G.; Luo, Y.; Palacios, M.A.; Sudhakar, R.; Palke, A. Exploring Emerald Global
Geochemical Provenance through Fingerprinting and Machine Learning Methods. Artif. Intell. Geosci. 2024, 5, 100085. [CrossRef]

46. Giuliani, G.; Groat, L.A.; Marshall, D.; Fallick, A.E.; Branquet, Y. Emerald Deposits: A Review and Enhanced Classification.
Minerals 2019, 9, 105. [CrossRef]

47. Saeseaw, S.; Renfro, N.D.; Palke, A.C.; Sun, Z.; McClure, S.F. Geographic Origin Determination of Emerald. Gems Gemol. 2019, 55,
614–646. [CrossRef]

https://doi.org/10.1016/j.nimb.2008.03.055
https://doi.org/10.1016/S0168-583X(01)01116-8
https://doi.org/10.1016/j.apradiso.2013.07.030
https://www.ncbi.nlm.nih.gov/pubmed/24055999
https://doi.org/10.1016/j.nimb.2013.12.034
https://doi.org/10.1140/epjp/s13360-021-01411-1
https://www.ncbi.nlm.nih.gov/pubmed/33968561
https://doi.org/10.3390/app13053366
https://doi.org/10.1016/S0168-583X(01)01067-9
https://doi.org/10.1016/j.nimb.2010.07.012
https://doi.org/10.1016/j.nimb.2020.02.019
https://doi.org/10.1016/j.nimb.2017.02.017
https://doi.org/10.1002/1097-4555(200006)31:6%3C485::AID-JRS561%3E3.0.CO;2-M
https://doi.org/10.1002/jrs.5504
https://doi.org/10.1002/jrs.4524
https://rruff.info/
https://doi.org/10.3390/min13010063
https://doi.org/10.5741/GEMS.56.3.336
https://doi.org/10.3390/min9090561
https://doi.org/10.5741/GEMS.48.1.2
https://doi.org/10.1016/j.oregeorev.2018.02.001
https://doi.org/10.1590/2317-4889201920190014
https://doi.org/10.3390/min9120777
https://doi.org/10.1016/j.aiig.2024.100085
https://doi.org/10.3390/min9020105
https://doi.org/10.5741/GEMS.55.4.614


Minerals 2025, 15, 96 24 of 26

48. Rudnick, R.L.; Gao, S. 4.1—Composition of the Continental Crust. In Treatise on Geochemistry, 2nd ed.; Holland, H.D., Turekian,
K.K., Eds.; Elsevier Science: Amsterdam, The Netherlands, 2014; pp. 1–51, ISBN 978-0-08-098300-4.

49. Beny, J.M.; Piriou, B. Vibrational Spectra of Single-Crystal Topaz. Phys. Chem. Miner. 1987, 15, 148–159. [CrossRef]
50. Precisvalle, N.; Martucci, A.; Gigli, L.; Plaisier, J.R.; Hansen, T.C.; Nobre, A.G.; Bonadiman, C. F/OH Ratio in a Rare Fluorine-Poor

Blue Topaz from Padre Paraíso (Minas Gerais, Brazil) to Unravel Topaz’s Ambient of Formation. Sci. Rep. 2021, 11, 2666.
[CrossRef]

51. Skvortsova, V.; Mironova-Ulmane, N.; Trinkler, L.; Chikvaidze, G. Optical Properties of Natural Topaz. IOP Conf. Ser. Mater. Sci.
Eng. 2013, 49, 012051. [CrossRef]

52. Setkova, T.V.; Balitsky, V.S.; Spivak, A.V.; Kuzmin, A.V.; Borovikova, E.Y.; Kvas, P.S.; Balitskaya, L.V.; Nekrasov, A.N.; Za-
kharchenko, E.S.; Pushcharovsky, D.Y. Crystal Growth, Composition, Structure, and Raman Spectroscopy of Novel Ga,Ge-Rich
Topaz. J. Cryst. Growth 2024, 637–638, 127723. [CrossRef]

53. Wise, M.A. Topaz: A Mineralogical Review. Rocks Miner. 1995, 70, 16–25. [CrossRef]
54. Menzies, M.A. The Mineralogy, Geology and Occurrence of Topaz. Mineral. Rec. 1995, 26, 5.
55. Gauzzi, T.; Graça, L.M. A Cathodoluminescence-Assisted LA-ICP-MS Study of Topaz from Different Geological Settings. Braz. J.

Geol. 2018, 48, 161–176. [CrossRef]
56. Agangi, A.; Kamenetsky, V.S.; Hofmann, A.; Przybyłowicz, W.; Vladykin, N.V. Crystallisation of Magmatic Topaz and Implications

for Nb–Ta–W Mineralisation in F-Rich Silicic Melts—The Ary-Bulak Ongonite Massif. Lithos 2014, 202–203, 317–330. [CrossRef]
57. Dezi, W.; Changshi, L.; Weizhou, S.; Maozhong, M.; Hongfei, L. Geochemical Characteristics and Genesis of Topaz-Bearing

Porphyries in Yangbin Area of Taishun County, Zhejiang Province. Chin. J. Geochem. 1995, 14, 13–25. [CrossRef]
58. Leroy, J.L.; Rodriguez-Rios, R.; Dewonck, S. The Topaz-Bearing Rhyolites from the San Luis Potosi Area (Mexico): Characteristics

of the Lava and Growth Conditions of Topaz. Bull. Société Géologique Fr. 2002, 173, 579–588. [CrossRef]
59. Wasim, M.; Zafar, W.A.; Tufail, M.; Arif, M.; Daud, M.; Ahmad, A. Elemental Analysis of Topaz from Northern Areas of Pakistan

and Assessment of Induced Radioactivity Level after Neutron Irradiation for Color Induction. J. Radioanal. Nucl. Chem. 2011, 287,
821–826. [CrossRef]

60. Wu, C.; Liu, S.; Gu, L.; Zhang, Z.; Lei, R. Formation Mechanism of the Lanthanide Tetrad Effect for a Topaz- and Amazonite-
Bearing Leucogranite Pluton in Eastern Xinjiang, NW China. J. Asian Earth Sci. 2011, 42, 903–916. [CrossRef]

61. Broughton, P.L. Precious Topaz Deposits of the Llano Uplift Area, Central Texas. Rocks Miner. 1973, 48, 147–156. [CrossRef]
62. Christiansen, E.H.; Bikun, J.V.; Sheridan, M.F.; Burt, D.M. Geochemical Evolution of Topaz Rhyolites from the Thomas Range and

Spor Mountain, Utah. Am. Mineral. 1984, 69, 223–236.
63. Gauzzi, T.; Graça, L.; Lagoeiro, L.; Mendes, I.; Queiroga, G. The Fingerprint of Imperial Topaz from Ouro Preto Region (Minas

Gerais State, Brazil) Based on Cathodoluminescence Properties and Chemical Composition. Mineral. Mag. 2018, 82, 943–960.
[CrossRef]

64. Bassoo, R.; Eames, D.; Hardman, M.F.; Befus, K.; Sun, Z. Topaz from Mason County, Texas. Gems Gemol. 2023, 59, 414–431.
[CrossRef]
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